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Abstract

Malaria is a devastating tropical disease, claiming approximately 627 000 lives in 2020. Due
to the appearance of resistance towards artemisinin-based therapies, the discovery of novel
treatments are of paramount importance. The indoloquinoline natural products cryptolepine,
neocryptolepine and isocryptolepine, first discovered in the extracts of the African bush plant
Cryptolepis sanguinolenta, have been found to exhibit potent antimalarial properties. More-
over, several functionalized derivatives of these compounds have shown great promise as an-
tiplasmodial agents. The indoloquinoline alkaloids have also been found to possess significant
antiproliferative and antimicrobial properties, making them ideal targets for the development
into novel drug candidates.

The first project in this work details the application of a synthetic approach first devel-
oped by Helgeland and Sydnes to assemble various tetracyclic ring systems. The key synthetic
strategies being a Suzuki-Miyaura cross-coupling reaction followed by a palladium-catalyzed
intramolecular cyclization. Though the approach was unsuitable to construct all the intended
target molecules, it furnished the unexpected pyridophenanthridine scaffold. By further inves-
tigating alternative protocols for the construction of indoloquinolines, a regiodivergent inter-
mediate was discovered, which allowed for the synthesis of both novel pyridophenanthridine
and pyridocarbazole scaffolds by utilizing two different reaction protocols. By subjecting this
common intermediate to a diazotization-azidation-nitrene insertion approach, the novel pyrido-
carbazoles could be furnished in excellent yields.

The unexpected formation of a biquinoline bridged by an aniline during a Suzuki-Miyaura
cross-coupling reaction, was deemed interesting for development into a transition metal com-
plex for catalysis. Through a collaborative effort with Dr. Eugene Khaskin’s group at Oki-
nawa Institute of Science and Technology, five quinoline/pyridine N,N,N ligands were designed
and synthesized. The key synthetic tools utilized in their construction was either a sequential
Suzuki-Miyaura cross-coupling reaction and Buchwald-Hartwig amination or reductive amina-
tion.

A novel two-step approach for the synthesis of the natural product neocryptolepine from
commercially available bromoquinolines was developed. The key transformations being re-
gioselective N-alkylations followed by a cascade Suzuki-Miyaura cross-coupling reaction and
intramolecular nucleophilic C-N bond formation. The scope and limitations for the novel pro-
tocol was evaluated through the preparation of 24 neocryptolepine derivatives, bearing a diverse
range of functional groups, where electron-withdrawing group substitutions were generally su-
perior.
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It became apparent that it would also be possible to prepare a library of indolo[3,2-c]quino-
lines from the same starting material as the newly devised strategy to produce neocryptolepines.
By utilizing a reaction sequence consisting of a Suzuki-Miyaura cross-coupling reaction, in-
stallation of an azido moiety and finally photochemical cyclization, this goal was realized,
producing a total of 19 indoloquinolines. This protocol was less robost towards substrate func-
tionalizations than the neocryptolepine approach, with no apparent trend concerning electron-
withdrawing and electron-donating groups being apparent. The photochemical cyclization was
hypothesized to proceed via the formation of a reactive singlet nitrene intermediate.

Finally, a selection of the prepared tetracyclic compounds assembled during this work was
evaluated for their antiplasmodial, antiproliferative and antimicrobial activities by the help
of various external collaborators. The most successful compound was revealed to be the
novel pyridophenanthridines, displaying more potent antiproliferative activities than doxoru-
bicin against human prostate cancer (IC50 = 24 nM). The novel pyridocarbazoles moreover
showed excellent inhibition of biofilm formation, with the potential to be developed into a dual
anticancer-antimicrobial agent. Of all the tested compounds, only N-methylated pyridocar-
bazole was found to contain any significant activity against the evaluated Plasmodium falci-

parum strain. The antimicrobial assays revealed the importance of the inclusion of a methyl
group for activity, but not strictly in the form of an N-methyl unit, which is the general con-
census in the literature thus far. Further, chlorinated indoloquinolines were revealed to contain
excellent antimicrobial activity against both Gram-positive and Gram-negative bacterial cell
lines.
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Chapter 1. Introduction 1.1. Malaria

1.1 Malaria

Malaria is a parasitic blood disease caused by protozoans of the Plasmodium genus, with five
known strains capable of infecting humans: P. falciparum, P. vivax, P. ovale, P. malariae and P.

knowlesi. [1–3] There is a wide variety in severity between strains and nearly all malaria-related
deaths are caused by infections with P. falciparum. [1] Through considerable global efforts, the
number of cases of malaria and accompanying deaths have been steadily declining in the period
2000-2019, however, following the COVID-19 pandemic, a rise in both have been observed
(Figure 1.1). Data from the World Health Organization (WHO) estimates the number of malaria
cases in 2020 to be 241 million (up 6% from 2019), with 627 000 reported deaths (up 12%
from 2019). [2] The findings from WHO were that the service disruptions during the COVID-19
pandemic were likely responsible for the majority of the observed increases, however, progress
in malaria control had begun to stall prior to the emergence of the pandemic [4] and further, part
of the achieved progess has been partially reverted. Resultingly, infection by malaria still poses
a serious global health threat, which is exacerbated by the fact that over 90% of all cases occur
in the sub-Saharan Africa, home to some of the worlds poorest populations. [5]

Figure 1.1: Left: Number of malaria cases (in millions) from the year 2000-2020. Right:
Number of malaria deaths from the year 2000-2020. [2]

One of the major aspects contributing to making malaria a major public health concern, is
its exeptionally complex life cycle compared to other parasitic species. Due to the complicated
nature of the life cycle, only a brief summary will be presented (see Figure 1.2 for a simplified
illustration). The life cycle begins by an infected Anopheles mosquito delivering the parasitic
sporozites to a human through a bite 1. Then, the sporozites enter the liver where they multiply,
a term known as exoerythrocytic shizogony of the liver 2. The sporozites then form meorozites,
which upon bursting spreads the disease into the blood stream 3. The meorozites multiply in
the red blood cells and make gametocytes through a sexual stage, which are taken up by the
mosquito 4. Finally, the cycle is completed by the gametocytes maturing into gamates within
the mosquito, eventually forming sporozites, which migrates into the saliva of the insect 5. [6,7]
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Chapter 1. Introduction 1.1. Malaria

Figure 1.2: The life cycle of the malaria parasite. [6]

As the mosquitoes thrive in tropical climates, malaria is endemic to the tropical latitudes
surrounding the equator. The sporogenic stage (stage 5 in Figure 1.2), or the incubation period,
requires sufficiently high temperatures as well as humidity to proceed, explaining the absence
of malaria outside tropics. [8] Being a highly climate sensitive disease, it is feared that the con-
tinuing rise in surface air temperatures brought on by climate change will expand the reach
of the disease into the currently temperate regions of the world and thus extent the burden
onto a larger part of the human population. [9] Despite being erradicated from Europe in the
second half of the 20th century, [10] several climate models predict favorable conditions for the
reintroduction of the disease in the near future. [11,12]

1.1.1 Antimalarial drugs and emerging resistance

The quinolines

The three major drug classes used to treat malaria clinically today are the quinolines, antifolates
and artemisinins. [13] The first known chemical treatment for malaria belongs to the quinolines,
namely the natural product quinine (1) (Figure 1.3), which was first isolated from the bark of
the cinchona tree in 1820 by Pierre Joseph Pelletier and Joseph Caventhou. [14] Quinine (1) re-
mained the most effective way to treat malaria until it was outclassed by several semi-synthetic
derivatives in the 1920s, including the semi-synthetic derivative of quinine (1), chloroquine (2).
Moreover, due to overuse, several parasitic strains had begun to develop resistance against the
drug, resulting in quinine (1) no longer being recommended for treating malaria. [15]
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Chapter 1. Introduction 1.1. Malaria

Figure 1.3: The structures of the quinoline-based antimalarials quinine (1), chloroquine (2),
mefloquine (3), primaquine (4), amodiaquine (5) and amopyroquine (6).

Soon after its first discovery and development, the semi-synthetic compound chloroquine
(2) (Figure 1.3) became the most effective and cheapest treatment available for malaria. [16]

This once successful drug fell victim to the same fate as quinine (1) and the first reports of
chloroquine-based resistance surfaced in the 1960s and in the past 60 years, resistant strains of
P. falciparum has spread to nearly all endemic regions. [14] Due to the success of quinine (1)
and then later chloroquine (2), several quinoline-based antimalarial drugs were subsequently
developed, such as mefloquine (3), primaquine (4), amodiaquine (5) and amopyroquine (6)
(Figure 1.3) which P. falciparum have developed resistance towards. [2] Moreover, despite the
early success of the quinoline antimalarials prior to the emergence and spread of resistance,
little is known about their modes of action (MoA) against the parasites. [14] Contrary to this, the
MoA of chloroquine (2) is well understood and the compound acts by inhibiting the hemozoin
biocrystallization process of the parasitic life cycle. The formation of hemzoin occurs during
both the blood and sexual stages of the life cycle and is an essential process for the parasites
survival, and inhibition of these processes swiftly kills it. [17]

The antifolates

In contrast to the quinoline antimalarials, the antifolates MoA is well understood and acts by in-
hibiting folate biosynthesis during the blood and sexual stages of the parasites life cycle, which
are essential parts of the parasitic DNA synthesis. [18] The first known antimalarial antifolate
agent is proguanil (7) (Figure 1.4), which was discovered during the Second World War. The
compound was found to be more potent than quinine (1) against certain strains of the parasite
and studies later revealed proguanil (7) to be a produg, which is metabolized to the correspond-
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Chapter 1. Introduction 1.1. Malaria

ing triazine, cycloguanil (8). [18] This active metabolite then acts by inhibiting a key enzyme in
the folate biosynthesis pathway, namely dihydrofolate reductase (DHFR). Antifolates are often
used in combination, as is the case with the two antifolates sulfadoxine (9) and pyrimethamine
(10), which are sold under the trade name Metakelfin® (Figure 1.4). This combination ther-
apy has been the drug of choice to combat malaria throughout Africa and is still employed in
certain parts of western Africa today, [18] despite the appearance of resistance in the 1980s. [19]

Unfortunately, the whole antifoalte drug class has proven to be highly susceptible to resistance,
caused by point mutations in two of the key enzymes in the antifolate biosynthesis pathway.
This, in addition to high prescription rates, has resulted in resistance to these compounds being
common worldwide. [20]

Figure 1.4: The antifolate antimalarials proguanil (7) sulfadoxine (9) and pyrimethamine (10).
Top: Proguanil (7) is metabolized in the body to cycloguanil (8), which is the active metabolite;
Bottom: A combination of sulfadoxine (9) and pyrimethamine (10) is sold as a drug under the
name Metakelfin®. [18]

The artemisinins and the use of artemisinin-based combination therapy (ACT)

First isolated from the wormwood plant Artemisia annua by Tu Youyou in 1971, the natural
product artemisinin (11) was discovered to exhibit antimalarial properties. [15] Artemisinin (11)
is a structurally unique compound and is part of the sesquiterpene lactone class, containing a
highly unusual endoperoxide trioxane unit (Figure 1.5). Since its discovery and subsequent
introduction as an antimalarial drug, artemisinin (11) is believed to be responsible for saving
millions of lives from malaria. As a consequence, Youyou was awarded the 2015 Nobel Prize
in Medicine and in the announcement of the award, the discovery of artemisinin (11) was cited
as one of the most monumental advances in modern medicinal chemistry. [21,22] Following the
success of artemisinin (11), several synthetic derivatives have been prepared in order to address
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Chapter 1. Introduction 1.1. Malaria

and improve a major drawback with artemisinin (11); its poor water and oil solubility and
thus not able to be administered orally. [23] Some synthetic derivatives that have been found
to be effective against malaria include dihydroartemisinin (12), arthemether (13), artheether
(14), artemisone (15) and artesunate (16). [24] The MoA of the artemisinins is not yet fully
understood, it has however been firmly established that the endoperoxide trioxane is the active
pharmacophore, responsible for the compounds biological activities. Recent work by Tilley and
coworkers suggests that dihydroartemisinin (12), which is the active metabolite of artemisinin
(11), acts by carrying out a two-pronged attack; firstly by causing protein damage and secondly
by compromising the parasite proteasome function, eventually killing the parasites. [25]

Figure 1.5: Artemisinin (11) and some of its synthetic derivatives; dihydroartemisinin (12),
arthemether (13), artheether (14), arthemisone (15) and artesunate (16).

Today, the artemisinins are perhaps the most important drug class which are currently used
clinically to treat malaria. The use of artemisinin-based combination therapies (ACTs) repre-
sents the gold standard of malaria treatments, where an artemisinin is combined with another
antimalarial drug to obtain increased drug efficacy. Additionally, by using drugs in combina-
tion, the probability that the parasites will become resistant to two drugs with different MoA
will be exponentially reduced. [26] Some frequently used ACTs consists of dihydroartemisinin
(12) and piperaquine (17), as well as arthemether (13) and lumefantrine (18) (Figures 1.5 and
1.6). [2]
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Chapter 1. Introduction 1.1. Malaria

Figure 1.6: Piperaquine (17) and lumefantrine (18), drugs commonly used in combination
therapies.

The first reports of artemisinin (11) resistance surfaced in Cambodia in 2008 [27] and in
the following ten years, 30 more cases has been documented throughout Southeast Asia. [28]

More ominously, resistance to artemisinin (11) is now being documented in the sub-Saharan
Africa, countries already bearing the heaviest malaria burden globally. [5,29–34] Moreover, due
to poor health care infrastructure and economies, these countries are ill-equipped to handle the
coming influx of artemisinin (11) resistant parasites. It is believed that if the resistance has not
already spread to the entire sub-Saharan region, it is only a matter of time before it reaches
every corner of the continent. [4,35] As a consequence, the discovery of new lead compounds to
fight the disease has never been more urgent.

1.1.2 The future of antimalarial therapies

The major obstacle in the global erradication of malaria is resistance to antimalarial drugs and
most of the current research into malaria is oriented towards overcoming this challenge. [36]

Complicating such efforts is the complex life cycle of the malaria parasite, making effective
treatments particularly difficult to discover. [6,7] Structural modifications of known malarial
drugs has been a common strategy for the development of novel treatments, however, various
other strategies are currently under investigation. During the last decades, the pharmaceutical
industry has spent considerable efforts on gaining insight into the metabolic and biochemical
pathways of the parasites in order to formulate new drugs. This way, the drugs can act as
inhibitors of a given metabolic pathway. Some of the biochemical processes currently being
investigated include targeting the food vacuole, glycolysis, the fatty acid biosynthesis, NADPH
dehydrogenase, inhibition of protease and inhibition of membrane biosynthesis. [36] Another
avenue which has been extensively researched is the possiblity of formulating a vaccine against
malaria. After spending 30 years in development, the RTS,S vaccine was the first malaria vac-
cine to show promising results when tested on African children infected with P. falciparum.
Despite the promosing preliminary data obtained in the preclinical trials, the efficacy of the
RTS,S vaccine was found to be only 35%. [37] In 2019, a Phase IV Expanded Programme on
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Immunization (EPI)-linked malaria vaccine was underway in Ghana, Kenya and Malawi, [38]

which was unfortunately derailed by the appearance of the COVID-19 pandemic. This resulted
in the neglect of malaria control in favor of COVID-19, which has been a catastrophic setback
in the global erradication of malaria. [39]

1.2 Alkaloids as theraputic agents

Alkaloids are nitrogen-containing compounds and are found in many natural products. Typi-
cally derived from plants, but also found in animals and certain microorganisms, natural alka-
loids are known for containing a wide array of pharmacological activities, such as anticancer,
anti-inflammatory, immunoregulatory, [40] antibacterial, antiviral, insecticidal, hypoglycemic
and antimalarial. [41] Approximately 40% of all Food and Drugs Administration (FDA) ap-
proved drugs were of natural origins as of 2020, [42] roughly 60 of which belong to the alkaloid
sub-class. [43] Two well known medicinal alkaloids are morphine (19) and its prodrug codeine
(20) (Figure 1.7), widely utilized to induce analgesia, ie to treat pain, by interacting directly
with the central nervous system. These alkaloids were first isolated from the opium poppy
Papaver somniferum and references to the poppy plant dates back as far as 6000 BCE. [44]

Figure 1.7: Selected examples of naturally occurring alkaloids; morphine (19), codeine (20),
berberine (21) and ephedrine (22).

The quaternary isoquinolinium alkaloid berberine (21) (Figure 1.7) has been widely used as
an antibacterial agent and can be found in the root extracts of several medicinal plants, includ-
ing Hydrastis canadensis and Berberis aristata. In addition to possessing potent antibacterial
properties, berberine (21) has also been found to inhibit cell proliferation, making it an ideal
target for development of anticancer treatments. [45] Another natural alkaloid bearing structural
similarity to amphetamine, is ephedrine (22) (Figure 1.7), typically utilized to treat hypoten-
sion, nasal congestion and asthma. Ephedrine (22) is one of the oldest medicinal herbs known to
mankind and originates from the Chinese plant Ephedra sinica. [46] The alkaloid which is most
related to the work conducted in this thesis, however, is the antimalarial compound quinine (1),
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previously discussed in Section 1.1.1. In the proceeding section, other alkaloids possessing
antimalarial properties will be examined.

1.2.1 Alkaloids isolated from Cryptolepis sanguinolenta

The West African climbing shrub Cryptolepis sanguinolenta has been an essential plant in
African traditional medicine. Its water extracts have historically been used to treat malaria
along with a variety of other diseases. [47] The major bioactive component of the extracts was
determined to be cryptolepine (23) (Figure 1.8) following its isolation and structural elucida-
tion by Gellért and coworkers in 1951. [48] Cryptolepine (23) is a part of the indoloquinoline
alkaloids, which are a rare and unique class of N-heterocycles composed of a fusion between
a quinoline and an indole moiety. The indoloquinolines typically displays planar topology and
are further known to exhibit weakly basic properties, with the pKa of the protonated form of
cryptolepine (23) estimated to be 11.0 using 1H NMR spectroscopy. [49] Cryptolepine (23) has
recieved a lot of attention in the literature as a consequence of its numerous biological ac-
tivities, including antiplasmodial, antimalarial, [50–55] anti-inflammatory, [53] antifungal, [56–58]

antimicrobial, [59–62] antiproliferative, [63–66] and antiviral. [60] Cryptolepine (23) has also been
found to posses high levels of cytotoxicity, impeding its use as a therapeutic agent, likely as a
consequence of its linear, planar geometry, allowing it to non-specifically intercalate into DNA
and inhibit the topioisomerase II enzyme. [64,67] In addition to cryptolepine (23), the extracts
of Cryptolepis sanguinolenta was found to contain significant amounts of two other bioactive
indoloquinoline alkaloids, namely neocryptolepine [68] (24) and isocryptolepine (25) (Figure
1.8). [69–71] Although studies have ascertained neocryptolepine (24) and isocryptolepine (25) to
display similar biological profiles to those observed for cryptolepine (23), they are generally
regarded as less potent and moreover, less cytotoxic. [72]

Figure 1.8: Major bioactive alkaloids isolated from Cryptolepis sanguinolenta, cryptolepine
(23), neoryptolepine (24) and isocryptolepine (25), [47] with the pKa of their conjugate acids as
determined by 1H NMR spectroscopy. [49]

In-depth studies of the extracts of Cryptolepis sanguinolenta have shown the plant to con-
tain several other indoloquinoline alkaloids, having been identified as quindoline (26), 11-
isopropylcryptolepine (27), cryptolepinone (28), quindolinone (29), cryptohepine (30), cryp-
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tolepicarboline (31), biscryptolepine (32), cryptoquindoline (33), cryptomirisine (34) and cryp-
tospirolepine (35) (Figure 1.9). [47,73,74] It is still believed that cryptolepine (23), neocryp-
tolepine (24) and isocryptolepine (25) are the only components with any significant bioactivites,
however, there is a large research gap surrounding the other identified alkaloids, some of which
could be proven to contain useful biological activites. [47]

Figure 1.9: Other alkaloids extracted from the roots of Cryptolepis sanguinolenta; quindoline
(26), 11-isopropylcryptolepine (27), cryptolepinone (28), quindolinone (29), cryptohepine (30),
cryptolepicarboline (31), biscryptolepine (32), cryptoquindoline (33), cryptomirisine (34) and
cryptospirolepine (35). [47]

The antimalarial MoA of cryptolepine (23), neocryptolepine (24) and isocryptolepine (25)
remains largely unknown. Being the most extensively studied of the three indoloquinoline
alkaloids, there is support for two different MoAs explaining the antiplasmodial activity of
cryptolepine (23). Firstly, it is believed to operate in a similar fashion to chloroquine (2) and
inhibit the formation of the malaria pigment β-hematin. The second proposal involves the abil-
ity of cryptolepine (23) to intercalate into the base pairs of DNA, which inhibits the parasites
DNA synthesis as well as topioisomerase II. [75,76] A recent study has shown both neocryp-
tolepine (24) and isocryptolepine (25) to also be capable of binding to DNA, [77] hinting at
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similar MoAs. There is evidence that the inhibition of haem and DNA intercalation are two in-
dependent processes, suggesting that the antiplasmodial activity of cryptolepine (23) could be
the result of more than one distinct MoA. [76] Nonetheless, further studies into the activities of
the indoloquinoline alkaloids could help to clarify the exact MoA(s) and lead to better insight
on how to neutralize the malaria parasite.

1.3 Repurposing antimalarial drugs for treating cancer and
bacterial infections

In recent years, drug repurposing has become an attractive alternative to novel drug discov-
ery within the pharmaceutical industry. This approach is generally considered as more cost
effective and greatly shortens the time a drug has to spend in the "drug pipeline". [78] In the
past, the development of an antimalarial therapy has cost between 150-200 million USD and
required 7-10 years to develop. In the future, it is estimated that the development of a novel
antimalarial drug may cost on average 124 million USD and spend roughly 29 years in the
"drug pipeline" before being finalized. [79] Natural alkaloids, such as indoloquinolines 23, 24
and 25 are believed to be effective against multiple diseases through their interaction with mul-
tiple biological targets during their evolutionary process, [80] making them ideal targets for drug
repurposing.

1.3.1 Cancer

Cancer is a devastating non-communicable disease characterized by uncontrollable cell prolif-
eration. The 2020 world cancer report published by the WHO estimates 18.1 million cancer
cases along with 9.6 million cancer-related deaths in 2018, making it the second leading cause
of death worldwide. [81] Cell proliferation can realistically affect any part of the human body
but the five most commonly diagnosed cancers are lung, breast, colerectal, prostate and stom-
ach. Though a variety of cancer treatments are currently available, chemotherapy regiments
are most frequently applied, where a drug or combination of several drugs, are utilized to kill
cells. These treatments have the unwanted side effect that they also tend to kill healthy cells
in addition to the cancerous ones and, moreover, often leave the patients with a compromised
immune system. [82] The most widely administered category of anticancer drugs are the anthra-
cyclines, which are antitumor antibiotics derived from certain Streptomyces bacterium. [83] The
potent antineoplastic drug doxorubicin (36) belongs to the anthracyclines and is composed of
a quinone-hydroquinone aglycone attached through a glycosidic bond to duanosamine (Figure
1.10). Doxorubicin (36) is used to treat a multitude of tumors, including breast, prostate, stom-
ach, liver as well as leukeamia. [83] A recent study has shown doxorubicin (36) to also act as
an inhibitor to the development of the malaria strain P. falciparum, indicating it as a potential
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candidate for malaria treatment. [84]

An alkaloid with significant antitumor properties is the vica alkaloid vincristine (37) (Fig-
ure 1.10), originally isolated from the Vinca rosea plant, representing one of the most effec-
tive cancer drugs available today. It use is primarily within paediatric oncology, either as a
monotherapy or in combiation with other chemotherapeutic agents. [85]

Figure 1.10: The cancer treatments doxorubicin (36), with its sugar moiety highlighted, and
vincristine (37).

Significant antiproliferative activities have been reported for a number of diversely func-
tionalized indoloquinolines, in particular, the inclusion of a basic alkyl amino chain has shown
promise, with IC50 values similar to those observed for doxorubicin (36). Inokuchi and col-
leagues explored the antiproliferative activities of some C-11 substituted neocryptolepines with
branched ω-aminoalkylamino chains. [86] Their work unveiled neocryptolepines 24A and 24B
functionalized with a 3-amino-2-hydroxypropylamino group at C-11 to outperform doxoru-
bicin (36) (IC50 = 0.33 µM), the utilized standard, against the non-small cell lung cancer A549
cell line (24A: IC50 = 0.197 µM; 24B: IC50 = 0.19 µM) as well as the colon cancer HTC116
cell lines (24A: IC50 = 0.138 µM; 24B: IC50 = 0.117 µM) (Table 1.1). The compounds were
also tested and showed excellent activity against the human leukaemia MV4-11 cell line, how-
ever, being a 10-fold less potent than doxorubicin (36). The cytotoxicity was further evaluated
against normal BALB/3T3 mice cell fibroblasts, showing the tested compounds to be slightly
more toxic than the standard. [86] In another study, Inokuchi and colleagues showed that the C-
6 aminoalkyl substituted 11-methyl-indolo[3,2-c]quinoline 38A to be significantly more active
than doxorubicin (36) against the lung cancer A549 cell line (IC50 = 0.11 µM) and the colon
cancer HTC116 cell lines (IC50 = 0.010 µM) (Table 1.1). [87] Unfortunately, the compound dis-
played high levels of cytotoxicity (IC50 = 0.080 µM), which is not optimal for a potential drug
candidate. Although enormous efforts have been put into investigating the potential antiprolif-
erative properties of the indoloquinoline alkaloids, they have never made it to human clinical
trials, thus further endeavours are required to unlock their full therapeutic potential. [88]
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Table 1.1: Antiproliferative activities of indoloquinolines 24A, 24B and 38A against normal
mice cell fibroblasts BALB/3T3 and against cancer cell lines MV4-11, A549 and HCT116.

Compound BALB/3T3a (µM) MV4-11a (µM) A549a (µM) HCT116a (µM)

24A 0.896 ± 0.042 [86] 0.042 ± 0.014 [86] 0.197± 0.028 [86] 0.138± 0.050 [86]

24B 0.864 ± 0.015 [86] 0.057 ± 0.015 [86] 0.19 ± 0.027 [86] 0.117± 0.055 [86]

38A 0.080 ± 0.020 [87] 0.050 ± 0.010 [87] 0.11 ± 0.070 [87] 0.010 ± 0.00 [87]

Doxorubicin
(36)

1.08 ± 0.030 [87] 0.0060± 0.0020 [87] 0.33 ± 0.10 [87] 0.39 ± 0.10 [87]

aReported as an IC50 value.

1.3.2 Bacterial infections and antibiotic resistance

What makes bacterial infections so devastating today is not the infection itself but rather that
they are difficult, or sometimes impossible, to treat due to antimicrobial resistance (AMR).
AMR will naturally occur over time, [89] however, it is primarily the misuse and overuse of an-
tibiotics which has caused widespread resistance. The WHO has declared AMR as one of the
top ten global health threaths currently facing humanity, with an estimated 1.27 million deaths
directly caused by AMR along with 4.95 million AMR related deaths in 2019. Of these causal-
ties, lower respiratory infections accounted for 1.5 million deaths, while 100 000 was related
to the devastating methicillin-resistant Staohylococcus aures (MRSA). [90] The six pathogens
with observed AMR responsible for the most deaths in 2019 was Escherichia coli, Staphy-

lococcus aures, Klebsiella pneumoniae, Streptococcus pneumoniae, Acinetobacter baumannii

and Pseudomonas aeruginosa. Further complicating matters, availability of novel antimicro-
bial agents is severely lacking, despite more drugs being prepared now than in the past, with
the latest antibiotic drug class to be approved by the FDA being the lipopeptide antibiotic dap-
tomycin, made available in 2003. [91] If the current trends seen in AMR along with the slow
rate of novel drugs being discovered and approved for commercial use, it has been estimated
that AMR may kill as many as 10 million people per year by 2050. [92] Bacterial infections can
also have a detrimental effect on the treatment of cancer patients, which are often left severely
immunosuppressed following chemotherapy, leaving them more prone to contract nosocomial
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infections. [82] Infections caused by drug-resistant S. aureus are especially prominent and often
seen in combination with the formation of multidrug-resistant biofilms, [93] which are nearly
impossible to treat. [94,95]

While antibiotics were used long before the dawn of modern medicine, it was Alexander
Flemming’s accidental discovery of penicillin G (39) (Figure 1.11) from the fungi of S. aureus

in 1928 which truly started the antibiotic era. [78] The discovery of penicillin 39 is regarded as
one of the most pivotal developments in medicinal history and awarded Alexander Flemming
the 1945 Nobel Prize in medicine. [96] Penicillin G (39) is a part of the β-lactam antibiotics,
containing the characteristic β-lactam moiety (red part in Figure 1.11), fused to a thiazolidine
ring (blue part in Figure 1.11) and is one of the standard treatments for infections caused by
Gram-positive bacteria. [78] Another commonly employed antibiotic drug class are the fluoro-
quinolones, active against a broad spectrum of both Gram-negative and Gram-positive bacte-
ria. [97] Ciprofloxacine (40) (Figure 1.11) is an important member of the fluoroquinolone class,
and since its discovery in the 1980s has been the most successful treatment for infections caused
by P. aeruginosa. [98] AMR is already observed for both penicillin G (39) [78] and ciprofloxacin
(40), [98] making these once potent drugs less effective.

Figure 1.11: Structures of the β-lactam antibiotic penicillin G (39) with its β-lactam (in
red) and thiazolidine (in blue) units highlighted, and the fluoroquinolone (in green) antibi-
otic ciprofloxacin (40).

The natural products cryptolepine (23), neocryptolepine (24) and isocryptolepine (25) have
all been revealed to exhibit some degree of antimicrobial activities. [72,82] This has sparked sev-
eral studies into modifications of the core indoloquinoline scaffold in order to improve their
antibiotic properties. Work conducted by Sidoryk and coworkers showed glycine-substituted
neocryptolepines 24C and 24D to exhibit potent antimicrobial activites. [82] Though not as ef-
fective as ciprofloxacin (40), the compounds showed impressive minimal inhibitory concentra-
tion (MIC) values against S. aureus (24C: MIC = 12.5 µg/mL; 24D: MIC = 50 µg/mL), Staphy-

lococcus epidermis (24C: MIC = 12.5 µg/mL; 24D: MIC = 25 µg/mL) and Bacillus subtilis

(24C: MIC = 12.5 µg/mL; 24D: MIC = 12.5 µg/mL) (Table 1.2). The activity against the biofilm
pathogen S. epidermis is especially promosing, showing that these compounds, which also con-
tain substantial antiproliferative properties, could serve as a dual antiproliferative-antimicrobial
treatment. [82]
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Table 1.2: Antimicrobial activities of neocryptolepines 24C and 24D against certain microbial
pathogens as presented by Sidoryk and coworkers. [82]

Compound S. aureusa (µg/mL) S. epidermisb (µg/mL) B. subtilisc (µg/mL)

24C 12.5 12.5 12.5

24D 50 25 12.5

Ciprofloxacin
(40)

0.25 0.25 <0.0125

All data given as MIC values; aSpecific strain: NCTC 4163; bSpecific strain: ATCC 12228;
cSpecific strain: ATCC 6633.

1.4 Project aims

The overall aim of this PhD project has been the synthesis and description of compounds struc-
turally similar to the indoloquinoline natural products, cryptolepine (23), neocryptolepine (24)
and isocryptolepine (25). Moreover, a particular emphasis has been to devise strategies which
allow for their construction from common intermediates through regiodivergient reaction pro-
tocols. In addition to furnishing novel protocols for the synthesis of the core scaffolds of the
indoloquinolines, it was also desirable to prepare a library of diversely functionalized deriva-
tives suitable for biological evaluations. The prepared compounds would be screened for an-
tiplasmodial, antiproliferative and antimicrobial activities. Since the strategies created during
this work utilized quite different approaches and conditions, a more in-depth project aims sec-
tion will be found in each chapter containing the synthetic efforts, detailing the project specific
goals.
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Synthesis of isocryptolepine and
regioisomers
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2.1 Introduction

2.1.1 Synthesis of isocryptolepine in recent literature

Due to their impressive library of bioactivities, cryptolepine (23) and neocryptolepine (24) have
been the focus of intense study, while isocryptolepine (25) historically has received less atten-
tion. [99] A plethora of synthetic strategies have been reported for all three nautral alkaloids,
with major review articles covering all work done up until 2015-2016 [100–103] and one recently
published article covering all known methods currently available to prepare the indoloquino-
line core. [104] Consequently, only a small selection of synthetic strategies for the synthesis of
isocryptolepine (25) will be covered in this thesis. Though a variety of different strategies ex-
ist, the synthesis of the indoloquinoline skeleton can be cataloged into six major catagories:
1) palladium-catalyzed coupling reactions, 2) aza-Wittig reactions, 3) transition-metal medi-
ated reductive cyclizations, 4) photochemical reactions, 5) Graebe-Ullmann reactions and 6)
miscellaneous reactions. [100–103] The reactions can be generalized as starting from either a
functionalized quinoline or indole moiety, although other cyclic starting materials may also be
employed (Scheme 1).

Scheme 1: The most common synthetic strategies to assemble isocryptolepine (25).

Tanimori and Sonoda presented a four-step synthesis of isocryptolepine (25) from the com-
mercially available 4-aminoquinoline (41), where the key transformations involved a Suzuki-
Miyaura cross-coupling reaction and a base-induced intramolecular cyclization. [105] The syn-
thesis was initiated by treating 4-aminoquinoline (41) with a small excess of bromine in re-
fluxing acetic acid selectively gave 3-bromo-4-aminoquinoline (42) in 92% yield (Scheme 2).
Then, bromoquinoline 42 underwent Suzuki-Miyaura cross-coupling with phenylboronic acid
43 in the presence of tetrakis(triphenylphosphine)palladium (0) (Pd(PPh3)4) using K2CO3 as
the base to give biaryl 44 in excellent yield. The base-induced intramolecular cyclization of
biaryl 44 was carried out by the aid of t-BuOK to give indoloquinoline 38, which was readily
alkylated using iodomethane to give isocryptolepine (25) in an overall yield of 66%. [105]
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Scheme 2: Synthesis of isocryptolepine (25) via a Suzuki-Miyaura cross-coupling reaction and
base-mediated ring closure strategy as presented by Tanimori and Sonoda. [105]

Work conducted by Aksenov and coworkers detailed an efficient one-pot synthesis of isocryp-
tolepine (25), perhaps representing the shortest known route to allow for the assembly of this
scaffold. [106] The synthesis commences from the commercially available 2-(methylamino)acet-
ophenone (45) and phenylhydrazine (46), which when treated with catalytic amounts of acetic
acid forms intermediate 47. Then, subjecting the aforementioned intermediate to an acid-
catalyzed Fischer indolization using polyphosphoric acid (PPA) as a catalyst gives indole 48
(Scheme 3). Finally, addition of triazine and further treatment using PPA produces isocryp-
tolepine (25) in an overall yield of 82%.

Scheme 3: One-pot synthesis of isocryptolepine (25) by Aksenov’s group. [106]

Indoloquinoline 38, which can act as a precursor to isocryptolepine (25), was synthesized
by Wang’s group using a gold(III) catalyst protocol, operating under relatively mild reaction
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conditions (Scheme 4). [107] By treating acyclic alkyne 49 with sodium tetrachloroaurate(III) at
room temperature, indole 50 was obtained in 65% yield through the execution of a 5-endo-dig-
cyclization. Subjecting the indole to Hendrickson’s reagent (POPh3) and triflic anhydride al-
lowed for a regioselective 6-endo-cyclization to furnish indoloquinoline (38) in excellent yield.
The scope and limitations of the approach was also evaluated, revealing a broad tolerance to a
wide selection of functional group substitutions on both sides of the alkyne moiety.

Scheme 4: Gold(III)-catalyzed synthesis of indoloquinoline (38) as presented by Wang and
coworkers. [107]

2.1.2 Synthesis of pyridocarbazoles and pyridophenanthridines in recent
literature

The pyridocarbazole scaffold is present in several natural products, the two most prominent ex-
amples being olivacine (51) and ellipticine (52) (Figure 2.1). [108,109] Being regioisomers of the
bioactive indoloquinoline compounds, the pyridocarbazoles are also known for possessing a
range of biological activities, but are first and foremost known for their potent anticancer prop-
erties. First isolated from the tropical evergreen tree Ochrosia elliptica in 1959, ellipticine (52)
was quickly determined to contain significant antiproliferative activities. Since its discovery,
several functionalized derivatives of ellipticine (52) has reached clinical trials. [110]

Figure 2.1: The pyridocarbazole natural products olivacine (51) and ellipticine (52).

Since there exist numerous examples of pyridocarbazoles, ellipticine (52) will be used as
an example to briefly review common synthetic strategies. Due to its impressive antiprolif-
erative activities, there are several review articles which extensively cover past synthetic en-
deavours into the construction of ellipticine (52). [111–116] Similarly to isocryptolepine (25),
the synthetic strategies to assemble such pyridocarbazole scaffolds usually involve palladium-
catalyzed cross-coupling reactions, transition-metal catalyzed reactions and Fischer indoliza-
tions, though other strategies are also prominent. These include, but are not limited to, the
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use of a triazole intermediate, nitrene insertion approaches and condensation reactions. [110] In
a relatively recent work, Ertürk’s group described the synthesis of both olivacine (51) and el-
lipticine (52) from a common lactone intermediate using a high-yielding and practical, though
somewhat step-heavy, synthetic cascade (Scheme 5). [109] The key features required include
a trifluoroacetic acid-mediated lactone formation (not included in the reaction scheme), fol-
lowed by a one-pot two-step lactone ring-opening and finally Pd/C-catalyzed dehydrogenative
rearomatization, to give the desired carbazole intermediate 53. With carbazoles 53 in hand,
D-ring cyclizations was realized through application of a previously published reaction se-
quence, [117] affoarding the two natural products olivacine (51) and ellipticine (52) in 78 and
50% yields, respectively. [109]

Scheme 5: Synthesis of olivacine (51) and ellipticine (52) from a common intermediate 53
as presented by Ertürk and coworkers; DCC = N,N’-dicyclohexylcarbodiimide; HOBt = 1-
hydroxylbenzotriazole hydrate. [109]

The pyridoacridine scaffold is well detailed in the literature due to its presence in certain
natural products, [118] while its regioisomeric pyridophenanthridines have never been observed
naturally and thus remain largely unexplored. To present date, there are only two examples
of the synthesis of a pyridophenanthridine in the published literature, the first reported being
the accidental synthesis of pyridophenanthridine 54A by Beauchard and colleagues (Scheme
6). [119] The unexpected result was the consequence of the teams effort to furnish indoloquino-
line 38B by a microwave-induced thermal decomposition of the benzotriazole-coupled quino-
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line 55 in a mixture of PPA and toluene. The procedure follows a classical Graebe-Ullmann
cyclization, [119] likely proceeding via a biradical mechanism initiated by the thermal explu-
sion of nitrogen gas. [120] Kalinowski et al. have alternatively suggested an intramolecular
electrophilic substitution type mechanism when the reaction is conduted in PPA and a protic
solvent. [121] Subsequent work by Alekseev and coworkers argue this to be an unlikely pathway,
as they made observations which contradicted this hypothsis and moreover lend support to the
biradical mechanism. [122]

Scheme 6: Unexpected synthesis of phenanthridine 54A by Beauchard and coworkers. [119]

In a more recent work, Kumar and coworkers described the synthesis of pyridophenanthri-
dine 54 through the regioselective arylation of quinolones using diaryliodinium salts (Scheme
7). [123] By treating quinolone 56 with aryliodinium salt 57 in the presence of palladium(II)
acetate (Pd(OAc)2) in heated acetic acid, regioselective arylation provided arylnitro quinolone
58 in 68% yield. Subjecting this compound to a standard chlorination reaction followed by a
zinc-mediated reduction of the nitro group triggered the intramolecular cyclization into the tar-
get pyridophenanthridine 54 in good yield. The regioselectivity is believed to be a consequence
of the mechanism by which the arylation occurs, where the palladium complex first adds to the
quinolone oxygen, then forming a cyclopalladium species by binding to C-5 of the quinolone
ring (C-5 highlighted in Scheme 7). [123]

Scheme 7: Synthesis of pyridophenanthridine 54 using diaryliodinium salts by Kumar’s
group. [123]

2.1.3 Project aims

As a continuation of the work conducted by Helgeland and Sydnes, it was envisaged that by
simply changing the placement of the bromide on the quinoline starting material, access to a
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host of tetracyclic ring-systems could be obtained by following the same synthetic pathway
(Scheme 8). Despite the synthesis and characterization of several of these ring systems, in
particular the natural products 59 and 26, already being described in the literature, it would
likely be the first time they had been synthesized under the same reaction conditions. Moreover,
it was desirable to investigate the various reactivities of these tetracyclic ring-systems to gain
better insight into the chemistry of such compounds.

Scheme 8: Projected plan which might grant access to a host of tetracyclic ring-systems; 59,
26 and 60-66.

2.2 Synthesis of isocryptolepine (25) and regioisomers

2.2.1 Introduction

Previous work in our laboratories has demonstrated a short and concise synthesis of isocry-
polepine (25) utilizing readily available starting materials (Scheme 9). [124] Under optimized
Suzuki-Miyaura cross-coupling conditions, 3-bromoquinoline (67b) is coupled to 2-aminophe-
nylboronic acid hydrochloride (68) to furnish biaryl 69 in good yields (80%). Subsequent in-
tramolecular cyclization by a palladium-catalyzed C-H activation/C-N bond formation gave the
tetracyclic ring-system 38. Finally, regioselective N-methylation of indoloquinoline 38 gave
isocryptolepine (25) in an overall yield of 38%. The two key transformations in this reaction
sequence is the Suzuki-Miyaura cross-coupling reaction and the intramolecular cyclization.
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While the exact mechanism of the MW-assisted cyclization step is uncertain, the mechanism of
the cross-coupling reaction has been extensively studied and is frequently utilized to construct
C-C bonds within natural product synthesis. [125]

Scheme 9: Synthesis of isocryptolepine (25) by Helgeland and Sydnes. [124]

There are several key aspects which makes the Suzuki-Miyaura cross-coupling reaction
applicable to many synthetic protocols. The major factors include the availability of a range
of commercial starting materials, high reaction yields, broad functional group tolerance, rela-
tively mild reaction conditions and relatively low toxicity of reagents compared to other cross-
coupling strategies, in particular the Stille coupling. While the usage of a noble metal such
as palladium is certainly not considered environmentally friendly, the Suzuki-Miyaura cross-
coupling reaction has the advantage that the often employed boronic acids, or boronic acid
pinacol esters, are highly water soluble, allowing for water to be used as a solvent. [126] The
base stability of the boronates requires the use of a sufficiently strong base in order to produce
the reactive boronate species. In order to achieve this, bases such as NaOH, Cs2CO3, t-BuOK
and K3PO4 are typically used. [127] A myriade of palladium catalysts are associated with the
reaction, using a range of different ligands to aid the catalysis. The main aim of a ligand is
to act as a stabilizer to the reaction intermediates, with the choice of ligand further capable
of controlling the regioselective outcome of the reaction. [128] Phosphine ligands are particu-
larly abundant in palladium chemistry, due to their ability to donate σ-electrons from the lone
pair electrons of the phosphorous atom, creating a more reactive palladium complex which can
more strongly coordinate to the substrate. [129] The phosphine ligands triphenylphosphine and
1,1’-bis(diphenylphosphino)ferrocene (dppf) are commonly used in the Suzuki-Miyaura cross
coupling, as well as the tris(dibenzylideneacetone) (dba) auxiliary (Figure 2.2). [127]
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Figure 2.2: Structures of some commonly used ligands in the Suzuki-Miyaura cross-coupling
reaction: triphenylphosphine, dppf and dibenzylideneacetone. [127]

The catalytic cycle of the Suzuki-Miyaura cross coupling has been found to contain three
primary steps: 1 oxidative addition, 2 transmetallation and 3 reductive elimination (Scheme
10). [127] During oxidative addition 1, the palladium center coordinates to the organohalide
(ArX), forming an organopalladium species [L2Pd-ArX], which upon reacting with the base
expels a halide ion, resulting in the formation of [L2Pd-ArOH]. The base has a secondary role
in the catalytic cycle, namely to activate the boronic acid to give the more reactive boronate
complex [B(OR)2OH-Ar’]. [130] In transmetallation 2, the boronate complex reacts with the
organopalladium species [L2Pd-ArOH], creating [L2Pd-ArAr’], which exists in an equilibrium
between the more favorable trans configuration and the sterically demanding cis state. [131]

Finally, reductive elimination 3 yields coupling product Ar-Ar’ and subsequent regeneration of
the palladium catalyst to complete the catalytic cycle. [127]

Scheme 10: Catalytic cycle for the Suzuki-Miyaura cross-coupling reaction. [127]

2.2.2 Suzuki-Miyaura cross-coupling reactions to give biaryls

Serendipitously, all the required bromoquinoline starting materials were readily available from
commercial vendors and a natural starting place was the Suzuki-Miyaura cross-coupling reac-
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tion of 2-bromoquinoline (67a) and 2-aminophenylboronic acid hydrochloride (68). [132] Using
the conditions reported by Helgeland and Sydnes, PdCl2(dppf) was employed as the catalyst,
however, the expected biaryl product 70 was not obtained. Instead, formation of a biquinoline
bridged by an aniline moiety (L1) was observed. With the help of Dr. Bjarte A. Lund at the
University of Tromsø (UiT), this structure was verified by obtaining its X-ray crystal structure
(Scheme 11). By switching to a different cross-coupling protocol utilizing Pd(PPh3)4 as the
catalyst, Cs2CO3 as base in a 5:1 solvent mixture of 1,2-dimethoxyethane (DME) and water,
the target biaryl 70 was constructed in near quantitative yield (Scheme 11). The divergent re-
sults obtained with the two different reaction conditions prompted us to carry out the remaining
reactions using both conditions, to study the difference in the reaction outcomes.

Scheme 11: Suzuki-Miyaura cross-coupling reactions between bromoquinolines 67 and 2-
aminophenylboronic acid hydrochloride (68) to yield biaryls 69-75 along with biquinoline L1;
n. f. = not formed. [132]

Carrying out the remaining Suzuki-Miyaura cross-coupling reactions, it became clear that
the conditions employing Pd(PPh3)4 performed better overall (Scheme 11). The best results
were obtained for the construction of the C-4 tethered biaryl 71, giving near quantitative yields
with both methods (a: 91%; b: 96%). Compound 73, which was prepared by former PhD stu-
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dent Helgeland, gave nearly identical reaction yields, showing both methods to work equally
effectively for this particular compound. The formation of compounds 74 and 75 were rela-
tively sluggish using PdCl2(dppf) as the catalyst, giving the target products in modest yields
(Scheme 11). Based on these results, it appears that the choice of an appropriate catalyst was
instrumental for obtaining good yields for the formation of the two aforementioned biaryls.

2.2.3 MW-assisted intramolecular cyclizations to give tetracycles

With all the necessary biaryls in hand, they were then subjected to the palladium-catalyzed in-
tramolecular cyclization protocol described by Helgeland and Sydnes (Scheme 12). [124] While
the reaction provided isocryptolepine precursor 38 in excellent yield with a reaction time of
only 10 minutes, no formation of indoloquinolines 26 and 60 was detected. Instead, an un-
wanted acetylation of the starting biaryls had taken place, furnishing acetanilides 76 and 77
in 55 and 54% yields, respectively. The exact mechanism of the acetylation reaction is not
known, but it is likely a result of the reaction between the acetic acid utilized as the solvent
and the aniline moiety on the biaryls. There has been reports of MW-assisted syntheses in the
literature promoting acetylations carried out by acetic acid, though the details surrounding such
transformations remains unclear. [133]
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Scheme 12: Summary of the palladium-catalyzed cyclizations of biaryls 69-75 to yield tetra-
cyclic ring-systems 38, 54, 62, 64 and 66 along with the undesired acetylation products 76-79;
n. f. = not formed. [132]

Based on work supported by both experimental and theoretical endeavours, Whiting and
coworkers presented a proposed mechanism for the direct formation of amides from amines
via the formation of carboxylic acid dimers (Scheme 13). [134] In the proposal, intermolecular
hydrogen bonding supports the formation of a carboxylic acid dimer, enabling nucleophilic at-
tack by the amine onto the carbonyl carbon of one of the acids in the dimer. The second unit
of carboxylic acid then acts as a proton acceptor, leading to the formation of a hemiaminal in-
termediate. Following a concerted proton transfer, water is readily lost to create an acetamide.
Additionally, they suggest that the starting amine exists in an equilibrium with its acid salt,
acting as a reaction "dead-end". Preliminary computational work carried out by collabora-
tor Professor Dr. Petra Imhof at Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU),
Germany, on our biaryls have suggested this mechanism to be a likely source of the observed
acetanilides.
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Scheme 13: Proposed mechanism for the direct formation of amides from amines by Whiting
and coworkers. [134]

Unexpectedly, the cyclization of biaryl 72 did not furnish the expected pyridocarbazole
61, but instead ring closure proceeded at C-4, creating a 6-membered ring to give novel pyri-
dophenanthridine 54 in excellent yield (Scheme 12). In order to verify the formation of this
compound, its various NMR spectra were analyzed carefully. The presence of two doublets at
8.27 and 6.77 ppm, respectively, with a coupling constant of 6.6 Hz was not compatible with
a pyridocarbazole. Through the use of 2D NMR spectrum, in particular NOESY correlations,
these signals were determined to belong to H-5 and H-6, respectively (Figure 2.3). The most
deshielded signal appearing as a doublet of doublets at 8.33 with corresponding coupling con-
stants of 8.2 Hz and 0.8 Hz fits with H-11, due to the proton experiencing significant anisotropy.
The NOESY spectrum further shows H-11 to be spatially close to two signals, belonging to H-1
and H-10, confirming the presence of a "bay-region" and thus the structure of pyridophenan-
thridine 54. Additionally, analysis of its 13C NMR spectrum, shows an uncharacteristically
shielded aromatic carbon signal at 99.7 ppm, which was found to correspond to the proton at
H-6.
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Figure 2.3: NOESY correlation confirming the structure of pyridophenanthridine 54.

In terms of reaction kinetics, there is generally a preference for the annulation into 5-
membered rings over 6-membered rings. [135] In the study of the ring closure of some diethyl
(ω-bromoalkyl)malonates, Galli and Mandolini showed that formation of 5-membered rings
is by far the least energetically demanding ring to form, being an order of 103 more favorable
than the formation of a 6-membered ring. [136] On the contrary, studying the associated ring-
strains, they demonstrated that the 6-membered rings are far less strained than 5-membered
rings, with an observed difference in strain energy of roughly 5 kcal/mol. Searching for an
explanation for the observed 6-membered ring product 54, the electron densities of the various
carbon atoms were evaluated as a possible cause. The assumption was that the cylization would
proceed at the most electron-deficient carbon site. This was based on the further assumption
that the cyclization proceeds via and oxidative addition-type mechanism, which was proposed
as a likely reaction path by Bjørsvik and Elumalai for the cyclizations of 2-aminobiphenyls
to give carbazoles using similar conditions. [137] If this was the case, it was hypothesized that
addition of an EDG at C-3 of biaryl 72 might force the cyclization to occur at C-6 to give
a carbazole instead. The installation of a methoxy-substituent would serve this purpose and
following a literature procedure, 5-bromo-3-methoxyquinoline (81) was prepared in two steps
in acceptable yields (Scheme 14). [138] Subsequent Suzuki-Miyaura cross-coupling reaction be-
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tween methoxy quinoline 81 and boronic acid 68 using both protocols resulted in formation of
biaryl 72a in excellent and yields, respectively (a: 88%; b: 34%, Scheme 14). Carrying out
the cyclization of C-3 methoxy-substituted biaryl 72a gave only 39% of the 6-membered ring
product 54a with traces of what might be the protonated mass of the corresponding carbazole
product based on TLC-LRMS (Scheme 11).

Scheme 14: Synthesis of methoxy-substituted pyridophenanthridine 54a starting from com-
mercially available 3-bromoquinoline (67b);a3.0 equiv. of boronic acid 68. [139]

Wanting to explore the notion that the reactivity was to some extent governed by differ-
ences in electron densities, some computational analyses were conducted. Obtaining Mulliken
charges of biaryl 72, along with several of the other biaryl starting materials, revealed only
minute differences in electron densities (Figure 2.4). Moreover, the difference in the calculated
densities were not significant enough to warrant the preferential formation of pyridophenan-
thridines 54 and other avenues had to be considered.

Figure 2.4: Calculated Mulliken charges for biaryls 69, 72, 73 and 74 using the B3LYP/6-
31G** level of theory.

Through a collaboration with Professor Dr. Petra Imhof at FAU, extensive efforts were
devoted to understand the formation of the pyridophenanthridine scaffold. As the electron
densities had failed to provide a reasonable explanation for our observations, studies into the
mechanism of its formation were undertaken. Despite considerable work, no precise catalytic
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cycle has been found and it remains uncertain what the precise palladium complex is, though
preliminary data suggests it to be a Pd-IMes complex. Two main conclusions have arrived
from the computational studies, being the necessity of a protonation site, namely the quinoline
nitrogen, and the presence of a carboxyic acid for any reaction to take place. Moreover, the
computational data further suggests the mechanism provided by Bjørsvik and Elumalai to be
an unlikely pathway for our sytems. Taking this into account, the mechanism is more likely
to proceed in either a Wacker- or Heck-like manner, where the palladium acts as a nucleophile
rather than an electrophile (Scheme 15), [140,141] which the preliminary computational work
supports thus far and efforts to fully resolve this mechanism is still ongoing.

Scheme 15: Proposed Pd-IMes intermediates in the cyclization of biaryl 72, possibly following
a Wacker or Heck-like mechanism.

Of the three remaining biaryls, only indoloquinoline 62 was formed in good yield (65%,
Scheme 11). The cyclizations of biaryls 74 and 75 primarily resulted in the formation of ac-
etanilides 78 and 79 in addition to the desired ring closure products. With all the cyclizations
reactions having been completed, a clear trend can be observed in terms of the topology of the
formed products. Studying the geometries of the tetracyclic compounds, it becomes apparent
that given the option between two cyclization sites, the formed product is always the more
angular product, with the exception of pyridophenanthridine 54 (Scheme 16). This coincides
with previous reports in the literature for the chemistry of polycyclic aromatic hydrocarbons
(PAHs), revealing angular systems to generally be more stable than their linear counterparts.
This has been particularly well documented in the case of phenanthrene and anthracene, with
studies showing phenanthrene to be the more stable regioisomer. The exact nature for this
phenomenon is somewhat controversial, with several propositions having been made. [142–148]
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Scheme 16: Observed regioselectivities favoring the more angularly fused products (in dark
blue) over linear fusions (in teal). Conditions: PdCl2(dppf) (20 mol%), IMes (5 mol%), H2O2
(35 wt%, 29 mol%), AcOH, MW sealed tube, 118 °C; n. f. = not formed. [132,149]

2.3 Divergent synthesis of pyridophenanthridines 54 and pyri-
docarbazoles 61

While novel pyridophenanthridine 54 was formed in excellent yields using the MW-assisted
intramolecular cycliztion approach (Scheme 12), the subsequent purification by column chro-
matography was extremely challenging. In an attempt to avoid this obstable, other methods
for its assembly were considered, which might also lead to greater insight into the chemistry
surrounding this novel scaffold. Timári and colleagues have developed a synthetic strategy to
furnish isocryptolepine precursor 38 from biaryl 69 using a diazotization-azidation-nitrene in-
sertion approach. [150] Utilizing this approach, which has later been expanded upon by Maes et

al., [151] indoloquinoline 38 could be formed in high yields with relatively clean reaction crudes.
Utilizing the conditions as detailed by Maes and coworkers, biaryl 72 was transformed to the
corresponding diazonium salt using concentrated hydrochlorid acid and sodium nitrite (Scheme
17). Then, the azido group was installed in an SNAr-type reaction with sodium azide, giving
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an aryl azide intermediate. Subjecting the newly formed aryl azide to thermolysis in boiling
1,2-dichlorobenzene, surprisingly resulted in formation of novel pyridocarbazole 61 and only
trace amounts of pyridophenanthridine 54. [149]

Scheme 17: Synthesis of the missing pyridocarbazole 61 using a azidation-nitrene-insertion
approach. [149]

The successful fomation of pyridocarbazole 61 could be determined by carefully elucidat-
ing all the signals of its NMR spectra. Characteristically, the proton at 8.84 ppm (J = 4.1 Hz,
1.4 Hz), appearing as a doublet of doublets is easily placed as H-3 based on its proximity to
a heteroatom, as evident by its coupling constants (Figure 2.5). The signal at H-3 has a clear
COSY correlation to two signals, the doublet of doublets at 9.17 ppm (J = 8.4 Hz, 1.4 Hz) be-
longing to H-1. This signal has a NOESY correlation to the proton located at H-11, revealing
the presence of a "bay-like region". Further, the carbazole amine, observed as a broad singlet
at 11.92 ppm, correlates to the protons at H-6 and H-8, respectively.
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Figure 2.5: NOESY correlation confirming the structure of pyridocarbazole 61.

As the thermolysis of aryl azides are believed to proceed via the formation of a reactive
singlet nitrene species, no direct comparison between this result and the palladium-catalyzed
formation of pyridophenanthridine 54 can be made. Nevertheless, this result highlights the
important role a metal catalyst has on the outcome of a reaction. Intrigued by the assembly of
pyridocarbazole 61, the approach was also applied to synthesize isocryptolepine precursor 38
in excellent yield (Scheme 18). While Timári and coworkers reported indoloquinoline 38 to be
the sole product of the reaction, 4% of its regioisomer, quinindoline (26), was also observed.

Scheme 18: Synthesis of indoloquinolines 38 and 26 via installation of an azido moiety fol-
lowed by thermal decomposition. [149]

Having discovered conditions which allowed for the formation of pyridocarbazole 61 from
biaryl 72, it was now possible to assemble both this scaffold along with pyridophenanthridine
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54 from one common intermediate by using two different sets of reaction conditions, Path A
and Path B, respecitvely (Scheme 19). Reaction procedures which can grant access to two
compounds of interest from a common starting material or intermediate are highly sought after
in synthetic chemistry, as they allow for more efficient access to desirable targets in an atom
economic fashion. [152]

Scheme 19: Divergent synthesis of pyridophenanthridine 54 and pyridocarbazole 61 from com-
mon intermediate 72I. [149]

Wanting to also prepare some functionalized derivatives of novel pyridocarbazole 61, a
fluoro-substituted phenyl boronic acid pinacol ester was prepared using a standard Masuda bo-
rylation approach (Scheme 20). The obtained boronate was then treated with 5-bromoquinoline
(67d) using our Suzuki-Miyaura cross-coupling protocol, furnishing biaryl 72b in excellent
yield. Subjecting biaryl 72b to the diazotization-azidation-nitrene insertion strategy gave novel
pyridocarbazole derivative 61a in near quantitative yield, with no traces of the corresponding
pyridophenanthridine observed in the reaction mixture.

Scheme 20: Synthesis of 10-fluoro-substituted pyridocarbazole 61a. [149]
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2.4 N-Methylations of tetracyclic compounds

Due to N-methyl groups being deemed instrumental to biological activities for indoloquino-
lines, [72] a selection of the prepared tetracyclic ring systems were subjected to regioselective N-
methylations as a natural conclusion to this project. Following a literature procedure, neocryp-
tolepine (24) was furnished in excellent yield by treating quinindoline (26) with iodomethane
in refluxing THF (Scheme 21). [153] The natural product isocryptolepine (25) could be prepared
in a similar way, however, using acetonitrile as the solvent, to give the target compound in
good yield (Scheme 21). [149] The N-methylation observed in these reactions follow a specific
SN2-type mechanism, known as the Menshutkin reaction. Here, an alkyl halide is reacting with
a nucleophilic secondary amine, creating an alkylated quaternary ammonium salt as a reaction
intermediate, which may be transformed into the free base under basic aqueous conditions. [154]

Scheme 21: Synthesis of neocryptolepine (24) and isocryptolepine (25) via regioselective N-
methylations. [149]

Regioselective N-methylation of novel pyridophenanthridines 34 proceeded smoothly, giv-
ing the desired products after a reaction time of 2 hours using the same conditions as for the con-
truction of isocryptolepine (25) (Scheme 22). Clearly, the quinoline nitrogen of pyridophenan-
thridines are excellent nucleophiles, readily initiating attack on iodomethane. N-Methylation
of pyridocarbazole 61 was more sluggish, resulting in only 47% of the target compound being
obtained after refluxing the reaction mixture for 20 hours. The placement of the methyl group
at the quinoline nitrogen of the compounds depicted in Scheme 22 was readily determined by
analysis of their NMR spectra, in particular, examination of their NOESY and 1H-13C HMBC
correlations, respectively.
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Scheme 22: N-Methylations of novel pyridophenanthridines 34 and pyridocarbazole 61. [149]

2.5 Summary and concluding remarks

Based on seminal work by Helgeland and Sydnes, [124] various tetracyclic ring-systems were
prepared from commercially available bromoquinoline starting materials. [132] The key syn-
thetic strategies involved a Suzuki-Miyaura cross-coupling protocol followed by a palladium-
catalyzed intramolecular cyclization reaction to give the target compounds in varying yields.
During the Suzuki-Miyaura cross-coupling reactions to obtain biaryls 69-75, two different pro-
tocols were employed, which demonstrated that the choice of catalyst to be vital to the success
of the reactions rather than the inherent reactivity of the quinoline ring. While the palladium-
catalyzed intramolecular cyclization procedure was excellent to assemble isocryptolepine pre-
cursor 38, it failed to provide all the target tetracyclic systems. In several of the reactions,
unwanted acetylation of the biaryl starting materials to yield acetanilides was observed, likely
as a result of reaction between the solvent and the amino group. Most surprisingly, cycliza-
tion of biaryl 72 provided novel pyridophenanthridine 54 in excellent yield. Extensive efforts
were devoted to discover the catalytic cycle of this reaction, however, they were ultimately
unsuccessful. In an attempt to optimize the formation of novel pyridophenanthridine 54 us-
ing a diazotization-azidation-nitrene insertion approach, novel pyridocarbazole 61 was formed
instead. This lead to the realization that from common intermediate 72I, regiodivergent synthe-
sis of pyridophenanthridines 54 and pyridocarbazoles 61 were achievable using two different
synthetic strategies (Scheme 23). To conclude this project, some selected tetracycles were sub-
jected to N-methylations using a Menshutkin reaction, providing the corresponding N-methyl
tetracyles in acceptable to excellent yields. [149]
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Scheme 23: Regiodivergent intermediate 72I granting access to novel pyridophenanthridines
54 and pyridocarbazoles 61. [132,149]
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3.1 Introduction

3.1.1 Design of biquinoline ligands for catalysis

The unexpected formation of a biquinoline compound bridged by an aniline group, namely
compound L1, during the attempted synthesis of biaryl 70 described in Chapter 2 (Scheme 11),
opened up the possibility of exploring the chemistry surrounding this quinoline dimer (Scheme
24). One possible application of such a dimer, is the development of a nitrogen-donor chelating
ligand for homogeneous and heterogeneous catalysis by complexing compound L1 with transi-
tion metals. Heterocyclic nitrogen ligands are known to be capable of coordinating with a wide
varity of metal centers due to their inherent Lewis basic properties. Consequently, in the past
few decades, there has been a drastic increase in the popularity of nitrogen-containing ligands
for the catalysis of various reactions. [155,156]

Scheme 24: The unexpected formation of a biquinoline compound bridged by aniline L1 dur-
ing the synthesis of biaryl 70 as detailed in Chapter 2.

Some of the most widely studied nitrogen-donor ligands contain a pyridine ring, however,
quinoline-based ligands have also recieved attention in recent literature, [157,158] though to a
lesser extent than their pyridine counterparts. Perhaps the most utilized classes of nitrogen lig-
ands for catalysis are those based around the 2,2’-bipyridine (86), 2,2’-biquinoline (87) and the
1,10-phenanthroline (88) scaffolds (Figure 3.1). [156,159] These compounds have been found to
be capable of coordinating to a range of transition metals, such as cobalt, copper, ruthenium,
rhodium, palladium and platinum. Further, the complexes containing such nitrogen-donor lig-
ands have found applications as catalysts for cyclopropanations, allylic substitutions, various
C-C and C-N cross-coupling reactions, addition reactions, among others. [155]

Figure 3.1: Nitrogen-donor chelating ligands 2,2’-bipyridine (86), 2,2’-biquinoline (87) and
1,10-phenanthroline (88). [155,159]

With this in mind, it was envisaged that the prepared biquinoline L1 could be reacted with
a transition metal salt, ML2, to give rise to both bidentate and tridentate complexes (Scheme
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25). It should be mentioned that a bidentate ligand can have more coordination modes than the
one depicted in Scheme 25, however, evaluation of all possible coordination modes is beyond
the scope of this thesis.

Scheme 25: Imagined bidentate and tridentate ligands possible to construct from biquinoline
L1.

Through a collaboration with Dr. Eugene Khaskin’s group located at Okinawa Institute of
Science and Technology (OIST), Coordination Chemistry and Catalysis Unit, Okinawa, Japan,
a brief proof-of-concept study was conducted to ascertain the ability of biquinoline L1 to form
transition metal complexes. By treating biquinoline L1 with copper(II) chloride, a green solid
was formed, which following recrystallization was revealed to be a bidentate copper complex
(Figure 3.2). Subsequently, biquinoline L1 was complexed with various other transition metal
salts and employed as a catalyst for certain transformations. The preliminary results of these
studies conducted by Khaskin’s group show great promise, and the first set of results are cur-
rently being prepared for publication. In the following section, two other potential applications
for the novel biquinoline scaffold are briefly described.

Figure 3.2: Proof-of-concept shown by complexing compound L1 with CuCl2 to give its cor-
responding bidentate copper complex as revealed by its X-ray crystal structure. Complexation
and preparation of the sample for X-ray analysis conducted by Eugene Khaskin’s group. Used
with permission.
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3.1.2 Potential applications

Development of metal organic frameworks (MOFs) viable for CO2 capture

In the past, metal organic frameworks (MOFs) containing heteroaromatics in their organic
backbones have shown promise as a means of capturing and storing atmospheric CO2. [160]

With atmospheric CO2 levels being at a historic high, the European Union (EU) has set a target
of achieving a redution of 40% in carbon emissions by the year 2030. In addition to being use-
ful within catalysis, biquinoline L1 could have the potential to be developed into the organic
backbone of a MOF which might be capable of capturing atmospheric CO2. Recently, Qian, Hu
and Huang described the preparation of an iridium(III)-coordinated biquinoline MOF, which
they demonstrated to selectively adsorb CO2 (Figure 3.3). [161]

Figure 3.3: The organic backbone of a biquinoline-based indium(III) MOF capable of captur-
ing CO2 as described by Qian, Hu and Huang. [161]

Development into photoactivated chemotherapy (PACT) agents

As explained in Section 1.3.1, the development of novel cancer treatments are of paramount
importance. A new strategy which has gained attention in recent years, is photoactivated
chemotherapy (PACT), in which an inactive drug can be placed near a tumor and then be acti-
vated by light. [162] This allows for more target specific treatmemts of patients with cancer, as
traditional chemotherapy regiments often affect the whole body, causing severe side effects. It
is believed that PACT drugs work by ligand photosubstitution, creating an active drug. Then,
through interaction with biomolecules, the activated compound causes cell death. In order to
be a good candidate for a PACT agent, three main critera have to be considered: 1) the metal
complex needs to be stable in solution in darkness, 2) it needs to be photoactivatable and 3) it
needs to display an increase in cytotoxicity following photoactivation. Polypyridyl ruthenium
complexes are known for their unique photochemical properties, [163] and several such com-
plexes have been investigated as potential PACT drugs. One such example is the polypyridyl
ruthenium complex prepared by Bonnet and coworkers (Figure 3.4). [162] Upon testing, the pre-
pared complex was found to fullfil the three critira for making a good PACT drug candidate.
The complex has two quinolyls bridged by an amine, which is somewhat similar to biquinoline
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L1 which was prepared in our laboratories. This openes up the possibility that biquinoline L1
could have potential as a PACT agent, though no studies into this has been conducted thus far.

Figure 3.4: Structure of a ruthenium-based biquinoline chelate applicable as a PACT
agent. [162]

3.1.3 Project aims

In collaboration with Dr. Eugene Khaskin at OIST, we designed a total of five quinoline and
pyridine N,N,N ligands that were of great interest as ligands in their catalytic work. Thus, the
aim of this project was to synthesize and detail the synthetic endavours into five differet quino-
line and pyridine ligands (Figure 3.5). These can be divided into two categories: ligands with
either an aniline (L1-L3) or an N-methylaniline linker (L4 and L5). Upon having synthesized
the target compounds, they would then be sent to OIST for complexation and evaluation of the
complexes ability to catalyze some selected reactions.

Figure 3.5: Five intended target compounds for this project.
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3.2 Synthesis of the quinoline/pyridine N,N,N ligands

3.2.1 Synthesis of quinoline/pyridine N,N,N ligands with an aniline bridge

The unexpected formation of L1 was hypothesized to be a result of a one-pot sequential Suzuki-
Miyaura cross-coupling and a Buchwald-Hartwig amination reaction. As the yield of formation
of L1 was poor, efforts were made to optimize this sequence (Table 3.1). Finding conditions
which allowed for both transformations to proceed smoothly proved to be exceedingly difficult,
with the highest obtained yield for the target compound remaining at 18%. One-pot cascade
reactions such as this has been investigated in the literature, and it has been determined that
to find a catalyst which efficiently catalyzes two vastly different catalytic processes, such as
the Suzuki-Miyaura cross-coupling reaction and the Buchwald-Hartwig amination, proceeding
through different transition states, to be especially demanding. [164]

Table 3.1: Attempts at optimizing the of constructing L1 from 2-bromoquinoline (67a) and
2-aminophenylboronic acid hydrochloride (68) in a one-pot fashion.

Entry Catalyst Ligand Solvent Base Temp. (°C) Yield (%)
1 PdCl2(dppf) - EtOH/H2Oa K2CO3 60 18

2 Pd2(dba)3 IMes Dioxane t-BuOK 100 17b

3 PdCl2(dppf) - EtOH/H2Oa K2CO3 60 18c

4 PdCl2(dppf) - EtOH/H2Oa Cs2CO3 60 17d

5 Pd(PPh3)4 - Dioxane t-BuOK 100 9e

a5:1 mixture;bAs a mixture of desired product L1 and biaryl 70 in a 17:83 ratio as determined
by their 1H NMR integrals; cMicrowave;dAs a mixture of desired product L1 and biaryl 70 in
a 56:44 ratio as determined by their 1H NMR integrals;eAs a mixture of desired product L1
and homocoupled compound 87 in a 9:91 ratio as determined by their 1H NMR integrals.

Discouragingly, the aforementioned attempts were more successful at generating the homo-
coupled byproduct 2,2-biquinoline (87) than the desired quinoline dimer L1, which was often
obtained in a mixture with 2-bromoquinoline (67a). Despite obtaining a mixture of two com-
pounds, comparision of the 1H NMR spectra with a pure sample of 2-bromoquinoline (67a)
allowed for easy identification of biquinoline 87 via observation of some key signals, namely
H-3, H-4 and H-8 (Figure 3.6). Characteristically, there was a significant downfield shift in
these signals compared to those of 2-bromoquinoline (67a). Additional comparison of the ob-
served chemical shifts of biquinoline 87 with reported literature data further indicated this to
indeed be the observed compound. [165]
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2-Bromoquinoline/2,2'-biquinoline mixture

2-Bromoquinoline

Figure 3.6: 1H-NMR spectra of 2-bromoquinoline (67a) (red) and a 2-bromoquinoline
(67a)/2,2’-biquinoline (87) mixture (blue) in CDCl3. The key signals located at H-3, H-4 and
H-8 of the biquinoline 87 are highlighted along with H-3, H-4 and H-8 of 2-bromoquinoline
(67a).

Having already uncovered excellent conditions for the synthesis of biaryl 70, this compound
was then utilized as the starting material in an effort to optimize the Buchwald-Hartwig amina-
tion step of the reaction (Table 3.2). Using the same conditions as in the one-pot procedure with
Cs2CO3 as the base instead of K2CO3, gave a slight increase in yield (Table 3.2, Entry 3), while
switching to the weaker base Na2CO3 gave no product formation (Table 3.2, Entry 5). Sim-
ilar results were obtained when employing the powerful base lithium bis(trimethylsilyl)amide
(LiHMDS) in THF and tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3) as the catalyst,
giving no traces of the desired product (Table 3.2, Entry 4). A common set of conditions to
carry out a Buchwald-Hartwig amination reaction is the use of Pd2(dba)3, the bidentate phos-
phine ligand XantPhos (structure depicted in Figure 3.7) and Cs2CO3 in anhydrous THF. [166]

Carrying out the reaction using these conditions delightfully provided the target compound in
80% yield following purification by silica gel column chromatography. Switching the ligand to
the monodentate phosphorous ligand RuPhos (Figure 3.7), gave similar results, with L1 being
formed in 78% yield (Table 3.2). Due to the slightly lower cost of commercial XantPhos, these
conditions would be used as a standard for the subsequent amination reactions.
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Table 3.2: Optimization efforts towards the Buchwald-Hartwig amination between biaryl 70
and 2-bromoquinoline (67a) to give ligand L1.

Entry Catalyst Ligand Solvent Base Temp. (°C) Yield (%)
1 Pd(OAc)2 - Dioxane t-BuOK 100 Tracesa

2 Pd(OAc)2 XPhos PhMe t-BuOK 80 N/Ab

3 PdCl2(dppf) - EtOH/H2Oc Cs2CO3 60 20

4 Pd2(dba)3 BrettPhos THF LiHMDS 65 N/Ad

5 PdCl2(dppf) - EtOH/H2Oc Na2CO3 60 Tracesd

6 Pd2(dba)3 RuPhos THF Cs2CO3 reflux 78

7 Pd2(dba)3 XantPhos THF Cs2CO3 reflux 80
aAs a mixture of desired product L1 and biaryl 70; bNo purification as the crude 1H NMR
showed only unreacted starting material and traces of homocoupled product 87; c5:1 mixture;
dNo workup as crude 1H NMR showed no reaction.

The Buchwald-Hartwig amination is considered as one of the most powerful approaches
available for the formation of C(sp2)-N bonds. The reaction is based on pioneering work done
by Buchwald and Hartwig and is defined as the palladium-catalyzed coupling reation between
aryl (pseudo)halides and amines. The method is revered for its broad substrate scope and func-
tional group tolerance, with the possibility of fine-tuning the reaction outcomes by the use
of different ligands. [167] Phosphine-based bidentate ligands are overrepresented in Buchwald-
Hartwig amination protocols due to showing excellent efficacy when applied. Some notable
phosphine-based ligands commonly employed are XPhos (89), BrettPhos (90) and the previ-
ously metioned RuPhos (91) and XantPhos (92) (Figure 3.7).

Figure 3.7: Structures of the phosphine ligands XPhos (89), BrettPhos (90), RuPhos (91) and
XantPhos (92).

Ever since its conception, the catalytic cycle of the Buchwald-Hartwig amination has been
extensively studied. [168] Interestingly, the catalytic cycle of the reaction has been revealed to
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proceed differently based on the nature of the employed ligand. The catalytic cycle which has
been proposed for monophosphine ligands, such as RuPhos (91), is initiated by the oxidative
addition 1 of an aryl halide to a Pd0 complex. [167,169] This creates dimeric species D, exist-
ing in an equilibrium with its monomer M, which through substrate coordination 2 creates
a monomeric palladium complex. This complex then undergoes deprotonation 3 to give an
amido complex. From this complex, two possible transformations are possible, firstly, it may
undergo β-H elimination 4 to give the corresponding elimination products. Alternatively, the
amido complex may undergo reductive elimination 5 to furnish the coupled aniline product and
subsequent regeneration of the palladium catalyst to complete the catalytic cycle.

Scheme 26: Proposed catalytic cycle for the Buchwald-Hartwig amination using monophos-
phine ligands; 1 = oxidative addition, 2 = substrate coordination, 3 = deprotonation = 4 = β-H
elimination, 5 = reductive amination. [167,169]

By utilizing bidentate phosphine ligands with electron-rich, sterically demanding phos-
phines, the unwanted elimination products occurring as a result of β-H elimination can be
avoided. [170] The catalytic cycle using a biphosphine ligand is proposed to largely follow the
same major steps as for the monodentate ligands, namely oxidative addition 1, substrate coor-
dination 2, deprotonation 3 and reductive elimination 4 (Scheme 27). [167]
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Scheme 27: Proposed catalytic cycle for the Buchwald-Hartwig amination using biphosphine
ligands; 1 = oxidative addition, 2 = substrate coordination, 3 = deprotonation, 4 = reductive
elimination. [167,170]

Applying the optimized Buchwald-Hartwig amination conditions (Table 3.2, Entry 7) al-
lowed for the successful construction of ligands L2 and L3 from their corresponding biaryls
and the relevant heteroaryl halides (Scheme 28). The formation of ligand L2 was particularly
impressive, with a yield of 94% following purification by silica gel column chromatography
being obtained when conducting the reaction on a scale of several grams (Scheme 28a). The
modest yield obtained for L3 was somewhat puzzling, as 2-halopyridines are generally consid-
ered as excellent electrophilic coupling partners, [171] more so than their haloquinoline counter-
parts. Moreover, it appeared that the reaction never went to completion, as the TLC analysis,
along with crude 1H NMR, showed the presence of both starting materials despite allowing the
reaction run for up to 48 hours. During the purification of ligand L3, 17% unreacted biaryl 70
was also recovered and whilst other fractions contained 2-bromopyridine (93) mixed with dba
from the catalyst. Nonetheless, attempts at optimizing the yield of formation for ligand L3 was
not undertaken.
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Scheme 28: Synthesis of ligands L2 and L3 using the optimized Buchwald-Hartwig amination
conditions.

3.2.2 Synthesis of quinoline/pyridine N,N,N ligands with an N-methyla-
niline bridge

To prepare ligands L4 and L5, reductive amination was chosen as the synthetic strategy over
N-alkylation (Scheme 29). While N-alkylation are widely used in synthetic chemistry and is
generally considered as a reliable method to synthesize a variety of compounds, overalkylations
remain overrepresented. A way to bypass this issue is the use of N-protecting groups, however,
this adds an additional two steps to any synthetic pathway, [172] making this option less attrac-
tive. As both the required quinoline and pyridine carboxaldehydes were commercially available
at low costs, the reductive amination procedure appeared to be a more feasible option.

Scheme 29: Reductive amination as a synthetic strategy to furnish ligands L4 and L5.

The preparation of ligand L4 commenced by carrying out a one-pot reductive amination
protocol where biaryl 70 was treated with aldehyde 94 in methanol using 4 Å molecular sieves
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(MS) to remove water. The formation of an imine was verified by TLC-LRMS, showing a
mass corresponding to the desired intermediate. Subjecting the imine to a standard reduction
using Na(OAc)3BH in 1,2-dichloroethane (DCE) with the addition of AcOH as an activator [173]

provided target compound L4 in poor yield (Table 3.3, Entry 1). Attempts at improving the
yield by prolonging the reaction time had no impact on the yield of formation for ligand L4. By
changing the reducing agent to NaBH4 resulted in only traces of the desired compound being
observed on the crude 1H NMR spectrum. Wanting to avoid using the exceedingly toxic, but
highly efficient, reducing agent NaBH3CN, [173] to prepare the missing ligand, other avenues
were explored. Reduction of the imine using palladium on carbon under a hydrogen atmosphere
was attempted, giving a meager 6% yield of ligand L4 (Table 3.3)

Table 3.3: Optimization of the reductive amination to form ligand L4.

Entry Reducing agent Solvent Activator Temp. (°C) Time (h) Yield (%)
1 Na(OAc)3BH DCE AcOH rt 0.5 29

2 NaBH4 MeOH - rt 20 Tracesa

3 Pd/C, H2 MeOH - rt 4 6

4 Raney-Ni, H2 MeOH - rt 17 Tracesa

5 Raney-Ni, H2 MeOH - rt 3 23

6 NaBH3CN MeOH AcOH 0 1.5 72

7 NaBH3CN MeOH AcOH 0 0.3 78

aDetermined by the crude 1H NMR spectrum.

Raney-Nickel is generally considered to be capable of reducing a wider selection of func-
tional groups than Pd/C [174] and utilizing this strategy, up to 23% yield of the target com-
pound was formed (Table 3.3, Entry 5). However, the Raney-Nickel proved to be a too pow-
erful reagent, and allowing the reaction to run for 17 hours lead to the presumed reduction of
the quinoline rings in addition to the imine as determined by TLC-LRMS. The two observed
masses is tentatively identified as the protonated mass of a reduction of the carbons adjacent
to the nitrogen atom of both quinoline rings ([M + H+] ≈ 366) and a reduction of the entire
pyridine unit within both quinoline rings ([M + H+] ≈ 370) (Figure 3.8).
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Figure 3.8: Tentative identification of unwanted reduction products based on the observed
masses on the TLC-LRMS during the reductive amination to prepare ligand L4 using Raney-
Nickel.

Unsurprisingly, attempting the reduction using NaBH3CN in methanol allowed for the for-
mation of ligand L4 in very good yield (Table 3.3, Entries 6 and 7), showing the superior
performance of this particular reagents capabilities as a reducing agent. The mechanism for the
reductive amination of aldehydes and ketones using borohydrides is only partly understood.
The first step in the reaction involves the protonation of the carbonyl oxygen by the activa-
tor, increasing the electrophilicity of the carbonyl carbon (Scheme 30). [173] Then, nucleophilic
attack by the amine results in the formation of a hemiaminal, which following a hydrogen trans-
fer leads to the loss of a unit of water. The resulting imine is then subsequently exposed to a
hydride anion from the borohydride to give the desired amine product. It is only the details
surrounding how the hydride transfer from the borohyride to the amine occurs which is the
uncertain aspect of the mechanism. [175] Despite this, several transition states have been pro-
posed in the years following the widespread usage of borohydrides as reducing agents. One
proposal, which is supported by ab inito molecular dynamics calculations, suggests that the
hydride transfer is preceeded by the formation of a unique transition state. Firstly, the NaBH4

dissolved in methanol presumably exists as a contact ion pair, with three units of methanol
stabilizing the sodium cation. Sodium is moreover interacting with the carbonyl oxygen, while
the borohydride anion is coordinating to both the sodium cation and the substrate, facilitating
the hydride transfer. [175]
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Scheme 30: Proposed reaction mechanism for the reductive amination of aldehydes with
NaBH3CN. [173]

To synthesize the final target product, ligand L5, a classical imine formation-reductive se-
quence was employed. Using NaBH4 in methanol furnished L5 in good yield following purifi-
cation by silica gel column chromatography (Scheme 31). Despite the yield being lower than
for ligand L4, a 68% yield was satisfactory enough to forego any optimization attempts.

Scheme 31: Synthesis of ligand L5 using a classical reductive amination protocol.

3.3 Summary and concluding remarks

Through a collaborative effort with Dr. Eugene Khaskin’s group at OIST, five novel quinoline
and pyridine N,N,N ligands were designed and synthesized (Scheme 32). In addition to being
employed as catalysts, it is imagined that the designed scaffolds could find applications as
MOFs for CO2 capture as well as development into a PACT drug. The designed compounds
can be divided into two categories, where the quinoline/pyridine unit is bridged by either an
aniline or an N-methylaniline moiety. The three aniline bridged systems were prepared using an
optimized Buchwald-Hartwig amination protocol to furnish ligands L1-L3 in good to excellent
yields following purification. To synthesize the two N-methylaniline bridged ligands, reductive
amination was chosen as the most appropriate strategy, which following reaction optimizations
gave the target ligands L4 and L5 in good to excellent yields.
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Scheme 32: Summary of the prepared nitrogen-donor ligands L1-L5.
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4.1 Introduction

4.1.1 Synthesis of neocryptolepine in recent literature

Similarly to the synthesis of isocryptolepine (25) and its regioisomers as discussed in Chapter
2, neocryptolepine (24) can be constructed using the same synthetic techniques, with the most
common strategies involving functionalized quinolines, indoles or other aryl based starting
materials (Scheme 33). Neocryptolepine (24) has been the focus of several synthetic works
previously and multiple reviews are available covering the endeavours. [101,102,176,177] Herein,
only the most recent and some notable examples will be discussed.

Scheme 33: Starting points for the most common synthetic approaches to neocryptolepine
(24).

A common drawback in natural product synthesis is step-heavy synthetic routes, lead-
ing to low overall yields and poor transferability into commercialization. [178] The neocryp-
tolepine precursor, quinindoline (26), is accessible through a one-step synthesis as presented
by Kadam and Tilve. Starting from o-aminobenzaldehyde (96) and indole (97), quinindoline
(26) was prepared in 56% yield using a one-pot pivalic acid alkylation-dehydration-cyclization-
aromatization sequence (Scheme 34). Despite their best efforts, the yield could not be fur-
ther optimized using the aforementioned conditions. Nonetheless, attempts focusing on step-
economy are valuable leasons for future synthetic endeavours of natural products and their
derivatives.

Scheme 34: One-pot synthesis of quinindoline (26), the precursor to neocryptolepine (24), by
Tilve and Kadam. [179]

Utilizing an intramolecular denitrogenative transannulation/C(sp2)-H amination of an ary-
lated 1,2,3,4-tetrazole, Chattopadhyay and coworkers constructed neocryptolepine (24) in an

55



Chapter 4. Synthesis of neocryptolepines using a novel cascade protocol 4.1. Introduction

overall yield of 91% (Scheme 35). [180] Assembly of the tetrazole intermediate was achieved
by following an established literature procedure between 2-azidobenzaldehyde (98) and 2-
phenylacetonitrile (99). [181] The transannulation was then commenced by treating tetrazole 100
with pentamethylcyclopentadienyliridium(III) chloride dimer ([Cp*IrCl2]2) and silver hexaflu-
oroantimonate in refluxing benzene. Finally, N-methylation using iodomethane in THF was
carried out to afford neocryptolepine (24).

Scheme 35: Synthesis of neocryptolepine (24) by Chattopadhyay’s group. [180]

Jana and colleagues describe a novel approach for the construction of indoles by an acid-
mediated annulation reaction between aliphatic amines and nitrosoarenes, a strategy which
required no pre-functionalization steps. By treating nitrosobenzene (101) and tetrahydroquino-
line (THQ) (102) with 4-nitrobenzoic acid in refluxing toluene, 3-substituted indole 103 could
be formed in 70% yield (Scheme 36). [182] Iodine mediated intramolecular amination yielded
quinindoline (26) which was further N-methylated using iodomethane in THF to yield neocryp-
tolepine (24).

Scheme 36: Synthesis of neocryptolepine (24) by Jana and coworkers. [182]

A Pd-catalyzed dual annulation approach to synthesize indolo[2,3-b]quinolines from key
intermediate 107 was realized by Hsieh’s group. [183] The key intermediate could be assem-
bled by treating 2-bromobenzealdehyde (104) and 2-nitrophenylacetonitrile (105) with catalytic
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amounts of potassium hydroxide and pyrrolidine to give nitro compound 106. Reduction of the
nitro functionality was achieved using tin in ethanolic HCl at room temperature to give key
compound 107 in 76% yield over two steps. Following the Pd-catalyzed dual annulation to
give quinindoline (26), neocryptolepine (24) was furnished following a standard alkylation
procedure using iodomethane in THF to conclude the synthetic pathway (Scheme 37).

Scheme 37: Synthesis of neocryptolepine (24) by Hsieh’s group. [183]

Aksenov et al. has reported the total syntehsis of neocryptolepine (24) using an acid-
assisted cascada transformation of certain indoles with 2-nitrostyrenes (scheme 38a). Sub-
jecting indole 108 and 1-nitro-2-nitrostyrene (109) to PPA and tin foil at high temepratures fur-
nished quinindoline (26) in 32% yield, which could be reacted further to give neocryptolepine
(24). Considerable efforts were made by Aksenov and coworkers to improve upon the yield of
the innovative cascade transformation, however, they were unsuccessful. To their delight, the
group was able to extend the conditions to furnish benzofuro[2,3-b]quinoline (112) by utilizing
1-methoxy-2-nitrostyrene (111) in place of the dinitrostyrenen, which also saw an increase in
yield (Scheme 38b).
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Scheme 38: Strategies described by Aksenov and coworkers for the synthesis of: a) neocryp-
tolepine (24) and b) benzofuro[2,3-b]quinoline (112). [184]

Azido compounds are commonly utilized as reactive intermediates in synthetic transforma-
tions owing to their high reactivity and ease of preparation. Tummatorn and colleagues have
devised a synthesis of various indoloquinolines and carbocycle-fused quinolines using azido
complexes as the key intermediates. [185]. Starting from alkenylketone 113, neocryptolepine
derivative 114 was synthesized in 58% yield by treating the substrate with trimethylsilyl azide
(TMSN3) and triflic acid in CH2Cl2 at room temperature (Scheme 39). The transformation is
believed to proceed via N2-extrusion to generate the carbodiimidium and nitrilium ions in situ,
which upon cyclization with the alkyne through a domino process provides the target indolo-
quinolines and quinolines.

Scheme 39: Domino N2-extrusion-cyclization approach to the synthesis of quinindoline
derivatives as described by Tummatorn and coworkers. [185]

4.1.2 Project aims

Although a plethora of strategies exist to furnish the indoloquinoline scaffold, scarcely any
methods available allow for the direct construction of both neocryptolepine (24) and isocryp-
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tolepine (25) (including their precursors) from a common starting material or key intermedi-
ate. [186–188] Having already described the facile synthesis of isocryptolepine (25) starting from
commercially available 3-bromoquinoline (67b) in Chapter 2, this would serve as a starting
material for the development of a novel synthetic pathway towards neocryptolepine (24) and
functionalized derivatives (Scheme 40).

Scheme 40: The aim of this project was to synthesize neocryptolepine (24) and derivatives
using 3-bromoquinolines (67b) as starting material.

4.2 Development of a novel synthetic strategy

The ability of pyridinium salts to undergo nucleophilic substitutions is well known in the lit-
erature and they are often the reagent of choice in the preparation of various natural prod-
ucts. [189–192] The reactive sites of pyridinium salts are the α or γ positions and addition se-
lectivities are believed to follow the Hard-Soft-Acid-Base (HSAB) model, where soft nucle-
ophiles, such as organocuperates, will add to the γ position while hard nucleophiles, such as
Gringard reagents, adds to the α position (Figure 4.1). These selectivities have been most
widely studied using organometallic nucleophiles, however, the trends appear extendable to
organo nucleophiles. [193] Despite being the most accepted explanation for the selectivities, the
HSAB model has been rejected by others, that believe it should be abandoned in its entirety. [194]

Figure 4.1: Reactive sites of pyridinium and quinolinium salts towards soft and hard nucle-
ophiles. [190,195]

Quinolinium salts behave in a similar manner to pyridinium salts [195] and nucleophilic ad-
ditions will proceed following the same principles as outlined above. All nitrogen nucleophiles,
excluding rare exceptions, are hard nucleophiles and thus react in an α-selective manner. [195]
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With this in mind, a novel synthetic approach to construct neocryptolepine (24) was devised
(Scheme 41). The planned synthesis will commence by N-methylation of 3-bromoquinoline
(67b) followed by a Suzuki-Miyaura cross-coupling reaction to yield the key intermediate
116. Selective α-cyclization of intermediate 116 would produce quinindoline (26) which upon
rearomatization furnishes neocryptolepine (24).

Scheme 41: Proposed synthetic pathway to neocryptolepine (24), with its associated nomen-
clature highlighted.

To test the viability of the strategy, 3-bromoquinoline (67b) was N-methylated using iodom-
ethane in refluxing acetonitrile to give bromoquinolinium salt 115 in near quantitative yield
(Scheme 42). Serendipitously, under the standard Suzuki-Miyaura cross-coupling conditions
between bromoquinolinium salt 115 and 2-aminophenylboronic acid hydrochloride (68), the re-
gioselective cyclization occurred concurrently to give neocryptolepine (24) in excellent yield. It
is presumed that the rearomatization is the result of a spontaneous oxidation process, however,
investigations into this was never conducted.

Scheme 42: Novel synthetic pathway towards neocryptolepine (24).

In a similar approach, Seidel and coworkers describe the synthesis of neocryptolepine (24)
in 64% yield starting from biaryl 69 using 2 equivalents of iodomethane in refluxing acetonitrile
(Scheme 43). Though an interesting strategy indeed, it appears to be beneficial to have the N-
methyl group installed prior to formation of biaryl 69, as the iodomethane could be attacked by
both intended quinoline nitrogen as well as the amino group and thus hinder product formation.

60



Chapter 4. Synthesis of neocryptolepines using a novel cascade protocol 4.2. Development of a novel synthetic strategy

Scheme 43: Neocryptolepine (24) synthesis as conducted by Seidel and coworkers. [186]

4.2.1 Investigation of substrate scope

Preparation of quinoline starting materials

To initiate our investigation of the substrate scope of the novel neocryptolepine (24) synthesis,
some quinoline starting materials were prepared. To furnish 3-bromo-5-nitroquinoline (67ba),
a regioselective bromination of 5-nitroquinoline (117) using N-bromosuccinimide (NBS) in re-
fluxing acetic acid was undertaken, giving the target compound 67ba in excellent yield (Scheme
44a). [197] The incorporation of an amide functionality is often associated with biological activ-
ity and the same is known for fluorine. [198] Starting from commercially available bromoquino-
line 118, a compound containing both a fluorine and an amido moiety could be furnished in
good yields by treating it with neat Ac2O (Scheme 44b).

Scheme 44: Synthesis of some quinoline starting materials by following standard literature
procedures [197] to furnish 3-bromo-5-nitroquinoline (67ba) and amido compound67bb.

With the prepared bromoquinolines 67ba and 67bb in hand along with a variety of com-
mercially available bromoquinolines, the formation of quinolinium salts 115 was the next step.
This was achieved by treating the appropriate bromoquinoline with a large excess of alkylating
agent in refluxing CH3CN to give the quinolinium halides 115 in excellent yields (Scheme 45).
The primary goal was to prepare N-methyl quinolinium salts, but N-ethyl and N-benzyl quino-
linium compounds 115a and 115b were also prepared in excellent yields (Scheme 45). While
the alkylations overall proceeded smoothly to give the target compounds, unexpectedly, the at-
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tempted synthesis of 7-NO2 substituted bromoquinoline 115c instead furnished dehalogenation
product 119 (Scheme 46).

Scheme 45: Scope of the N-alkylations to give quinolinium halides 115; n. f. = not formed.

Though puzzling at first, the dehalogenation of compound 67bc is likely a result of the
stabilizer found in the iodomethane. Commercial iodomethane is commonly stabilized by ad-
dition of up to 0.5% copper wire. Due to the inductive effect of the nitro group, a large excess
of 100 equivalents of iodomethane was required to force a reaction, however in this case not the
desired alkylation product. Attempts to avoid this dehalogenation product using fewer equiv-
alents of iodomethane (starting with five and gradually adding up to 75 equivalents over two
days) failed to provide any reaction.

Scheme 46: Observed dehalogenation reaction during the N-methylation of compound 67bc.

Dehalogenations using metals, such as copper, is well known in the literature, a notable
example being the Ullmann coupling. [199,200] Contrary to the Ullmann reaction, for this de-
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halogenation to produce the observed product, the presence of a hydride source is required.
Observations made by Hartwig and Fier during the fluorination of aryl iodides showed that
the α proton of acetonitrile may serve as a hydride source in copper-mediated reactions. They
discovered this after running deuterium labeling experiements, which also revealed water as a
potential hydride source. [201] As the experiments to construct compound 119 were conducted
in wet acetonitrile, there are two plausible hydride donors present to explain the observed
product. The exact mechanism by which the observed dehalogenation of compound 67bc oc-
curred is not known and no further investigation into this reaction was conducted. To avoid
such hydro-dehalogenation products, any alkylations of nitroquinolines were thus conducted
using a different alkylation reagent. Two alkylating reagents which are more powerful than
iodomethane is dimethyl sulfate and methyl triflate, both of which were employed under stan-
dard conditions to give the corresponding nitro-methyl-quinolinium salts. (Schemes 47 and
48). 3-Bromoquinoline (67b) was also subjected to these alkylations protocols, to allow for
comparison of the effect of different counter ions on the proceeding cyclization step.

Scheme 47: Scope of the N-methylations to give quinolinium salts 115 using Me2SO4; n. f. =
not formed.

The reactions gave the target compound in up to quantitative yields with the expection of
3-iodo-8-nitroquinoline (67bd), which using both dimethyl sulfate and methyl triflate gave no
reaction after nearly three days. The combined electron-withdrawing effect of the nitro and iodo
groups must have resulted in such poor nucleophilicity of the quinoline heteroatom resulting in
no reaction taking place.
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Scheme 48: Scope of the N-methylations to give quinolinium salts 115 using MeOTf; n. f. =
not formed.

Preparation of 2-aminophenylboronic acid pinacol esters

To prepare the coupling partners needed to construct the C and D rings of neocryptolepine (24)
(ring numbering shown in Scheme 41), pinacol esters were chosen as the coupling partners due
to being less polar than the corresponding acids, and are therefore easier to purify by column
chromatography. A selection of 2-aminophenylboronic acid pinacol esters were prepared in
poor to excellent yields by reacting halo anilines 82 with pinacolborane (HBpin) in refluxing
1,4-dioxane, using PdCl2(PPh3)2 as catalyst and Et3N as base (Scheme 49). [202,203]
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Scheme 49: Scope of Masuda borylations to give 2-aminophenylboronic acid pinacol esters
83.

These conditions were initially described by Masuda and coworkers, [204] where they pro-
posed that the reaction mechanism proceded through the formation of an ammonium boride ion
pair in the transmetallation step (marked in red in Scheme 50). [205] While the reaction mecha-
nism of the cross coupling between aryl or vinyl halides and bis(pinacolato)diboron (B2pin2),
first presented by Miyaura and coworkers, is well established, [206] the mechanism using pina-
colboranes is not yet fully understood. [207] Work conducted by Marder and Lin using density
functional theory (DFT) studies showed Masuda’s proposal of an ammonium boride ion pair
to be highly unfavorable and using their findings, they presented an alternative mechanism
(Scheme 50). [208] In line with Masuda’s proposed mechanism, the catalytic cycle is initiated
by oxidative addition of Ar-X to Pd(0). Then, a cationic Pd(II) complex is formed via the as-
sistance of Et3N which further reacts through σ-bond metathesis with HBpin to generate the
desired R-B(OR)2 along with the cationic L2Pd(II)H. The catalytic cycle is then finalized by
Et3N deprotonating the newly formed palladium complex to regenerate Pd(0).
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Scheme 50: Left: proposed borylation mechanisms by Masuda; [204,205] 1 = oxidative addition,
2 = transmetallation and 3 = reductive elimination. Right: proposed borylation mechanism by
Merder and Lin; [208] 1’ = oxidative addition, 2’ = amine-assisted ionization, 3’ = metathesis
and 4’ = reductive elimination.

Cascade Suzuki-Miyaura cross-coupling and cyclization reactions

With all the starting materials in hand, the scope and limitations of the cascade approach was
tested by preparing a selection of functionalized neocryptolepines in up to 69% yield (Scheme
51). The natural product itself was also synthesized using the three different counter ions to
ascertain their effect on product formation. It became clear that iodine was the superior counter
ion (80%), with OTf (46%) and MeSO4 (35%) performing poorly, potentially as a result of the
presence of sulfur in the two latter, which is known to act as a poison to palladium catalysts. [209]
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Scheme 51: Scope of the cascade Suzuki-Miyaura cross-coupling and cyclization to give
neocryptolepines 24.

Evaluation of A-ring substitution revealed a better tolerance towards EWGs (highest yield
observed for compound 24d) over EDGs (yield of 39% for compound 24e). The poor yield
of 2-methoxy neocryptolepine 24e is likely explained by the donation of electrons into the
aromatic nucleus by the methoxy group, lowering its electrophilicity. Compound 24d illustrates
that dual A-ring functionalizations also proceed smoothly (69% yield). Nitro compounds 24a
and 24b proceded in extremely poor yield (14% and 13%, respectively) and in general, of all
the five prepared nitro substituted neocryptolepines in the series, compound 24o is the only
entry to be formed in good yield (60%), illustrating the importance of the electron donating
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effect of the methoxy group to counter the electron withdrawing nature of the nitro moiety.
The markedly higher yield of compound 24f compared to compounds 24a and 24b further
demonstrates that it is more detrimental to successful product formation to have the nitro group
on the quinoline ring than on the aminophenyl. Compound 24f turned out to be unstable and
decomposed before it could be fully characterized. It was synthesized again and then stored
at -20 °C to avoid decomposition, which, surprisingly, still occurred. Attempts were made
to identify the decomposition product(s), however, the 1H NMR spectra showed a complex
mixture which could not be interpreted (Figure 4.2).

Figure 4.2: 1H NMR spectra of compound 24f showing decomposition after storage at -20 °C.

The method tolerated all the tested functionalities on the aminophenyl group, the low yield
of compound 24f likely being due to product decomposition. Being an intramolecular reaction,
the close proximity between the nucleophilic and electrophilic sites of key intermediate 116
(Figure 4.3) appears to negate the strong electron withdrawing effect of groups such as cyano
and trifluoromethyl (yields 69% and 58%, respectively, for compounds 24g and 24h). Dual A-
and D-ring functionalizations were also tolerated, with the exception of dinitro neocryptolepine
24p, where only traces was observed.
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Figure 4.3: Electrophilic and nucleophilic sites of key intermediate 116.

Delightfully, the α-selective cyclization observed for the natural product itself was further
applicable to all the evaluated functionalities. The structures for the prepared neocryptolepines
were easily verifiable and distinguished from the δ cyclization products, by examining their
characteristic 2D NMR coupling patterns. Using 8-trifloromethyl neocryptolepine 24h as an
example, the NOESY spectrum clearly shows H-11 to have a correlation with H-1 and H-
10 (Figure 4.4). Most of the prepared neocryptolepines were crystalline and therefore highly
suitable for analysis by X-ray. Although not strictly necessary for their structural elucidation,
the structure of 8-methoxy-neocryptolepine 24n was confirmed by recrystallizing it and sending
it to a collaborator in Tromsø for X-ray analysis (Scheme 51).

Figure 4.4: NOESY correlations confirming the structure of 8-trifluoromethyl neocryptolepine
24h.
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In general, the method appears sensitive to EDG on the A-ring, which when studying the
key intermediate 116 in Figure 4.3 is likely due to a lowering of the electrophilicity of the
quinoline-ring. It seems reasonable that having a nitro group on the electrophilic quinoline-ring
should enhance product formation, however, the contrary was observed. A possible explanation
for the poor yields of the quinoline substituted nitro compounds could be that the compounds
"overreact", ie that the nitro moiety undergoes further transformations. Indeed, nitro aromatics,
particularly nitro heteroaromatics, are known to undergo a variety of transformations, includ-
ing being a precursor for formyl, acyl, cyano and amino groups, as well being susceptible to
addition-elimination reactions and allowing for nucleophilic attack of the aromatic ring. [210]

Significant efforts were made to identify any eventual side product(s) formed during the syn-
thesis of compounds 24a and 24b, with several spots in addition to the targets isolated during
purification. Examining these fractions using both LRMS and 1H NMR were not fruitful and
no structures could be identified.

The effect of replacing the methyl group for an ethyl or benzyl moiety was investigated by
synthesizing five alkyl neocryptolepine derivatives (Scheme 4.2.1). Having established that the
electron poor nature of the quinoline is key for the intramolecular cyclization, it was expected
that this would be reflected in the yields of the benzyl derivatives. Indeed, benzyl neocryp-
tolepines 24t-24w, and in particular 24w, were inferior in yield to ethyl neocryptolepine 24s.
The interest in the benzyl derivatives was based on the option to carry out a deprotection re-
action to remove the benzyl group, which would grant access quinindolines, another natural
product, however, this was never realized.
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Scheme 52: Scope of the cascade neocryptolepine protocol when using different alkyl groups.

Having completed a large scope study, a clear trend concerning the yields of product for-
mation appeared; the best yields were consistently between 60-69%, possible explanations for
which were investigated. The facile ring-opening of pyridinium salts is well documented in
the literature, [212] perhaps the most notable being the Zincke reaction. [213–215] Indeed, in an at-
tempt to extend our conditions to the synthesis of α carbolines, ring-opening of the pyridinium
salt occurred to construct indole 122 (Scheme 53). No traces of the desired carboline 123 was
detected and despite isolating several spots, they contained complex mixtures which could not
be analyzed by NMR.

Scheme 53: Formation of indole 122 and unsuccessful synthesis of carboline 123; n. f. = not
formed.

Based on similar work by Kearney and Vanderwal, where they describe the synthesis of var-
ious indoles starting from pyridinium salts, [189] a mechanism for the indole formation may be
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proposed; following the Suzuki-Miyaura cross-coupling reaction between pyridinium salt 121
and 2-aminophenylboronic acid hydrochloride (68), C-2 of intermediate 122I becomes suffi-
ciently electrophilic to initiate nucleophilic attack by the amino group. Rather than oxidizing
to achieve α carboline (123), the cyclic structure ring-opens to give compound 122II, which
due to the presence of water in the reaction is converted to indole 122 (Scheme 54).

Scheme 54: Proposed mechanism for the ring-opening of pyridinium salt 122I to yield indole
122.

It was natural to try this synthesis under anhydrous conditions to investigate if the equilib-
riums in Scheme 54 would favor the cylic product in the absence of water. Several anhydrous
Suzuki-Miyaura cross-coupling conditions are available [216] and CsF as base and Pd(PPh3)4

as catalyst in anhydrous THF was selected to carry out the reaction (Scheme 55). Disappoint-
ingly, no trace of α carboline (123) was formed and the crude 1H NMR showed a complex
mixture which despite efforts to purify and analyze did not yield any sensible structure(s) and
any further attempts to construct this compound was abandoned.

Scheme 55: Unsuccessful attempt at constructing α carboline (123) using anhydrous condi-
tions.

Despite the ring-opening of quinolinum salts being less documented, they are believed
to generally follow the same trends and transformations as their corresponding pyridinium
salts. [217] The corresponding indole ring-opening product could not be confirmed as a side
product for the synthesis of neocryptolepines and neither could any other structure, despite
condiserable efforts. A possible route could be that the bromoquinolinium salts in the presence
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of aqueous base underwent nucleophilic attack by a hydroxyl ion (Sheme 56). A possible rea-
son for the elusiveness of this structure is the fact that it may undergo further transformations,
for instants due to the presence of either the base or the palladium in the reaction mixture.

Scheme 56: Proposed side product resulting from the ring-opening of the bromoquinolinium
salt 115.

Investigation of quinoline N-oxides as intermediates towards quinindoline (26)

The successful application of our novel cascade approach to prepare neocryptolepine (24) and
functionalized derivatives using various N-alkyl groups prompted further investigation into the
installation of other N-functional groups. The use of N-oxides as an electrophilic activating
group has been demonstrated previously in the literature [211] and in our own research group.
The installation of an N-oxide functional group on 3-bromoquinoline (67b) in order to activate
C-2 for further transformation into quinindoline (26) was thus investigated. Carrying out the
oxidation of 3-bromoquinoline (67b) using H2O2 in acetic acid gave the N-oxide in good yield
(81%, Scheme 57). The use of acetic acid in this reaction has a dual purpose; both as a solvent
and as an activating agent for the peroxide. Continuing with our standard Suzuki-Miyaura
cross coupling conditions, the hope was that the formed biaryl would spontaneously cyclize
to yield quinindoline (26). Disappointingly, biaryl 125 was formed in poor yield along with
large quantities of homocoupled aniline 126. Modification of the cross coupling conditions
improved the yield of biaryl 125 to 88% with only small amounts of homocoupled product
observed. Here, traces of desired compound quinindoline (26) was also seen. Despite this,
it became clear that the nitroso functionality did not sufficiently activate C-2 to initiate the
intramolecular cyclization.
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Scheme 57: Synthesis of biaryl 125, which was not sufficiently electrophilic to initiate in-
tramolecular cyclization to construct quinindoline (26).

Subjecting nitroso biaryl 125 to the MW-assisted intramolecular C-H activation/C-N bond
formation conditions described in Chapter 2 for the synthesis of various indoloquinolines and
pyridocarbazoles, it was possible to improve the yield of quinindoline (26) to 17% (Scheme
58). The cyclization appeared to be fully regioselective, as no traces of indoloquinoline 38 was
observed in the crude NMR, however, the reaction generated a complicated reaction mixture
which despite multiple attempts could not be separated into identifiable fractions through col-
umn chromatography. Consequently, no further efforts were put into improving the synthesis
of quinindoline (26) using this approach.

Scheme 58: MW-assisted synthesis of quinindoline (26).

4.3 Summary and concluding remarks

The natural product neocryptolepine (24) was synthesized in to steps using a novel approach
where the key synthetic strategies were a regioselective N-alkylation followed by a cascade
Suzuki-Miyaura cross-coupling reaction and intramolecular C-N bond formation. The scope
and limitations of the method was investigated using diversely functionalized quinolines and
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2-aminophenylboronic acid pinacol esters, which were easily prepared following literature pro-
cedures or obtained commercially. Through these studies, 24 neocryptolepine derivatives were
constructed in up to 80% yield (Scheme 59) and the method showed a high tolerance to most
substitution patterns with the exception of nitro functionalities. Moreover, the strategy gen-
erally showed a higher robustness towards electron withdrawing substituents on the quinoline
ring. Maintaining a high electrophilic character in the quinoline ring of the key reactive inter-
mediate is believed to be the reason for these observations, where EDGs lead to an unfavorable
decrease in electrophilicity and EWGs lead to a favorable increase.

Scheme 59: Summary showcasing the 24 synthesized neocryptolepines utilizing a novel cas-
cade C-C/C-N bond formation strategy.
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5.1 Introduction

Disappointingly, the microwave-induced C-H activation/C-N bond formation strategy devel-
oped for the synthesis of compound 38 and certain regioisomers showed no tolerance to sub-
strate functionalizations (Scheme 60). The crude reaction mixtures contained complex signals
which could not be elucidated by NMR and up to 12 spots were present on the TLC plates. In
order to realize the goal of building a library of indolo[3,2-c]quinolines, alternative methods
had to be considered. Past endeavours in our laboratories have shown that isocryptolepine pre-
cursor 38 is easily prepared via a Suzuki-Miyaura cross-coupling-azidation-thermally induced
nitrene insertion sequence, [149] which uses the same quinoline starting material as the neocryp-
tolepine methodology. A major drawback of the thermally-induced nitrene insertion approach
is the harsh reaction conditions, requiring temperatures of up to 180 °C for the reaction to
proceed. Another classical way of obtaining aryl nitrenes is through the photolysis of the cor-
responding aryl azides, which are often facile at room temperature. [218] Thus, the development
of a novel photochemical pathway towards indolo[3,2-c]quinolines 38 was undertaken. Before
venturing into the development of a novel photochemical approach to indolo[3,2-c]quinolines
38, past photochemical endeavours for the synthesis of such compounds will be briefly exam-
ined.

Scheme 60: Unsuccessful MW-assisted synthesis of functionalized indolo[3,2-c]quinolines 38.

5.1.1 Photochemical synthesis of indolo[3,2-c]quinolines 38

Organic photochemistry is a rapidly growing field within synthetic organic chemistry, with the
number of publications exploding in the past 10 years. [219] Some advantages of photochemi-
cal reactions, is that they often limit or remove the need for transition metal catalysts and are
able to overcome large activation barriers which allows for otherwise inaccessible reactivities
compared to conventional methods. [220] Several photochemical methods for the preparation
of indolo[3,2-c]quinolines 38 are covered in a review article by Tilve and coworkers, and are
thus not included in this section. [101] Despite the growth of the photochemical field, only two
publications presenting the synthesis of indolo[3,2-c]quinolines 38 using photochemistry have
been published since 2011. Brasholtz and colleagues has presented a metal free light-mediated
Povarov reaction, ie an aza-Diels Alder reaction, between N-aryl glycine esters 127 and in-
doles 128 to yield diversly functionalized indolo[3,2-c]quinolines 38B (for two examples from
their work, see Scheme 61a). Two different approaches were developed for their construction,

77



Chapter 5. Photochemical synthesis of indoloquinolines 38 5.1. Introduction

the first by treating the N-aryl glycine esters 127 and indoles 128 with molecular iodine and
oxygen under blue light irradiating. In the second method, they developed a photocatalytic vari-
ant and through rigorous screening experiments observed optimal product formation by irra-
diating the starting materials together with triphenylpyrylium tetrafluoroborate (TPP·BF4) and
tetrabutylammonium iodide (TBAI) using a mixture of hexafluoroisopropanol (HFIP) and 1,2-
dichloroethane (DCE) as solvents. [221] Utilizing the same starting materials, Wu and coworkers
have described a copper(II)-catalyzed visible-light-mediated C-H functionalization strategy to
yield a range of various indolo[3,2-c]quinolines 38C (one example shown in Scheme 61b). [222]

Despite photochemical synthesis being considered as one of the six major synthetic methods
for the construction of the indolo[3,2-c]quinoline core, [101] the aforementioned publications
demonstrate a decline in the development of novel synthetic approaches in recent literature.
Consequently, by formulating a novel photochemical method for their synthesis, it is hoped
that new and interesting chemistry can be uncovered in the process, which might lead to further
advancements of natural product synthesis.

Scheme 61: Synthesis of some indolo[3,2-c]quinolines 38; (a) utilizing a visible-light-
mediated tandem dehydrogenative Povarov/aromatization reaction as presented by Brasholz
and colleagues; [221] (b) copper(II)-catalyzed C-H activation by Wu and coworkers. [222]

5.1.2 Chemistry of nitrenes and the photoexcited state

To fully appreciate the photochemical cyclization of aryl azides to yield indoloquinolines, the
chemistry of nitrenes has to be considered. Nitrenes are a transient, neutral monovalent species
containing six valence electrons and are often considered to be the nitrogen equivalent to car-
benes. The reactivity and properties of the various existing nitrenes can vary greatly and thus,
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in this thesis, only the transformations and electronic configurations of phenyl nitrenes and
o-biphenyl nitrene will be considered. Phenyl nitrene is known to have four low-lying spin-
states: a triplet, where the non-bonding electrons have parallel spins, an open-shell singlet and
two closed-shell singlets, in which the non-bonding electrons have opposite spin. [223] An illus-
tration of the electron configuration of the triplet ground state and the lowest singlet state of
phenyl nitrene can be seen in Figure 5.1.

Figure 5.1: Electronic structures of phenyl nitrene displaying the lowest singlet state (left) and
the triplet ground state (right). [224]

The most classical way to generate nitrenes is through photolysis or thermolysis of azides
(Scheme 62, (1) and (2)), but they can also be constructed from sulfonyl azides, azidofor-
mates, [223,225] iminoiodanes and sulfonamides (Scheme 62, (3)-(6)). [226,227] Being a highly
reactive species, nitrenes smoothly undergo a variety of transformations, such as formation of
an aziridine, a hydroxylamine, a ketenimine and C-H and inter- and intramolecular N-H inser-
tion reactions (Scheme 62, (a)-(e)). [225] Moreover, upon treatment of a sufficiently strong acid,
nitrenes can generate nitrenium ions. The reactions of phenyl nitrene is perhaps the most well
studied nitrene to this date and the reaction pathways follow the overview given in Scheme
62. [218,223,227–230]

Scheme 62: Left: some strategies for the construction of nitrenes; Right: common transforma-
tions of nitrenes. [223,225,227]

The photo- and thermochemical transformations of o-biphenyl nitrene have also garnered
great interest due to its tendency to form carbazoles in great yields. [223] o-Biphenyl nitrene
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undergoes several of the same reactions as phenyl nitrene and a generalized summary of its
transformations can be seen in Scheme 63. While the ground electronic state of o-biphenyl
azide is a triplet, [223] a singlet nitrene is obtained upon expulsion of molecular nitrogen, pre-
sumably occurring through the formation of an excited singlet azide. [218] The singlet nitrene
can then follow two distinct pathways, a singlet or a triplet directed path, leading to vastly
different products. If the nitrene remains in the first excited singlet state, it can either undergo
a nitrene insertion to yield carbazole or it can form a benzaziridine. The aziridine can then
undergo a ring-expansion to give a ketenimine, which will polymerize into a black tarry sub-
stance. The presence of ketenimines have been established using a nucleophile as a trapping
agent, which inhibits polymerization. Alternatively, the singlet nitrene can undergo intersystem
crossing into a lower-lying triplet nitrene. This can also be achieved using a sensitizer, to cause
a spin inversion from singlet to triplet. From here, the triplet nitrene can dimerize with itself
to yield a diazo compound, or it can form a nitrene radical through hydrogen abstraction. This
nitrene radical is higly reactive and can easily abstract another hydrogen atom from either the
solvent or the substrate to form an aniline. If the given biphenyl has a methyl group ortho to the
tethering between the two aromatic rings, a ring closure reaction can also take place to provide
a phenanthridine. [218,223,227,228]
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Scheme 63: Generalized reaction pathways for some of the photochemical and thermally in-
duced transformations of azidobiphenyl. [218,223,227–230]

The ability of aryl azides to absorb energy in the form of electromagnetic radiation is the
key to their capabililty to produce aryl nitrenes through photolysis. The photophysical journey
a compound undergoes following the absorption of energy can be illustrated using a Jablonski
state diagram (Figure 5.2). Upon absorption of a photon, a compound will become excited and
ascend from the ground state to an excited singlet state, which is higher in vibrational energy.
This transformation is typically denoted S0→Sm, where m refers to the order of the energy
scale (0, 1, 2,...,m). Such excitations occur from either a bonding or non-bonding orbital (σ,
π, n) to an antibonding orbital (σ*, π*), transitions which are defined as σ→σ*, π→π*, n→σ*
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and n→π*. After reaching an excited singlet state, several further transitions are possible, for
instants, energy may be lost as heat through a process termed vibrational cooling (A). Alter-
natively, energy could be lost via emission as fluorescence (B), or it could undergo internal
conversion (IC) followed by vibrational cooling back to the ground state, Sm→S0.

Figure 5.2: State diagram showing the various photophysical processes following excitation
of a molecule, where transition A represents vibrational relaxation, B fluorescence and C phos-
phorescence. [231]

A third option is to undergo the spin forbidden process intersystem crossing (ISC) from an
excited singlet state to an excited triplet state, Sm→Tm, seeing a forbidden inversion in spin.
Following ISC, energy may once more be lost as heat through vibrational cooling or emitted
as phosphorescence (C). [231,232] A compound which promotes ISC from a singlet to a triplet
state, is known as triplet sensitizer, which acts by absorbing a photon, undergoing vibrational
relaxation and ISC. Then, the triplet excited sensitizer transfers triplet energy to an acceptor,
converting it from a singlet to a triplet state in the process. [233] This process is illustrated in
Scheme 64, where A is the triplet sensitizer and B the acceptor compound. For a sensitizer to
be effective, it should ideally have a triplet energy (ET) higher than the acceptor compound.
Some examples of triplet sensitizers are benzophenone (ET = 289 kJ/kmol), acetophenone (ET

= 310 kJ/kmol), [234] acetone ( 331-343 kJ/kmol) and diacetal (238 kJ/kmol). [235]
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Scheme 64: Illustration of the triplet sensitization process based on the sensitization of an
oxirane using benzophenone, where A is the sensitizer (benzophenone) and B is the energy
acceptor (oxirane). [233]

5.1.3 Project aims

The aim of this part of the thesis was to develop a novel photochemical approach to furnish
11H-indolo[3,2-c]quinoline (38) and subsequently carry out a scope and limitations study to
build a library of indoloquinolines viable for biological evaluation. Further, the method would
utilize the same starting material, namely 3-bromoquinolines, as the novel neocryptolepine syn-
thesis as outlined in Chapter 4. This would then allow for the synthesis of both neocryptolepine
(24) and functinoalized derivatives and the isocryptolepine precursors 38 from a common start-
ing material (Scheme 65a). Throughout the synthetic process, the invovled reactions would be
thorougly investigated to gain a better understanding of the chemistry. A secondary aim was
to develop photolytic conditions that can unlock access to the natural product quinindoline 26
by tuning of the reaction conditions which would be employed to synthesize 11H-indolo[3,2-
c]quinoline 38 (Scheme 65b).
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Scheme 65: a) The aim of this project was to synthesize 11H-indolo[3,2-c]quinoline (38) and
derivatives using 3-bromoquinolines 67b as starting materials. b) A secondary aim was to find
tunable conditions which could grant access to both quinindoline (26) and 11H-indolo[3,2-
c]quinoline (38) from the same intermediate 131.

5.2 Development of a novel photochemical approach

Using 3-bromoquinoline (67b) as starting material, the novel photochemical pathway would
commence with a Suzuki-Miyaura cross-coupling reaction to form biaryl 69. This would then
be subjected to a standard azidation protocol to yield the desired aryl azide 131, which would
finally be photolyzed to give 11H-indolo[3,2-c]quinoline (38) (Scheme 66).

Scheme 66: Proposed synthetic pathway to indolo[3,2-c]quinoline (38) using a photochemical
transformation as the key step.
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Although the photochemical cyclization of o-biphenyl azide to give carbazole has been in-
tensely studied, photochemical transformations of aryl azide 131 remains unexplored in the
currently available literature. Thus, there exists the possibility that the cyclization would not
proceed in a regiospecific manner, forming a mixture of the two regioisomeric indoloquinolines
38 and 26. From the study of PAHs, it has been established that regioisomers which can adapt
either an angular or linear geometry, are more stable in the angular topology. [236] If the same
trends are applicable to heteroaromatics, the favored product in the photochemical cyclization
of aryl azide 131 should be the more angular indoloquinoline 38. To test the viability of the en-
visaged synthetic route, a Suzuki-Miyaura cross-coupling reaction between 3-bromoquinoline
(67b) and 2-aminophenylboronic acid hydrochloride (68) was carried out using the same con-
ditions as described in Chapter 4 to give biaryl 69 in 53% yield following purification by silica
gel column chromatography (Scheme 67). The obtained biaryl was then transformed to the
corresponding diazonium salt using NaNO2 in ice-cooled concentrated HCl. Then, treatment
of the diazonium salt with NaN3 and NaOAc, acting as a buffer, was used to displace the di-
azonium salt and furnish the target aryl azide 131 in 88% yield, which after aqueous workup
was found to be sufficiently pure by 1H NMR, ruling out the need for purification by column
chromatography. Before subjecting the aryl azide to photolysis, its λmax was determined to be
308 nm using UV-vis spectroscopy (Figure 5.3).

Scheme 67: Novel synthetic pathway towards indolo[3,2-c]quinoline (38) using photochem-
istry as the key strategy.

Rigorous screening experiments of suitable solvent systems revealed that photolysis of
aryl azide 131 at room temperature furnished isocryptolepine precursor 38 in 95% yield us-
ing α,α,α-trifluorotoluene (TFT) as the solvent (Table 5.1, Entry 5). Comparatively, running
the reaction in normal toluene was less successful and gave the target compound in a 67% yield
following purification by silica gel column chromatography (Table 5.1, Entry 1). Analysis of
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the 1H NMR spectra of the crude mixture showed a complex mixture, presumably due to the
formation of polymeric material, which was not observed using TFT. Fluorinated solvents are
favored in photochemical transformations due to being more inert than their non-fluorinated
counterparts and may thus be less likely to form or react with the formed radicals which con-
tribute to the amount of polymeric tarr being formed. [237]

Figure 5.3: UV-vis spectrum of aryl azide 131 showing a λmax of 308 nm in methanol. The
solvent profile has been removed by subtracting the background spectrum.

While the photolysis of toluene is known to generate a benzyl radical (PhCH2·), [238] a ben-
zodifluoride radical (PhCF2·) seems unlikely to form due to both the stability of the C-F bond
and the instability of such a radical. Since it is believed that the polymeric tarr is derived from
a singlet nitrene pathway, by adding a triplet sensitizer, the hope was that this would minimize
polymer formation and also potentially give access to indoloquinoline 26 (Table 5.1). Mix-
ing acetophenone and toluene gave a mixture of approximately 47% indoloquinoline 38 and
19% of compound 26 (Table 5.1, Entry 3), while diacetal gave a crude mixture too complex
to interpret using NMR. Changing the sensitizer to 10% acetone in toluene gave 92% of in-
doloquinoline 38, successfully eliminating the formation of polymers, however not forming
any traces of indoloquinoline 26. By combining TFT with various sensitizers, it was possible
to construct indoloquinoline 26 along with diazo compound 132, however the yields were low
(Table 5.1, Entries 6 and 7).
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Table 5.1: Solvent screenings for the photocyclization of aryl azide 131.

Entry Solvent Additive
(%)

Temp.
(°C)

Time
(min) 38 (%) 26 (%) 132 (%)

1 PhMe - rt 10 67 - -

2 MeOH - rt 15 63 Traces Traces

3 PhMe PhAc (10) rt 15 <47a 19 -

4 PhMe
Diacetal
(10)

rt 25 Traces

5 PhCF3 - rt 45 95b - -

6 PhCF3 PhAc (10) rt 45 Traces 5 15

7 PhCF3
Ph2CO
(0.01 M)

rt 45 24 10c 14c

8 PhMe
Acetone
(10)

rt 45 92b - -

9 Cyclohexane
Acetone
(10)

rt 45 44 <6 -

10 PhCF3 - 0 45 quant.b - -

11 PhMe PhAc (10) -10 20 7a 8 13

12 Benzene
Ph2CO
(0.01 M)

-10 20 23 14c 9c

All reactions were carried out using 50 mg aryl azide 131 dissolved in 150 mL solvent;a

Contained impurities;b No purification by silica gel column chromatography required;c

Isolated as a mixture and ratio determined by 1H NMR integrals.

The formation of diazo compound 132 was easily verified by comparison with the 1H NMR
spectrum of aryl azide 131, showing the same coupling patterns for all protons, accompanied
by a downfield shift of the signals (Figure 5.4). The structure was further corraborated by
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HRMS showing a mass of 437.1769, which corresponds well with the protonated mass of
diazo compound c ([M + H+]calcd. = 437.1761). The configuration of the azo moiety was not
investigated, but it is likely a mixture of both the cis and trans isomers.

Figure 5.4: 1H NMR spectra of aryl azide 131 (red) and diazo compound 132 (blue) in CDCl3.

Diazo compounds are another triplet derived product, [223] which is presumed to form fol-
lowing one of two pathways, both of which is initiated by the aryl nitrene abstracting a hydro-
gen atom from either the solvent, substrate or the product, forming an amino radical (ArNH·)
(Scheme 68). The first option is that the newly formed amino radical dimerizes (a) to a hy-
drazobenzene (ArNH-ArNH), which upon oxidation by a nitrene yields the diazo compound
(ArN=NAr). The second possibility is for the amino radical to abstract another hydrogen atom
to form an aniline, which upon reaction with an aryl nitrene generates the hydrazobenzene,
following the same path towards the diazo compound as the first pathway. [223]

Scheme 68: Proposed mechanism for the formation of diazo compounds from a triplet aryl
nitrene. [223]
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In the photochemical synthesis of carbazole from o-biphenyl azide, it has been observed
that the use of protic solvents, such as water or methanol, greatly accelerate product forma-
tion. [239] This presumably occurs through the solvent catalyzing the 1,5-hydrogen shift from
intermediate 133I to carbazole (133), as illustrated in Scheme 69. Attempting the cyclization
of aryl azide 131 using methanol disappointingly gave a complex mixture, allowing for the
isolation of 63% of indoloquinoline 38 following purification (Table 5.1, Entry 2).

Scheme 69: Proposed mechanism for the solvent promoted cyclization of intermediate 133I to
give carbazole (133). [239]

In an effort to investigate if having lower overall reaction kinetics would affect the outcome
of this reaction by increasing the life time of the transient reaction intermediates, some exper-
iments at 0 °C and -10 °C were also attempted (Table 5.1, Entries 10-12). Using toluene and
acetophenone at -10 °C resulted in an approximately one-to-one formation of the indoloquino-
lines 38 and 26, however, in extremely poor yields, with similar results obtained using benzene
and benzophenone. The reaction conducted at 0 °C performed exceedingly well, giving in-
doloquinoline 38 in quantitative yield (Table 5.1, Entry 10). Despite being the best outcome
of the screening experiments, for practical reasons, the reaction at room temperature was cho-
sen as the standard condition moving forward into the scope and limitations study. Despite
considerable efforts, the screening experiments did not reveal conditions which allowed for the
regioselective synthesis of indoloquinoline 26 in good yield.

5.2.1 Investigation of substrate scope

Synthesis of biaryls 69 using Suzuki-Miyaura cross-coupling reactions

Having prepared 24 neocrytolepine derivatives in Chapter 4 using a specific set of Suzuki-
Miyaura cross-coupling reaction conditions, this was used as a template to carry out the cross-
coupling reactions to synthesize biaryls 69 in this work, in order to evaluate the efficacy of
the method for such systems. The starting quinolines and 2-aminophenylboronic acids/pinacol
esters were either obtained commercially or prepared as described previously in Chapter 4, Sec-
tion 4.2.1. Applying the aforementioned Suzuki-Miyaura cross-coupling conditions, a diverse
library of biaryls were prepared in 30-98% yield following purification by column chromatogr-
phy (Scheme 70). The structure for each biaryl was easily confirmed using 1H, 13C and 19F
NMR, when applicable, along with various 2D NMR spectrum (COSY, NOESY, 1H-13C HSQC
and 1H-13C HMBC) for full structure elucidation.
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Scheme 70: Scope of the Suzuki-Miyaura cross-coupling reactions to form biaryls 69.

It is well established in the literature that the Suzuki-Miyaura cross-coupling reaction is
tolerant of a broad substrate scope and further has a high level of functional group toler-
ance. [127,240,241] With few exceptions, this is well reflected in Scheme 70, where the method
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supported both EWG and EDG functionalizations on both the quinoline and aniline moieties.
Of the quinoline functionalized biaryls 69a-69f and 69p-69r, the three nitro biaryls 69a, 69e
and 69p primarily gave poor yields (32, 40, and 30% respectively) due to challenging purifi-
cations. In particular, 5-nitro substituted biaryl 69a could not be purified using silica gel and
instead alumina had to be utilized, which made it possible to isolate some pure fractions, albeit,
large quantities of product were lost due to overlapping fractions. Compound 69f was subjected
to multiple purification attempts, using both silica gel and alumina, however, a pure sample was
never obtained. From the 1H NMR spectra, it was possible to see that the correct compound had
formed, and the product was reacted further in hopes that the impurities would become easier
to remove in the next step. Conducting HRMS of compound 69f showed a mass of 296.1205,
corresponding well to its protonated mass ([M + H+]calcd. = 296.1194), along with a plethora
of other signals coming from the impurities in the sample.

The preperation of biaryls bearing various substituents on the aniline ring (compounds 69g-
69o) was done with ease. The purification of nitro biaryl 69g was extremely challenging and
is likely the cause for the poor yield of 31%, as the product largely overlapped with unreacted
starting material. The poorest yield for this series was obtained for compound 69i, which suf-
fered from a different issue. Based on the TLC analysis, it should have been a straightforward
purification, however, upon analyzing the 1H NMR spectra, the purified sample contained large
amounts of an impurity, which was determined to be pinacol (Figure 5.5, red spectra). The
chemical shifts of the methyl groups in pinacol fits perfectly with those observed in the spectra
of compound 69i (∆δ = 0 ppm), [242] while the hydroxyl groups were not visible. The pinacol
could easily be removed by dissolving the mixture in CH2Cl2 and washing the organic phase
multiple times with hot water, resulting in the complete removal of pinacol (Figure 5.5, green
spectra and highlighted box). A 11B NMR spectra was also run before the aqueous workup to
ensure that the sample contained no traces of boron, which was the case as evident from the flat
baseline (Figure 5.5, blue spectra).
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Figure 5.5: 1H NMR spectrum of compound 69i before (red) and after (green) workup with
hot water, showing the presence of pinacol before the aqueous workup (highlighted box) and
11B NMR confirming that no boron is present in the sample before aqueous workup (blue).

The most obvious source of pinacol in the reaction mixture is pinacol ester 83d. In addition
to being directly catalyzed by water, the protodeboronation of arylboronic acids and arylboronic
acid pinacol esters is known to occur under acidic and basic conditions and by reaction with
various metal salts. [243–245] Polyfluorinated and 2-heteroaryl boronic acids have been revealed
to be exceptionally unstable and readily undergo deboronation. [246] The mechanism by which
aryl boronic acids undergo base-induced protodeboronation is proposed to commence by the
formation of an arylboric acid (Ar-B(OH)3-) (Scheme 71). Subsequent direct protonolysis
of the benzene ring produces a partially positively charged transition state, which releases the
arene along with boric acid and hydroxide. The base-induced protodeboronation of aryl boronic
acid pinacol esters is believed to proceed via a similar mechanism. [245]

Scheme 71: Proposed mechanism for the base-induced protodeboronation of arylboronic
acids. [243,244]
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The strong electronegative effect exhibitied by the trifluoromethyl group of pinacol ester
83d is presumably sufficient to destabilize the C-B bond, causing deboronation to form 4-
(trifluoromethyl)aniline. The reported boiling point of this aniline is 83 °C, [247] which explains
why its presence was never confirmed in the reaction mixture, as the aniline was likely removed
when the crude mixture was evaporated onto celite for subsequent purification. The protode-
boronation of pinacol ester 83d alone is not sufficient to directly explain the presence of pinacol
in the reaction mixture, as there is no pinacol formed in the proposed mechanism in Scheme 71.
In the case of an arylboronic acid pinacol ester, the transition state shown in Scheme 71 would
eliminate HO-Bpin instead of boric acid. [245] Under basic aqueous conditions, ie under stan-
dard Suzuki-Miyaura cross-coupling conditions, HO-Bpin exists in an equilibrium with boric
acid and pinacol (Scheme 72), [248] providing a probable source for the observed pinacol durnig
the synthesis of biaryl 69i. The presence of pinacol was also observed in the 1H NMR spectra
of biaryl 69m, however, in this case it did not negatively impact the yield. Biaryl 69m was
obtained in a 91% yield following both purification by silica gel column chromatography and
washing with hot water to finally remove the pinacol. It is not clear why only these two exam-
ples resulted in the formation of pinacol, as biaryl 69m contains no functionalities which are
known to destabilize the C-B bond, in fact, the inductive effect of the methyl group in pinacol
ester 83g should help to stabilize the transition state in Scheme 71, making the protodeborona-
tion less favorable.

Scheme 72: Proposed formation pathway for boric acid and pinacol from the hydrolysis of
some pinacol esters. [248]

Synthesis of aryl azides 131

With biaryls 69 in hand, aryl azides 131 were prepared in excellent yields following a diazo-
tization of the amine and subsequent installation of the azido moiety (Scheme 73). Despite
the harsh acidic conditions required to carry out this reaction, it has the advantage that follow-
ing aqueous workup, no purification by silica gel column chromatography was necessary to
obtain a sufficiently pure sample to continue the synthetic pathway towards the intended 11H-
indolo[3,2-c]quinolines 38. Organic azides are widely regarded as unstable and in some cases
highly explosive compounds which must be treated with great caution. [249] The "rule of six"
is often employed to assess an azides stability, postulating that if there are six carbon atoms
present per one azido group, the compuond should be relatively stable. [250] Having a C-N ratio
of on average 15 carbons per one azido functionality, aryl azides 131 should indeed be fairly
safe and non-explosive and moreover stable, thus full structure characterizations by 1H, 13C
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and 19F NMR, when applicable, were conducted. Perhaps the most straightforward way to
confirm the presence of an azide is by analysis of its infrared (IR) spectra. The azide stretch is
typically observed as an intense signal in the region of 2160-2080 cm−1. [223,249]

Scheme 73: Scope of the azidation reactions to form aryl azides 131. The associated λmax
values using methanol as a solvent for all compounds are also shown.
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Interestingly, the IR spectra of several of the aryl azides displayed the azide stretch as an
intense doublet instead of the expected single peak. Examining the IR spectra of aryl azide
131e, two distinct signals appear in the azide region, namely at 2125 and 2083 cm−1 (Figure
5.6). Studies of the IR spectrum of organic azides have revealed this phenomenon to occur due
to Fermi interaction, which is a magnetic interaction between an electron and a nucleus, with
combination tones, involving the N3 symmetric and C-N vibrational stretch. [249] Typically, the
N3 main band is the most intense and the other signal is an N3 shoulder band. Consequently,
the more intense signal in the IR spectra of compound 131e is the main azido band, appearing
at 2083 cm−1, while the shoulder band represents the signal at 2125 cm−1.

Figure 5.6: IR spectra of aryl azide 131e showing the azide stretch as a doublet, where one
signal is the main azido stretch (2083 cm−1) and the other a shoulder band (2125 cm−1).

Only four of the 19 prepared aryl azides were formed in yields below 70%, namely aryl
azides 131g, 131i, 131n and 131o. There is no immediately apparent rational for these results
being poorer than the rest. Perhaps examinig the mechanism by which the azido group is
installed might shed some light on these observations. The mechanism by which the amino
group in biaryls 69 is transformed into a diazonium salt is well established and proceeds through
the amine reacting with the in situ generated nitrosonium ion. [251] From there, two pathways
towards the formation of an aryl azide are possible yielding two distinct intermediates: one
being a linear dipolar pentazidine, which upon loss of the two terminal nitrogen atoms as
molecular nitrogen yields the aryl azide (Scheme 74). The second option is the formation of a
cyclic intermediate in the form of a pentazole, fragmentation of which results in the extrusion
of nitrogen gas along with the aryl azide. [223]
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Scheme 74: Two possible pathways for the formation of an aryl azide from a diazonium salt:
a via a linear dipolar pentazidine intermediate or b via a cyclic pentazole. [223]

The proposal in Scheme 74 does not take into account two important factors; firstly, the
configuration of the pentazidine is not considered and secondly, it fails to evaluate how the
pentazole is both formed and its fragmentation route. A more comprehensive mechanism was
suggested by Butler and coworkers, using a combination of experimental and theoretical work
to support their proposal (Scheme 75). [252] They argue that the pentazidine can exist in three
configurations; one cis and two trans intermediates, which are in an equilibrium. Theoretically,
there is a possiblity of a second cis configuration, not depicted in Scheme 75, which was found
to be too sterically congested to be viable. While each of the three pentazidines can then lose
molecular nitrogen to form the desired aryl azide, the trans 2 configuration of pentazidine also
undergos cyclization into the pentazole, through transition state 1. Finally, the pentazole will
fragment according to transition state 2 and result in the construction of aryl azide along with
extrusion of molecular nitrogen. This proposed reaction pathway has later been supported by
correlational analyses by Burke and Fazen, where they also examined substituent effects on
the formation of the intermediates. [253] Their results indicated that both EDGs and EWGs had
only minor effects on the overall energetics of the proposed reaction pathway. Of the four
poorest performing aryl azides in our study, two examples contain p-EWGs (compounds 131g
and 131i) and the remaining two contain p,m-EDGs (compounds 131n and 131o). From this it
might be fair to speculate that there are other factors affecting the performance of the reaction
other than substituent effects, as no clear trend can be established from these examples alone.
As the reactions are carried out in concentrated acid, the aryl azides are likely protonated at the
quinoline nitrogen durnig the reaction. Further, no unreacted starting material was ever detected
by crude 1H NMR. A possible explanation for the observed yields could then be that during
the workup, the pH of the crude mixture was not made sufficiently basic to fascilitate complete
deprotonation, resulting in some of the formed product remaining in the aqueous phase.
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Scheme 75: Detailed proposition for the formation of aryl azides from diazonium salts, sup-
ported by a combination of experimental and theoretical work conducted by Butler and cowork-
ers. [252]

After obtaining all aryl azides, the next step in the synthesis was the photochemical cycliza-
tions. In order to carry this reaction out successfully, the UV-vis spectrum of all aryl azides 131
were obtained (results in Scheme 73). All analyses were conducted using methanol as the sol-
vent owing to its low UV cut-off value of 205 nm, [254] subtracting the solvent signals through
the use of background scans. The λmax values for the prepared aryl azides were in the range of
241-333 nm. Nitroaromatics, in particular o-nitrobenzyls, are known to be photolabile groups
and it was thus not surprising to see a large range of λmax values for the nitro functionalized aryl
azides (compounds 131a, 131d, 131e, 131g and 131p). [255] Aryl azides 131b and 131r, con-
taining a carbonyl functionality at C-6 of the quinoline ring (nomenclature shown in Scheme
73) had very similar absorption spectrum, displaying maximum absorbance at 287 and 294 nm,
respectively (Figure 5.7).
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Figure 5.7: UV-vis spectrum of aryl azides 131b in blue and 131r in red using methanol as
solvent. The solvent signals have been subtracted by using background scans.

Photochemical synthesis of 11H-indolo[3,2-c]quinolines 38

With an arsenal of aryl azides in hand, it was time to subject them to the photochemical cycliza-
tion procedure. Given that the observed absorbances of aryl azides 131 were generally in the
range of 254-366 nm, a 125 W medium-pressure mercury-vapor lamp, which emits radiation at
254, 265, 270, 289, 297, 302, 313, 334 and 366 nm, was chosen to carry out the reactions. The
lamp also emits significant amounts of radiation within the visible region, between 405-580
nm. The glassware utilized was a Pyrex immersion well and cold finger, filtering out mini-
mal amounts of light. Irradiation of aryl azides 131 under optimized photochemical conditions
proceded in a regiospecific manner to give 11H-indolo[3,2-c]quinolines 38 in variable yields
(Scheme 76). The structure of all formed compounds were verified and distinguished from the
corresponding 6H-indolo[2,3-b]quinolines 26 by 1H, 13C and 19F NMR, when applicable, and
further analyses by 2D NMR spectrum, such as COSY, NOESY, 1H-13C HSQC and 1H-13C
HMBC, allowed for full structural elucidation.
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Scheme 76: Scope of the photochemical cyclizations of aryl azides 131 to yield 11H-
indolo[3,2-c]quinolines 38.

A-ring substitutions generally performed poorly, with the only exception being compound
38e, bearing a nitro functionality at C-4 on the indoloquinoline core (nomenclature displayed
in Scheme 76), achieving a yield of 77%. Examining the NOESY spectra for compound 38e
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showed correlations between the characteristic H-6 proton and just one other signal, namely
H-7, which would be expected for such a geometry (Figure 5.8). [256] Further, the indole proton
shows two correlations on opposing sides of the ring system, belonging to H-1 and H-10,
respectively. Having identified these signals, it is then trivial to elucidate the remaining signals
to confirm the structure.

Figure 5.8: NOESY correlations confirming the structure of 4-nitro-11H-indolo[3,2-
c]quinoline (38e).

The excellent yield of indoloquinoline 38e is in stark contrast to all other nitro function-
alized compounds in the evaluated series (compounds 38a, 38d, 38g, 38p and 38q), resulting
in only traces of the desired compound being formed, or at best, the 13% yield observed for
compound 38p. Analysis of the crude 1H NMR spectrum of the reactions bearing nitro sub-
stituents contained complex mixtures, however, some characteristic signals belonging to the
desired products could be spotted, namely H-6 and the NH. The TLC plates contained up to
10 spots and by the aid of TLC-LRMS, the spot most likely belongning to the products were
tentatively identified. Attempts at isolating these spots through chromatography were carried
out, however, the isolated fractions still gave complex NMR spectrum which no structure(s)
could be elucidated from.
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The photolysis of aromatic nitro compounds in organic solvents containing abstractable
hydrogen atoms are known to give rise to a series of reduction products, such as nitroso and azo
compounds as well as hydroxylamines and anilines (Scheme 77). [257] A detailed examination
of the transformations in Scheme 77 is beyond the scope of this thesis, however, it serves as
a perfect illustration of the photosensitive nature of the nitro group. Further, the intricacy of
these transformations along with the observations made in this work makes it apparent that nitro
functionalized aryl azides are unsuitable for this type of photochemical cyclization reaction. No
concerete explanation has been found for the successful formation of nitro compound 38e. One
might speculate that the placement of the nitro group at C-8 of the aryl azide makes the nitro
group a poor chromophore, leaving all the absorbed radiation to transform the azido group
into a reactive nitrene, instead of reactions taking place at the nitro group itself. Indeed, the
observed λmax for compound 38e at 285 nm is significantly lower than other nitro substituted
aryl azides, all having maximum absorbances above 300 nm, illustrating that the placement of
the nitro group on the quinoline ring is important for the outcome of the photocyclizations.

Scheme 77: Overview of the light-induced transformations of aromatic nitro compounds. [257]

Studying the results of the D-ring functionalizations as presented in Scheme 76 it is hard to
establish a clear trend in regards to the effects of the various substituents. The method does not
appear to be more tolerant towards EWGs over EDGs, or vice versa, and both categories contain
excellent and poor yields. Interestingly, in the cyclization of cyano substituted compound 131h
two cyclic products were formed: the expected 11H-indolo[3,2-c]quinoline 38h in 31% yield
along with 5% of its regioisomer, quinindoline 26a (Scheme 78a).
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Scheme 78: a) Formation of quinindoline 26a in addition to the expected 11H-indolo[3,2-
c]quinoline 38h; b) Formation of diazo compound 132a during the synthesis of compound
38r.

This represents the only entry in the series where formation of a quinindoline was detected
and isolated, albeit in poor yield. Having a cyano group para to an azide is known to retard
the rate of cyclization and rate of reaction significantly and further increases the life time of the
excited state nitrene. [218] Indeed, the cyclization of aryl azide 131h was extremely sluggish and
a reaction time of 3 hours was necessary for all starting material to be consumed. Assuming
formation of quinindolines from this reaction is rather unfavorable as the nitrene is naturally
in near proximity to C-4 of the quinoline ring, perhaps the slow rate of cyclization and longer
nitrene life time allowed for the rotation of the biaryl to position the nitrene in near proxim-
ity to the C-2 of the quinoline ring to eventually form quinindoline 26a. The formation of
quinindoline 26a was verified by studying its NOESY correlations, showing the characteristic
correlation between the indole proton and the closest proton on the neigbouring ring, namely
H-7 (Figure 5.9). It also further displays H-11 to be in spatial proximity to two signals, which
were identified as H-1 and H-10 by tracking their respective correlations.
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Figure 5.9: NOESY correlations confirming the structure of quinindoline 26a.

Another factor which appears to be of low significance is the substrate concentration, ie the
concentration of aryl azide, in the reaction mixture. The concentration of aryl azides 131 was
kept between 0.90-7.0 M, to minimize the risk of products forming through intermolecular pro-
cesses, such as diazo compounds, which are known to more favorably form at high substrate
concentrations. [223] Nonetheless, the reaction which was performed at the highest substrate
concentration was the cyclization of aryl azide 131m, where C≈ 7.0 M, which gave a clean re-
action mixture giving only indoloquinoline 38m in 91% yield following aqueous workup. The
cyclization of aryl azide 131r was carried out at a concentration of 0.40 M, nearly 18 times
lower than the concentration of aryl azide 131m, and yet the target compound was only formed
in a yield of 22% and moreover, 3% of diazo compound 132a was isolated (Scheme 78b). The
formation of a diazo compound was not detected in any of the other reaction mixtures, despite
several of the reactions being carried out at similar or higher substrate concentrations.

Perhaps one of the most relevant factor to the success in the photochemical cyclization
study was the ability of TFT to solubilize the target indoloquinolines. All the prepared aryl
azides were readily solubilized in TFT, however, during several of the reactions, specifically
during the photolysis of aryl azides 131b, 131c, 131h, 131k, 131o and 131r, a thick, dark yel-
low to orange film was produced along the entire surface of the glassware during the reaction,
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presumably belonging to the target products. 11H-Indolo[3,2-c]quinolines 38 are highly polar
and to run NMR analyses, DMSO-d6 is typically required to solubilize the sample. Indeed,
to remove the formed layer of film, the glassware had to be thoroughly washed with DMSO.
Moreover, the solution in the reaction mixture itself transformed from a clear to an opaque liq-
uid, which appeared to act as a filter for the light emmitted by the lamp, consequently leading
to poor conversion of the aryl azide into the target indoloquinolines.

As briefly mentioned in Section 5.2, photochemical transformations of aryl azides 131 to
yield indoloquinolines 38 remains unexplored in the literature and by extension so does the
mechanism by which the transformation proceeds through. In the photochemical decomposi-
tion of a generalized aryl azide, it is believed that the decomposition is initiated by absorption
of light by the aromatic nucleus, followed by the absorbed energy being vibrationally transmit-
ted to the azido moiety, extruding molecular nitrogen and forming the reactive nitrene. [258,259]

The ground electronic state of aryl azides have been further established to be a triplet configura-
tion. [223] With this in mind, a mechanism may be proposed for the photolytic conversion of aryl
azides 131 to 11H-indolo[3,2-c]quinolines 38: the triplet ground state aryl azide firstly trans-
forms into an excited singlet azide, which upon loss of nitrogen gas furnishes the corresponding
singlet state nitrene (Scheme 79). Finally, annulation fascilitated by a nitrene insertion followed
by a 1,5-hydrogen shift results in formation of the target 11H-indolo[3,2-c]quinoline 38. This
proposal is based on the assumption that it is in fact the singlet nitrene which is the key inter-
mediate, and not the triplet species. Work to resolve this matter is currently underway by an
external colleborator, where computational chemistry is being employed to study and describe
such systems.

Scheme 79: Proposed mechanism for the photochemical cyclization of aryl azides 131 to give
11H-indolo[3,2-c]quinolines 38.

The 11H-indolo[3,2-c]quinolines 38 obtained in this study are all relevant for biologi-
cal evaluation and are further just one simple transformation away from the natural product
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isocryptolepine (25). The synthetic strategy employed to obtain isocryptolepine (25) was de-
scribed in Chapter 2 and the same approach was utilized to synthesize two isocryptolepine
derivatives viable for biological testing (Scheme 80). While the 8-chloro-substituted analogue
38k proceded smoothly to give the target compound in excellent yield (81%), the 8-methyl-
substituted isocryptolepine 25b was obtain in only 28% yield following purification. The
difference in yield could be the result of the inductive effect exhibited by the methyl group
decreasing the nucleophilicity of the quinoline nitrogen towards the electrophile, in this case,
the methyl iodide. As the aim of these reactions was simply to prepare samples for biological
screenings, attemps at improving the sluggish reaction was never attempted.

Scheme 80: Synthesis of two functionalized isocryptolepines 25.

5.3 Summary and concluding remarks

The isocryptolepine precursor, 11H-indolo[3,2-c]quinoline (38), was prepared in excellent
yield via three steps using a novel approach where the key synthetic strategies were a Suzuki-
Miyaura cross-coupling reaction, a diazotization-azidation reaction and finally a photolytic in-
tramolecular cyclization. It was envisaged that by tuning the reaction conditions of the pho-
tolytic step, this strategy could also grant access to the natural product quinindoline (26).
Attempts at realizing this vision through various sensitization experiments were ultimately
unsuccessful. A scope and limitations study for the novel pathway towards 11H-indolo[3,2-
c]quinolines 38 was carried out using a selection of diversely functionalized quinolines and 2-
aminophenylboronic acids/pinacol esters, which were either obtained commercially or prepared
following various literature procedures. The approach allowed for construction of 19 examples
in up to 95% yield (Scheme 81), where the electronic nature of the substituents seemed to have
little impact on product formation. With the puzzling exception of nitro substituted product
38e, the method was incompatible with nitro functionalizations owing to the inate photosensi-
tive nature of the nitro moiety leading to a cascade of unwanted reduction products. [210] The
biggest challenge observed through the scope and limitations study, however, was that several
of the target compounds were mostly insoluble in TFT, leading to buildup of a thick film on the
glassware in the photoreactor, blocking out the radiation emmitted by the lamp and essentially
terminating the reaction. Addition of small amounts of a highly polar aprotic solvent such as
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DMSO in the reaction mixture is a potential solution to this problem and should be considered
for future optimization endeavours. Based on the observations made in the study along with
consideration of the available literature concerning the photolysis of aryl azides, [218,223] the
reaction was proposed to proceed via a singlet nitrene as the key reactive intermediate.

Scheme 81: Summary showcasing the 19 synthesized 11H-indolo[3,2-c]quinolines 38 using a
novel photochemical cyclization method.
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6.1 Introduction

A selection of the compounds prepared in Chapter 2, Chapter 4 and Chapter 5 were chosen
to undergo various biological tests. Antiplasmodial and antiproliferative data were only ob-
tained for certain compounds prepared in Chapter 2, however, antimicrobial data were obtained
for selected compounds prepared in all three aforementioned chapters. The biological testing
were conducted externally by various collaborators. The antiplasmodial and antiproliferative
evaluations were conducted by Professor Avery’s research team at Griffith Institute for Drug
Discovery at Griffith University, Australia, while the antimicrobial assays were conducted by
Professor Andersen and coworkers at Marbio, UiT, The Arctic University of Norway.

6.2 Antimalarial assay

Some of the compounds prepared in Chapter 2 (overview in Figure 6.1) were tested for their
in vitro antiplasmodial activities against the P. falciparum 3D7 (Pf 3D7) strain. To examine the
associated cytotoxicities of the evaluated compounds, they were also tested for their in vitro

cytotoxicity against the HEK293 (human embryonic kidney) cell line and this data was further
used to calculate their selectivity indices (SI). To serve as positive controls for the experiments,
chloroquine (2), dihydroartemisinin (DHA) (12) and puromycin were chosen. The evaluated
compounds showed diverse activities against the Pf 3D7 cell line and the results of the assay can
be seen in Table 6.1. [149] To the best of our knowledge, this study represents the first instance
of the antiplasmodial activity of neocryptolepine (24) against this particular cell line, showing
modest potency (IC50 = 7249 nM). Comparably, isocryptolepine (25) performed better (IC50

= 1211 nM) although was revealed to be roughly ten times more cytotoxic. Isocryptolepine
precursor 38 was found to be somewhat more potent than the natural produt itself (IC50 = 977
nM) and significantly less cytotoxic, while the neocryptolepine precursor 26 displayed no an-
tiplasmodial inhibition. The lack of activity in indoloquinoline 26 demonstrates the importance
of the inclusion of the N-5 methyl unit for antimalarial performance, a fact which has been
observed by other research groups previously. [260]
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Figure 6.1: Compounds described in Chapter 2 which were evaluated for antiplamodial, an-
tiproliferative and antimicrobial activities. [132,149]

Interestingly, the N-methyl group has the opposite effect on the antiplasmodial inhibition
for the novel pyridophenanthridines 54, 54a, 84a and 84b. Here, the non-methyl containing
pyridophenanthridines 54 (IC50 = 548 nM) and 54a (IC50 = 866 nM) both show a drastic de-
crease in plasmodial inhibition following addition of the N-methyl unit (84a: IC50 = 1698 nM;
84b: IC50 = 1546 nM). The presence of an N-methyl group is considered instrumental for
the activities observed in all of the indoloquinoline natural products, [72] while this is clearly
not applicable to the pyridophenanthridine scaffold. This suggests the possibility that the pyri-
dophenanthridines contains a novel mode of action against P. falciparum, which could allow for
this scaffold to be developed into a novel lead compound through strategic functionalizations.
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Table 6.1: In vitro antiplasmodial activities of certain tetracycles against the 3D7 Plasmodium
falciparum strain, cytotoxicity against HEK293 cells and selectivity indices (SI). [149]

Entry Compound 3D7 IC50 (nM) Cytotoxicity IC50 (nM) SIa

1 Isocryptolepine (25) 1211 ± 84 2074 ± 70 1.7

2 Neocryptolepine (24) 7249 ± 6 >20 000 2.8

3 38 977 ± 11 18 460 ± 183 18.9

4 26 NAb NAb -

5 54 548 ± 3 2834 ± 92 5.2

6 54a 866 ± 2 3657 ± 2 4.2

7 84a 1698 ± 5 7410 ± 207 4.4

8 84b 1546 ± 27 5057 ± 45 3.3

9 61 6825 ± 61 >80 000 11.7

10 61a NTc NTc -

11 85 128 ± 2 NAb 213.9

12 64 NAb NAb -

13 66 2414 ± 42 NAb 16.6

14 Chloroquine (2) 24 ± 1 >4000 165

15 DHA (12) 1 ± 0.07 NAb 74

16 Puromycin 93 ± 2 3 ± 3 0.03

Data are presented as the mean ± standard deviation from two seperate experiments. The IC50
values were determined using non-linear dose-response curves in GraphPad Prism. aSI =
cytotoxicity in HEK293 cells/activity in 3D7 cells;b NA = not active;c NT = not tested.

The most prominent result from the biological assay belonged to the novel hydroiodide salt
85 (IC50 = 128 nM). Again, its precursor 61 showed little activity, highlighting the crucial role
the N-methyl functionality might play in obtaining malarial inhibition. Conducting biological
tests on the protonated form of indoloquinolines is often done in order to maximize its solubility
in aqueous media, [261] increasing the biological availability of the compound.

6.3 Antiproliferative assay

Selected compounds prepared in Chapter 2 (Figure 6.1) were evaluated for their in vitro activ-
ity against the cancer cell lines HCT116 (human color cancer), MDA-MB-231 (human breast
adenocarcinoma) and PC-3 (human prostate cancer). The results were obtained by running a
resazurin assay using puromycin and doxorubicin (36) as positive controls for the observed
IC50 values (Table 6.2). [149]
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Table 6.2: In vitro antiproliferative activities of certain tetracycles against the HCT116, MDA-
MB-231 and PC-3 cell lines. All data are given as IC50 values. The associated cytotoxicities
against HEK293 cells can be seen in Table 6.1. [149]

Entry Compound HTC116 (nM) MDA-MB-231 (nM) PC-3 (nM)

1
Isocryptolepine
(25)

667 ± 45 695 ± 130 1821 ± 7

2
Neocryptolepine
(24)

6218 ± 90 10 435 ± 375 27% at 80 µM

3 38 3573 ± 309 36% at 80 µM 30% at 80 µM

4 26 NAa NAa NAa

5 54 721 ± 27 594 ± 140 1630 ± 173

6 54a 166 ± 16 1002 ± 297 24 ± 3

7 84a 444 ± 52 360 ± 51 2571 ± 114

8 84b 871 ± 172 814 ± 162 4539 ± 361

9 61 20 015 ± 1665 21 540 ± 2480 17 790 ± 1640

10 61a NTb NTb NTb

11 85 38% at 40 µM 24% at 40 µM 36% at 40 µM

12 64 NTb NTb NTb

13 66 12% at µM 16 415 ± 2305 47% at 40 µM

14 Puromycin 85 300 270

15 Doxorubicin (36) 150 590 830

Data are presented as the mean ± sem (= standard error of the mean) from two separate
experiments. The IC50 values were determined using non-linear dose-response curves in
GraphPad Prism.a NA = not active;b NT = not tested.

Neocryptolepine (24) displayed poor activities against all three cancer cell lines, while
isocryptolepine (25) performed relatively well against the HTC116 (IC50 = 667 nM) and MDA-
MB-321 (IC50 = 695 nM) cultures. Several of the tested compounds showed little to no activity
against the evaluated cell lines, including the natural product quinindoline (26), as well as
compounds 61, 64 and 66. As discussed in Section 1.2.1, neocryptolepine (24) and isocryp-
tolepine (25) are DNA intercalators, [77] and the lack of activity in compounds 26, 61, 64 and
66 indicate the necessity of the N-methyl functional group in this process. This is further
demonstrated by comparing the activities for pyridophenanthridines 54 and N-methyl pyri-
dophenanthridine (84a) against the HCT116 and MDA-MB-231 cell lines, with the latter being
more active. Delightfully, methoxy-substituted compound 54a displayed potent antiprolifera-
tive activity against the prostate cancer cell line (IC50 = 24 nM). Compared to the two positive
controls, puromycin and doxorubicin (36), methoxy compound 54a exhibited a 10- and 35-
fold increase in activity, respectively. The unsubstituted pyridophenanthridine 54 showed only
minor antiproliferation of the same cell line, demonstrating the significance of the methoxy
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group. Work conducted by Inokuchi and colleagues detailed the strategic functionalization of
some indolo[2,3-b]quinoline with the aim of increasing antiproliferation. [262] They remarked
that installation of an ester group at certain sites of the indoloquinoline core yielded potent
anticarcinogenic properties in comparison to the low inhibition of cell growth as observed for
neocryptolepine (24). N-methyl pyridophenanthridine 84a was also revealed to be more potent
than doxorubicin (36) against the human breast adenocarcinoma cell cultures, further showing
the potential of developing this novel scaffold into a new anticancer therapy. Naturally, the
MoA of the pyridophenanthridines against cancer proliferation is not known at this point in
time, giving proceeding studies the opportunity to potentially discover a new MoA. This may
be regarded as one of the most sought after fields within drug discovery, as a novel MoA is less
likely to be the subject of drug resistance. [263]

6.4 Antimicrobial assay

Compounds prepared in Chapters 2, 4 and 5 were evaluated for their in vitro antimibrobial
activities against certain microbial pathogens. The compounds were tested at concentrations of
100, 75, 50, 25, 12.5, 10, 6.3, 3.1 and 1.6 µM to obtain their minimal inhibitory concentrations
(MIC). To serve as a positive control for the observed MIC values, the antibiotic gentamycin
was employed. Five bacterial strains were investigated, being the Gram-positive pathogens E.

faecalis (ATCC 29122), S. aureus (ATCC 25923) and S. agalactiae (ATCC 12386) and the
Gram-negative bacteria E. coli (ATCC 159233) and P. aeruginosa (ATCC 27853). Some of the
compounds were further tested for biofilm inhibition using S. epidermis (ATCC 35984) and the
activity is given in terms of the minimal biofilm inhibitory concentrations (MBIC).

6.4.1 Compounds described in Chapter 2

The MIC values obtained against the five bacterial cell cultures for the compounds prepared in
Chapter 2 can be seen in Table 6.3. [149] Of the 13 compounds evaluated, only six showed an-
timicrobial activity, two of which were the natural products isocryptolepine (25) and neocryp-
tolepine (24), with the latter only active against S. agalactiae (MIC = 100 µM). Similarly,
novel pyridocarbazole 61 only displayed activity against S. aureus, at the same MIC value as
neocryptolepine (24). The poor antimicrobial activities observed for neocryptolepine (24) is in
accordance with previous reports, suggesting it to soley contain bacteriostatic properties against
certain Gram-positive bacteria and no activity against Gram-negative bacteria. [60,263] The as-
say showed isocryptolepine (25) to be active at a MIC value of 100 µM for all five bacterial
pathogens with the exception of the Gram-negative bacterium P. aeruginosa.
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Table 6.3: Antimicrobial activities of certain tetracycles against five bacterial cell lines. All
data are given as MIC values. [149]

Entry Compound E. faecalis (µM) E. coli (µM) P. aeruginosa (µM) S. aureus (µM) S. agalactiae (µM)

1
Isocryptolepine
(25)

100 100 Ia 100 100

2
Neocryptolepine
(24)

Ia Ia Ia Ia 100

3 54 100 Ia Ia 100 Ia

4 54a Ia 50 Ia Ia 75

5 84a 75 Ia Ia 75 Ia

6 61 Ia Ia Ia Ia 100

7 Gentamycin 8 0.13 0.25 0.06 4

MIC values determined and processed using the GraphPad Prism 8 software.aI = inactive.

Pyridopehanthridines 54 and 84a were both active against the Gram-positive bacteria E.

faecalis (54: MIC = 100 µM; 84a: MIC = 75 µM) and S. aureus (54: MIC = 100 µM; 84a:
MIC = 75 µM), but showed no activity against the three other strains. These results show
that the inclusion of an N-methyl group in addition to being important for antiplasmodial and
antiproliferative activities, is also vital for antimicrobial inhibition. The most successful com-
pound in the evaluated series was methoxy-substituted compound 54a, being active against the
Gram-negative bacterium E. coli (MIC = 50 µM) and S. aureus (MIC = 75 µM). Surprisingly,
N-methyl methoxy-substituted compound 84b was inactive against all five bacteria, indicating
that the MoA for the methoxy-substituted 54a and 84b could be divergent from their non-
substituted relatives 54 and 84a.

In addition to being screened against the aforementioned bacteria, the compounds depicted
in Figure 6.1 were also tested for biofilm inhibition against S. epidermis. While most of the
compounds were unable to inhibit biofilm formation, isocryptolepine (25) and compounds 61
and 61a showed MBIC values of 100 µM. [149] The novel pyridocarbazoles 61 and 61a more-
over showed poor antiproliferation (Table 6.2), making them ideal compounds for the investi-
gation of a dual anticancer-antimicrobial therapy to fight nosocimial infections. [82,93]

6.4.2 Compounds described in Chapter 4

Of the compounds prepared in Chapter 4, 18 were subjected to the antimicrobial assay (Figure
6.2) and was additionally tested against the HepG2 (human liver) and MRC-5 (human fetal lung
fibroblasts) cell lines to ascertain their cytotoxicity. Naturally, it is undesirable for a potential
antibiotic therapy to be highly cytotoxic, and fortunately, only six of the prepared compounds
were determined to be toxic to the two employed cell cultures (Table 6.4).
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Figure 6.2: Compounds described in Chapter 4 which were evaluated for cytotoxicity and
antimicrobial activities.

8-Methyl-substituted compound 24m was revealed to be significantly cytotoxic, with MIC
values of 25 and 12.5 µM against the HepG2 and MRC-5 cell lines, respectively. Though not as
toxic towards the liver cultures, compound 24n also displayed high toxicity towards the MRC-5
cell line (MIC = 12.5 µM), indicating that both of these compounds would be unsuitable for the
development of a novel antimicrobial agent.
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Table 6.4: Viability assay of certain tetracycles against the HepG2 and MRC-5 cell lines.

Entry Compound HepG2 MIC (µM) MRC-5 MIC (µM)
1 24b Ia 50

2 24c Ia 75

3 24d Ia 50

4 24m 25 12.5

5 24n 100 12.5

6 24o Ia 75
MIC values determined and processed using the GraphPad Prism 8 software.aI = inactive.

Ironically, it was the two highly cytotoxic compounds which displayed activity against the
five bacterial pathogens, while the remaining compounds were all inactive (Table 6.5). Com-
pound 24m had MIC values of 75 µM against all cell lines except P. aeruginosa, towards which
it was inactive. Though less potent, the same trend was observed for compound 24n, having
MIC values of 100 µM against the same cell lines as well as being inactive towards P. aerugi-

nosa. The vitality assay which was conducted is not directly comparable to an antiproliferative
screening, however, the data presented in Table 6.4 does indicate that these two compounds
could potentially represent interesting targets for the study of novel anticancer therapies rather
than antimicrobial agents.

Table 6.5: Antimicrobial activities of neocryptolepines 24m and 24n against five bacterial cell
lines. All data are given as MIC values.

Entry Compound E. faecalis (µM) E. coli (µM) P. aeruginosa (µM) S. aureus (µM) S. agalactiae (µM)
1 24m 75 75 Ia 75 75

2 24n 100 100 Ia 100 100

3 Gentamycin 8 0.13 0.25 0.06 4

MIC values determined and processed using the GraphPad Prism 8 software.aI = inactive.

6.4.3 Compounds described in Chapter 5

Despite synthesizing a library of indoloquinolines in Chapter 5, nine of the prepared com-
pounds containing diverse functionalizations were selected for evaluation against the five bac-
terial strains (Figure 6.3). In order to further determine if the tested compounds would be suit-
able for development into antimicrobial agents, their cytotoxicity was also investiaged against
the same cell lines as for the compounds prepared in Chapter 4.
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Figure 6.3: Compounds described in Chapter 5 which were evaluated for cytotoxicity and
antimicrobial activities.

Nearly all of the compounds were revealed to contain some degree of cellular toxicity, with
isocryptolepine derivative 25a being exceptionally cytotoxic against both cell lines (HepG2:
MIC = 6.25 µM; MRC-5: MIC = 12 µM). Interestingly, its chlorinated precursor 38k was
inactive against the HepG2 cell line and displayed lower toxicity towards the MRC-5 cells
(MIC = 25 µM).

Table 6.6: Viability assay of certain tetracycles against the HepG2 and MRC-5 cell lines.

Entry Compound HepG2 MIC (µM) MRC-5 MIC (µ)M
1 38k Ia 25

2 38m 75 25

3 38n 50 50

4 25a 6.25 12

5 25b 75 75
MIC values determined and processed using the GraphPad Prism 8 software.aI = inactive.

Consistent with the previously evaluated tetracycles, none of the compounds prepared in
Chapter 5 were active against P. aeruginosa (Table 6.7). Chlorinated compound 38k showed
excellent inhibition of S. aureus (MIC = 25 µM), while its N-methylated counterpart 25a was
highly effective against E. coli (MIC = 25 µM). 8-Chloro isocryptolepine (25a) has also been
demonstrated to possess significant antiplasmodial activities. [261] Comparing the results for the
two chloro compounds, shows the activity against S. aureus to decrease with the inclusion of
an N-methyl group, while the activity against E. coli increases. The other evaluated isocryp-
tolepine derivative 25b also showed poorer antimicrobial activity than chlorinated isocryp-
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tolepine 25a against the same bacteria. As mentioned several times previously, the N-methyl
group is deemed pivotal to certain biological activities seen in the indoloquinoline natural prod-
ucts, [72] however, 8-methyl-substituted compound 38m also showed significant activity against
S. aureus (MIC = 75 µM), E. coli (MIC = 75 µM) and S. agalactiae (MIC = 100 µM). This illus-
trates that the methyl group functionalization in itself is important, not necessarily the presence
of an N-methyl. Similar data was also obtained for the 8-methoxy-substituted compound 38n,
further corraborating the significance of any methyl group for antimicrobial activity.

Table 6.7: Antimicrobial activities of certain tetracycles against five bacterial cell lines. All
data are given as MIC values.

Entry Compound E. faecalis (µM) E. coli (µM) P. aeruginosa (µM) S. aureus (µM) S. agalactiae (µM)
1 38k Ia Ia Ia 25 Ia

2 38m Ia 75 Ia 50 100

3 38n Ia 75 Ia 75 75

4 25a 75 25 Ia 50 50

5 25b 75 50 Ia 75 50

6 Gentamycin 8 0.13 0.25 0.06 4

MIC values determined and processed using the GraphPad Prism 8 software.aI = inactive.

6.4.4 Issues with solubility

During the preparation of the 40 mM H2O/DMSO (98:2 v/v) stock solutions used for the an-
timicrobial assays with, solubility issues were observed for several of the synthesized com-
pounds (Table 6.8). The polyaromatic nature of the evaluated compounds makes it reasonable
to assume that the compounds would be largely insoluble in aqueous media, however, all of the
prepared samples were readily soluble in DMSO-d6. Consequently, the poor overall solubility
of the affected samples lead to precipitation in the stock solution, resulting in a discrepancy
between the intended and the actual substrate concentration. In principal, this leads to the sub-
strate being of lower concentration in the sample well than what is intended. As evident from
Table 6.8, precipitation of the substrate was more prominent for the neocryptolepine deriva-
tives which were prepared in Chapter 4 than the indolo[3,2-c]quinolines. Notably, the presence
of functional groups such as nitro, acetyl or halides appeared to be associated with poor sol-
ubilities. Compound 24o containing both a nitro and a methoxy substituent was particularly
insoluble (Table 6.8, Entry 8), showing enourmous amounts of precipitation. For the indolo-
quinoline compounds, it was the inclusion of alkyl groups which lead to poor solubilities (Table
6.8, Entries 13-15), with the remaining functionalizations being readily soluble in the stock so-
lution.
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Table 6.8: Compounds which precipitated in the 40 mM H2O/DMSO (98:2 v/v) stock solution.

Entry Compound Functional group
1 24b 1-NO2

2 24c 2-Acetyl

3 24d 2-NHC2O, 4-F

4 24f 9-NO2

5 24g 9-CF3

6 24i 9-OCF3

7 24j 9-Cl

8 24o 3-NO2, 9-OCH3

9 24q 2-Acetyl, 9-F

10 24r 2-Acetyl, 8-CH3

11 24u N-Benzyl, 9-CH3

12 24v N-Benzyl, 9-OCF3

13 24w N-Benzyl, 9-CN

13 38b 2-Acetyl

14 38r 2-Acetyl, 8-CH3

15 25a N-methyl, 8-Cl

6.5 Summary and concluding remarks

Of the compounds which were evaluated for antiplasmodial activity against the Pf 3D7 strain,
the hydroiodide salt of the novel pyridocarbazole 85 showed most promise (Figure 6.4). The
antiproliferative assay revealed novel methoxy-substituted pyridophenanthridine 54a to be sig-
nificantly more potent against the human prostate cancer cell line than the clinically used treat-
ments purmycin and doxorubicin (36). Notably, this potency was not observed for the naked
pyridophenahtridine 54, indicating the methoxy unit to be paramount to antiproliferation. The
novel pyridocarbazoles 61 and 61a showed moderate efficacy against all evaluated cancer cell
lines, but more interestingly, they contained excellent biofilm inhibition. This opens up the
possibility of developing this scaffold to a lead compound within dual anticancer-antimicrobial
therapies, which could be utilized to treat cancer patients suffering from nosocomial infections.
Further, the survey of a library of indoloquinoline derivatives which were prepared in Chapter
4 and 5 revealed the inclusion of a methyl functionality to be paramount to antimicrobial ac-
tivity (Figure 6.4). Methyl-substituted neocryptolepine 24m was the most potent of the studied
compounds, showing good activities against all the five investigated bacterial strains. Isocryp-
tolepine precursors 38k and 38m further demonstrated the potency of methyl substitution, but
also unveiled the importance of the presence of a halogen, namely chlorine. In particular, com-
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pound 38k showed excellent inhibition of S. aureus. Chloro-isocryptolepine 25a was the most
potent of the evaluated series, showing potent activity against all strains, in particular against
the Gram-negative bacteria E. coli. This compound has previously also displayed excellent
antiplasmodial activities [261] and represents an intersting target for further studies.

Figure 6.4: Summary of the most successful compounds unraveled in the biological testings.

6.5.1 Future work

Naturally, all the compounds shown in Figure 6.4 is a good starting point for further work
into the biological activities of the indoloquinoline, pyridocarbazole and pyridophenanthridine
scaffolds. The only prepared and tested variant of the novel pyridophenanthridine scaffold is
methoxy-substituted compound 54a. Further studies into various substitution patterns could
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lead to even more potent anticancer properties and should be investigated. Moreover, efforts
should be put into discovering and describing such compounds MoA against cancerous cells,
as this may provide useful information for the development of future cancer therapies. Addi-
tionally, the same stategy could be employed to investigate pyridocarbazole 61, which might
result in a compound containing more potent inhibition of biofilm growth. These compounds
also displayed potent antiplasmodial properties, which any analogues of compound 61 could
reasonably also be screened for. Efforts into adding a methyl functionality to this core scaffold
could provide interesting results, based on the data obtained in this work.

The evaluation of the compound prepared in 4 and 5 revealed significant solubility issues,
which should needs to be resolved in the quest to obtain better biological activities. Studies
have shown the addition of various basic alkyl amino chains to be favorable for biological
activities, which should be considered for future endeavours (some examples in Figure 6.5).
Such functional groups further are known to increase a compounds overall polar surface area,
allowing for the creation of more H-bonds, leading to increase aqueous solubility. [86]

Figure 6.5: Some basic alkyl amino groups associated with increased water solubility when
placed on the indoloquinoline scaffold. [86]
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7.1 General

Solvents and reagents

All chemicals were obtained from Merck, VWR or Sigma Aldrich and used as supplied. When
specified, dichloromethane (DCM), 1,4-dioxane, Et3N and N,N-dimethyl formamide (DMF)
was dried by storing over 4 Å molecular sieves. Tetrahydrofuran (THF) and diethyl ether were
distilled using sodium benzophenone ketyl and stored over 4 Å MS.

Spectroscopic and spectrometric analysis

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AscendTM 400 series,
operating at 400 MHz for 1H and 11B, 376 MHz for 19F and 100 MHz for 13C, respectively.
The chemical shifts (δ) are expressed in ppm relative to residual chloroform-d (1H, 7.26 ppm;
13C, 77.16 ppm), DMSO-d6 (1H, 2.50 ppm; 13C, 39.52 ppm), methanol-d4 (1H, 3.31 ppm; 13C,
49.00 ppm), acetone-d6 (1H, 2.09 ppm; 13C, 30.60 ppm) [264] or DCM-d2 (1H, 5.32 ppm; 13C,
53.84 ppm). Calibration for 19F NMR is done using α,α,α-trifluorotoluene as an internal stan-
dard in chloroform-d (-62.61 ppm), DMSO-d6 (-60.94 ppm) or acetone-d6 (-63.22 ppm). [265]

Coupling constants (J) are given in Hertz (Hz) and the multiplicity is reported as: singlet (s),
doublet (d), triplet (t), doublet of doublets (dd), doublet of doublet of doublets (ddd), triplet of
doublets (td), doublet of triplets (dt), multiplet (m) and broad singlet (bs). The assignments of
signals in NMR spectra was assisted by conducting heteronuclear single-quantum correlation
spectroscopy (HSQC), heteronuclear multiple bond correlation spectroscopy (HMBC), corre-
lation spectroscopy (COSY) and nuclear Overhauser effect spectroscopy (NOESY).

Infrared (IR) spectra were recorded on an Agilent Cary 630 FTIR spectrophotometer. Sam-
ples were analyzed either as a thin film on NaCl plates or by placing the sample directly onto
the crystal of an attenuated total reflectance (ATR) module. Samples were analyzed neat using
ATR and the absorption frequencies are given in wave numbers (cm−1).

UV-vis spectra were obtained on a VWR UV-1600PC single-beam UV-vis spectrophotome-
ter with a deuterium-discharge lamp for the UV range and a tungsten lamp for the visible wave-
length range. Samples were analysed in an Agilent open-top UV quartz cell (10 mm, 2.0 mL)
with methanol as the solvent, and the solvent signals were subtracted using background scans.
The observed wavelengths (λ) were reported in nm.

Melting points (mp) were determined on a Stuart SMP20 melting point apparatus and are
uncorrected.
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Low resolution mass spectra were obtained on an Advion expressions CMS mass spectrom-
eter operating at 3.5 kV in electrospray ionization (ESI) mode. Samples were analyzed using a
Plate Express®. A solution of ammonium acetate (3.0 nM) and formic acid (0.05%) in CH3CN
and H2O (95:5) was used as the mobile phase for both positive and negative ESI modes. The
low resolution mass spectrometer (LRMS) was routinely used to monitor reactions and identify
the various components of reaction mixtures.

High resolution mass spectrometry (HRMS) were conducted externally at the University of
Bergen (UiB) using a JEOL AccuTOFTM T100GC mass spectrometer. The instrument was op-
eratd with an orthogonal electrospray ionization source (ESI), an orthogonal accelerated time
of flight (TOF) single stage reflectron mass analyzer and a dual micro channel plate (MCP) de-
tector at the following instrumental settings/conditions; ionization mode: positive, desolvating
temperature/ion source temperature = 250 °C, needle voltage = 3000 V, desolvation gas flow =
2.0 L/min, nebulizing gas flow = 1.0 L/min, orifice1 temperature = 120 °C, orifice1 voltage =
24 V, ring lens voltage = 12 V, orifice2 voltage = 6 V, ion gauge peak voltage = 800 V, detector
voltage = 2300 V, acquisition range = 4-1000 m/z, spectral recording interval = 0.5 s, wait time
= 0.03 ns and data sampling interval = 0.5 ns. Mass calibrations were performed using the
internal standard method and mass drift compensation was performed in each acquisition.

Chromatography

Thin-layer chromatography (TLC) was carried out using aluminum backed 0.2 mm thick silica
gel plates from Merck (type: 60 F254). The spots were detected with ultraviolet (UV) (extinc-
tion at λ = 254 nm or fluorescent at λ = 366 nm). Flash chromatography (FC) was carried out
with silica gel (particle size 40-63 µm), with solvent gradients as indicated in the experimental
procedures. Dry vacuum flash chromatography [266] (DVFC) was carried out by dry-packing
the column with approximately 5 cm of silica gel (particle size 19-37 µm). The crude mixute,
which had previously been evaporated onto celite, was then added on top of the silica layer.
The column was eluted by the addition of 20 mL of the eluent system as indicated by the exper-
imental procedures. The polarity of the eluent was usually increased by 0.5-1% in increments
of 4 fractions.

Automated flash chromatography was carried out using an Interchim puriFlash® 215 chro-
matography system. The sample was evaporated onto celite and then dry-loaded into a special-
ized column. This was then attached to a second column filled with 40 µm silica gel particles.
The eluent was flushed through the columns using an applied pressure of 26 bar.
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Reactions

The microwave (MW) assisted experiments were performed in a CEM Focused MicrowaveTM

Synthesis System, model type Discover that operated at 0-300 W at a temperature of 118 °C, a
pressure range of 0-290 psi, with reactor vial volumes of 10 or 35 mL.

The photochemical experiments were conducted using a 125 W medium-pressure mercury
lamp (model 3010, Photochemical Reactors Ltd.), irradiating the sample at 254≤ λ≤ 579 nm.
The lamp was immersed in a Pyrex tube which was kept in a water-cooled quartz well. The
progress of the reaction was monitored carefully by TLC and TLC-LRMS at regular intervals.

124



Chapter 7. Experimental 7.2. Methods

7.2 Methods

7.2.1 Masuda Borylation reactions

General procedures

To a mixture of haloaniline 82 (1 equiv.), anhydrous Et3N (4 equiv.), Pd(0) (10 mol%) in an
appropriate amount of anhydrous 1,4-dioxane under an argon atmosphere, was added 4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (3 equiv.) dropwise. The resulting reaction mixture was re-
fluxed until completion as indicated by TLC analysis. The crude mixture was then allowed to
cool to rt and quenched by addition of suitable amounts of sat. aq. NH4Cl and subsequently
extracted with CH2Cl2 (3 x 10 mL). The combined organic phases were washed (1 x 10 mL
H2O, 1 x 10 mL brine), dried (MgSO4), filtered and concentrated in vacuo. The concentrate
was then evaporated onto celite and purified by column chromatography using the eluent indi-
cated in the specific description in order to give target compounds 83.

4-Fluoro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (83a) [203]

Following the general procedure, the title compound was prepared from 2-bromo-4-fluoroani-
line (82a) (1.00 g, 5.26 mmol), 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.30 mL, 15.79 mmol),
Et3N (2.93 mL, 21.04 mmol), PdCl2(PPh3)2 (0.37 g, 0.53 mmol) in dioxane (20 mL). After a
reaction time of 22 hours, workup was carried out according to the general procedure. Sub-
sequent purification by silica gel column chromatography (pet. ether/EtOAc, 9:1 v/v) and
concentration of the relevant fractions [Rf = 0.33 (pet. ether/EtOAc, 9:1 v/v)] gave the target
compound 83a as a red solid (0.97 g, 78%).

mp: 49-50 °C (lit. [203] 50-52 °C).
IR (ATR): νmax 3481, 3388, 2978, 2931, 1621, 1431, 1137, 854 cm−1.
1H NMR (400 MHz, CDCl3): δ 7.28 (dd, J = 9.1 Hz, 3.1 Hz, 1H, H-5), 6.92 (ddd, J = 8.6

Hz, 8.3 Hz, 3.1 Hz, 1H, H-3), 6.53 (dd, J = 8.8 Hz, 4.3 Hz, 1H, H-6), 4.55 (bs, 2H, NH2), 1.34
(s, 12H, C-2’).

13C NMR (100 MHz, CDCl3): δ 155.3 (d, JCF = 235.0 Hz, C-4), 149.9 (C-1), 121.6 (d,
JCF = 20.3 Hz, C-5), 119.8 (d, JCF = 23.0 Hz, C-3), 116.1 (d, JCF = 6.9 Hz, C-6), 83.9 (C-1’),
25.0 (C-2’). C-2 was obscured or overlapping.
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19F NMR (376 MHz, CDCl3): δ -129.0.
In accordance with previously reported data. [203]

4-Nitro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (83b)

Following the general procedure, the title compound was prepared from 2-bromo-4-nitroaniline
(82b) (1.00 g, 3.79 mmol), 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.65 mL, 11.36 mmol),
Et3N (2.10 mL, 15.16 mmol) and PdCl2(PPh3)2 (0.27 g, 0.38 mmol) in dioxane (20 mL). Af-
ter a reaction time of 16 hours, workup was carried out according to the general procedure.
Subsequent purification by silica gel column chromatography (pet. ether/EtOAc, 8:2 v/v) and
concentration of the relevant fractions [Rf = 0.26 (pet. ether/EtOAc, 8:2 v/v)] gave the target
compound 83b as a yellow solid (0.34 g, 33%).

mp: 176-178 °C (lit. [268] 159-160 °C).
IR (ATR): νmax 3470, 3359, 3233, 3007, 2975, 1603, 1295, 1254, 1114, 850, 831 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.53 (d, J = 2.5 Hz, 1H, H-3), 8.06 (dd, J = 9.0 Hz, 2.7

Hz, 1H, H-5), 6.52 (d, J = 9.0 Hz, 1H, H-6), 5.52 (bs, 2H, NH2).
13C NMR (100 MHz, CDCl3): δ 158.8 (C-1), 138.1 (C-4), 134.3 (C-3), 128.9 (C-5), 113.9

(C-6), 84.5 (C-1’), 25.0 (C-2’). C-2 was obscured or overlapping.
In accordance with previously reported data. [268]

4-Amino-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile (83c)

Following the general procedure, the title compound was prepared from 4-amino-3-iodobenzo-
nitrile (82c) (1.00 g, 4.10 mmol), 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.80 mL, 12.30

126



Chapter 7. Experimental 7.2. Methods

mmol), Et3N (2.30 mL, 16.40 mmol) and PdCl2(PPh3)2 (0.29 g, 0.41 mmol) in dioxane (20
mL). After a reaction time of 18 hours, workup was carried out according to the general pro-
cedure. Subsequent purification by silica gel column chromatography (pet. ether/EtOAc, 8:1
v/v) and concentration of the relevant fractions [Rf = 0.33 (pet. ether/EtOAc, 8:2 v/v)] gave the
target compound 83c as a white solid (842.4 mg, 84%).

mp: 112-115 °C (lit. [267] 96-97 °C).
IR (ATR): νmax 3483, 3369, 3228, 2981, 2923, 2210, 1633, 1604, 1369, 815 cm−1.
1H NMR (400 MHz, CDCl3): δ 7.88 (d, J = 2.1 Hz, 1H, H-2), 7.39 (dd, J = 8.5 Hz, 2.1

Hz, 1H, H-6), 6.54 (d, J = 8.5 Hz, 1H, H-5), 5.28 (bs, 2H, NH2), 1.33 (s, 12H, H-2’).
13C NMR (100 MHz, CDCl3): δ 156.7 (C-4), 142.0 (C-2), 136.0 (C-6), 120.4 (CN), 114.6

(C-5), 98.9 (C-1), 84.3 (C-1’), 24.9 (C-2’). C-3 was obscured or overlapping.
In accordance with previously reported data. [267]

2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-4-(trifluoromethyl)aniline (83d)

Following the general procedure, the title compound was prepared from 2-iodo-4-(trifluorom-
ethyl)aniline (82d) (500.0 mg, 1.74 mmol), 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.76 mL,
5.23 mmol), Et3N (0.97 mL, 6.96 mmol) and PdCl2(PPh3)2 (122.1 mg, 0.17 mmol) in dioxane
(25 mL). After a reaction time of 19 hours, workup was carried out according to the general
procedure. Subsequent purification by silica gel column chromatography (pet. ether/EtOAc,
9:1 v/v) and concentration of the relevant fractions [Rf = 0.35 (pet. ether/EtOAc, 9:1 v/v)] gave
the target compound 83d as white crystals (267.2 mg, 53%).

mp: 117-119 °C (lit. [267] 110-113 °C).
IR (ATR): νmax 3473, 3376, 2978, 2935, 1622, 1368, 1302, 1095, 1072, 833 cm−1.
1H NMR (400 MHz, CDCl3): δ 7.85 (d, J = 1.5 Hz, 1H, H-3), 7.40 (ddd, J = 8.6 Hz, 2.3

Hz, 0.4 Hz, 1H, H-5), 6.59 (d, J = 8.5 Hz, 1H, H-6), 5.06 (bs, 2H, NH2), 1.35 (s, 12H, H-2’).
13C NMR (100 MHz, CDCl3): δ 156.2 (C-1), 134.4 (q, JCF = 3.9 Hz, C-3), 129.6 (d, JCF

= 3.6 Hz, C-5), 126.4 (C-2), 123.8 (C-4), 118.7 (q, JCF = 32.3 Hz, CF3), 114.3 (C-6), 84.1
(C-1’), 25.0 (C-2’).
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19F NMR (376 MHz, CDCl3): δ -61.0.
In accordance with previously reported data. [267]

2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-1-yl)-4-(trifluoromethoxy)aniline (83e)

Following the general procedure, the title compound was prepared from 2-bromo-4-(trifluoro-
methoxy)aniline (82e) (0.59 mL, 3.90 mmol), 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.70
mL, 11.72 mmol), Et3N (2.17 mL, 15.60 mmol) and PdCl2(dppf) (285.4 mg, 0.39 mmol)
in dioxane (15 mL). After a reaction time of 18 hours, workup was carried out according
to the general procedure. Subsequent purification by silica gel column chromatography (pet.
ether/EtOAc, 9:1 v/v) and concentration of the relevant fractions [Rf = 0.24 (pet. ether/EtOAc,
9:1 v/v)] gave the target compound 83e as pink crystals (438.7 mg, 37%).

mp: 72-73 °C (lit. [202] 63-67 °C).
IR (ATR): νmax 3478, 3376, 2983, 2933, 1627, 1492, 1435, 1210, 1136 cm−1.
1H NMR (400 MHz, CDCl3): δ 7.43 (d, J = 2.6 Hz, 1H, H-3), 7.07-7.04 (m, 1H, H-5),

6.55 (d, J = 8.8 Hz, 1H, H-6), 4.78 (bs, 2H, NH2), 1.34 (s, 12H, H-2’).
13C NMR (100 MHz, CDCl3): δ 152.5 (C-1), 140.1 (d, JCF = 1.5 Hz, C-4), 129.2 (C-6),

126.2 (C-5), 120.8 (q, JCF = 254.7 Hz, OCF3), 115.6 (C-3), 84.1 (C-1’), 25.0 (C-2’). C-2 was
obscured or overlapping.

19F NMR (376 MHz, CDCl3): δ -58.2.
In accordance with previously reported data. [202]

4-Chloro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzeneamine (83f)

128



Chapter 7. Experimental 7.2. Methods

Following the general procedure, the title compound was prepared from 4-chloro-2-iodoaniline
(82f) (1.00 g, 3.94 mmol), 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.70 mL, 11.83 mmol),
Et3N (2.20 mL, 15.76 mmol) and PdCl2(PPh3)2 (0.28 g, 0.39 mmol) in dioxane (25 mL). Af-
ter a reaction time of 18 hours, workup was carried out according to the general procedure.
Subsequent purification by silica gel column chromatography (pet. ether/EtOAc, 95:5 v/v) and
concentration of the relevant fractions [Rf = 0.28 (pet. ether/EtOAc, 95:5 v/v)] gave the target
compound 83f as a white fused mass (0.51 g, 51%).

mp: 87-90 °C (lit. [267] 91-93 °C).
IR (ATR): νmax 3475, 3375, 2973, 2928, 1414, 1345, 1139, 827 cm−1.
1H NMR (400 MHz, CDCl3): δ 7.54 (d, J = 2.6 Hz, 1H, H-3), 7.13 (dd, J = 8.6 Hz, 2.6

Hz, 1H, H-5), 6.52 (d, J = 8.6 Hz, 1H, H-6), 4.73 (bs, 2H, NH2).
13C NMR (100 MHz, CDCl3): δ 152.2 (C-1), 135.9 (C-3), 132.6 (C-5), 121.7 (C-4), 116.3

(C-6), 84.0 (C-1’), 25.0 (C-2’). C-2 was obscured or overlapping.
In accordance with previously reported data. [267]

4-Methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (83g) [203]

Following the general procedure, the title compound was prepared from 2-bromo-4-methylan-
iline (82g) (1.00 mg, 5.37 mmol), 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.34 mL, 16.12
mmol), Et3N (3.00 mL, 21.48 mmol), PdCl2(PPh3)2 (0.38 g, 0.54 mmol) in dioxane (20 mL).
After a reaction time of 19 hours, workup was carried out according to the general procedure.
Subsequent purification by silica gel column chromatography (n-hexanes/EtOAc, 95:5 v/v) and
concentration of the relevant fractions [Rf = 0.16 (n-hexanes/EtOAc, 95:5 v/v)] gave the target
compound 83g as a pale red fused mass (1.06 g, 85%).

mp: 72-73 °C (lit. [203] 60 °C).
IR (ATR): νmax 3496, 3398, 2976, 2920, 2859, 1613, 1348, 1136, 852, 819 cm−1.
1H NMR (400 MHz, CDCl3): δ 7.42 (d, J = 2.1 Hz, 1H, H-3), 7.03 (ddd, J = 8.2 Hz, 2.2

Hz, 0.5 Hz, 1H, H-5), 6.53 (d, J = 8.2 Hz, 1H, H-6), 4.60 (bs, 2H, NH2), 2.21 (s, 3H, CH3),
1.34 (s, 12H, H-2’).

13C NMR (100 MHz, CDCl3): δ 151.5 (C-1), 136.8 (C-3), 133.7 (C-5), 126.0 (C-4), 115.1
(C-6), 83.6 (C-1’), 25.0 (C-2’), 20.3 (CH3). C-2 was obscured or overlapping.
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In accordance with previously reported data. [203]

5-Methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (83h)

Following the general procedure, the title compound was prepared from 2-bromo-5-methylani-
line (82h) (1.00 g, 5.37 mmol), 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.30 mL, 16.12 mmol),
Et3N (3.0 mL, 21.48 mmol) and PdCl2(PPh3)2 (0.38 g, 0.54 mmol) in dioxane (20 mL). After
a reaction time of 20 hours, workup was carried out according to the general procedure. Sub-
sequent purification by silica gel column chromatography (pet. ether/EtOAc, 1:0→ 95:5 v/v)
and concentration of the relevant fractions [Rf = 0.17 (pet. ether)] gave the target compound
83h as a clear oil (0.60 g, 48%).

IR (ATR): νmax 3483, 3387, 2977, 2924, 1611, 1355, 1140, 857 cm−1.
1H NMR (400 MHz, CDCl3): δ 7.50 (d, J = 7.6 Hz, 1H, H-3), 6.52-6.50 (m, 1H, H-4),

6.43 (s, 1H, H-6), 4.65 (bs, 2H, NH2), 2.24 (s, 3H, CH3), 1.33 (s, 12H, H-2’).
13C NMR (100 MHz, CDCl3): δ 153.9 (C-1), 143.2 (C-5), 136.9 (C-3), 118.3 (C-4), 115.5

(C-6), 83.5 (C-1’), 25.0 (C-2’), 21.8 (CH3). C-2 was obscured or overlapping.
In accordance with previously reported data. [203]

4-Methoxy-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (83i)

Following the general procedure, the title compound was prepared from 2-bromo-4-methoxy-
aniline (82i) (100.0 mg, 0.50 mmol), 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.21 mL, 1.48
mmol), Et3N (0.28 mL, 2.00 mmol) and PdCl2(PPh3)2 (35.1 mg, 0.050 mmol) in dioxane (5
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mL). After a reaction time of 19 hours, workup was carried out according to the general proce-
dure. Subsequent purification by silica gel column chromatography (pet. ether/EtOAc, 9:1→
v/v) and concentration of the relevant fractions [Rf = 0.14 (pet. ether/EtOAc, 9:1 v/v)] gave the
target compound 83i as a red solid (106.3 mg, 85%).

mp: 60-63 °C (lit. [267] 73-74 °C).
IR (ATR): νmax 3114, 2967, 2932, 1489, 1147, 1005 cm−1.
1H NMR (400 MHz, CDCl3): δ 7.14 (d, J = 3.1 Hz, 1H, H-3), 6.85 (dd, J = 8.7 Hz, 3.1

Hz, 1H, H-5), 6.57 (d, J = 8.7 Hz, 1H, H-6), 3.76 (s, 3H, OCH3), 1.34 (s, 12H, H-2’).
13C NMR (100 MHz, CDCl3): δ 151.5 (C-4), 148.0 (C-1), 120.7 (C-5), 119.7 (C-3), 116.6

(C-6), 83.7 (C-1’), 56.1 (OCH3), 25.0 (C-2’). C-2 was obscured or overlapping.
In accordance with previously reported data. [267]

7.2.2 Synthesis of quinolines

5-Bromo-3-methoxyquinoline (81) [139]

Step 1: To a solution of 3-bromoquinoline (67b) (0.65 mL, 4.80 mmol) in DMF (5 mL) were
added NaOMe (30%, 2.7 mL, 14.4 mmol) and CuI (45.7 mg, 0.24 mmol, 5 mol%). The mixture
was then refluxed for 20 hours under an argon atmosphere, hydrolized and extracted with Et2O
(1 x 20 mL). The organic layer was washed with water (3 x 20 mL), brine (2 x 20 mL), dried
(MgSO4), filtered and concentrated in vacuo to give 3-methoxyquinoline (80) as a dark yellow
oil (434.7 mg, 57%). Spectroscopic data were in accordance with previously reported data. [139]

Step 2: To a stirred solution of 3-methoxyquinoline (80) (434.7 mg, 2.73 mmol) in conc.
H2SO4 (5 mL) was added NBS (486.0 mg, 2.73 mmol) portionwise at 0 °C. The mixture was
then allowed to warm to rt and after stirring for 20 hours the pH was adjusted to 10 by addition
of suitable amounts of 1 M NaOH. The formed precipitate was redissolved in CH2Cl2 and the
filtrate extracted using CH2Cl2 (3 x 30 mL). The combined organic phases were washed with
water (2 x 15 mL), brine (1 x 15 mL), dried (MgSO4), filtered and evaporated onto celite. Pu-
rification by silica gel column chromatography (pet. ether/EtOAc, 85:15 v/v) and concentration
of the relevant fractions [Rf = 0.18 (pet. ether/EtOAc, 9:1 v/v))] gave the target compound 81
as off-white crystals (337.7 mg, 52%).

mp: 76-77 °C (lit. [139] 81-83 °C).
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IR (ATR): νmax 3067, 3004, 2995, 2964, 2853, 1599, 1407, 1161, 859 cm-1.
1H NMR (400 MHz, CD3OD): δ 8.61 (d, J = 2.8 Hz, 1H, H-2), 7.99-7.96 (m, 1H, H-8),

7.87 (dd, J = 7.6 Hz, 1.0 Hz, 1H, H-6), 7.84 (d, J = 2.6 Hz, 1H, H-3), 7.48 (dd, J = 8.4 Hz, 7.6
Hz, 1H, H-7), 4.02 (s, 3H, OCH3).

13C NMR (100 MHz, CD3OD): δ 155.9 (C-3), 146.2 (C-2), 144.6 (C-8a), 132.3 (C-6),
129.7 (C-4a), 129.3 (C-8), 128.3 (C-7), 121.5 (C-5), 113.2 (C-4), 56.3 (OCH3).

In accordance with previously reported data. [139]

3-Bromo-5-nitroquinoline (67ba) [197]

5-Nitroquinoline (117) (1.00 g, 5.74 mmol) and NBS (1.53 g, 8.61 mmol) were dissolved in
glacial AcOH (20 mL) and refluxed under an argon atmosphere for 20 hours. The reaction mix-
ture was allowed to cool to rt and roughly half the solvent was removed under reduced pressure
before addition of H2O (10 mL) and the pH adjusted to 10 by addition of suitable amounts of 5
M NaOH. The product was then extracted using CH2Cl2 (5 x 10 mL) and the combined organic
layers were washed (1 x 10 mL brine), dried (MgSO4), filtered and concentrated in vacuo to
give the crude product as a yellow solid (1.41 g, 98%), which was essentially pure by NMR.

mp: 123-126 °C (lit. [197] 135 °C).
IR (ATR): νmax 3089, 3055, 3014, 1514, 1319, 736 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.24 (dd, J = 2.2 Hz, 0.8 Hz, 1H, H-4), 9.02 (d, J = 2.2

Hz, 1H, H-2), 8.44 (dd, J = 7.7 Hz, 1.1 Hz, 1H, H-8), 8.41-8.39 (m, 1H, H-6), 7.28 (dd, J = 8.4
Hz, 7.8 Hz, 1H, H-6).

13C NMR (100 MHz, CDCl3): δ 153.0 (C-2), 146.5 (C-5), 144.5 (C-8a), 136.9 (C-6),
133.7 (C-4), 127.9 (C-7), 125.9 (C-8), 122.1 (C-3), 121.4 (C-4).

In accordance with previously reported data. [197]

N-(3-Bromo-8-fluoroquinolin-6-yl)acetamide (67bb)
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3-Bromo-8-fluoroquinolin-6-amino (118) (1.00 g, 4.15 mmol) was cooled to 0 °C using an ice
bath before dropwise addition of ice-cooled Ac2O (50 mL) under an argon atmosphere. The re-
sulting mixture was allowed to warm to rt and stirred for 23 hours. The crude mixture was then
diluted with CH2Cl2, quenched (sat. aq. Na2CO3) and extracted using CH2Cl2 (2 x 50 mL).
The combined organic phases were washed with water (1 x 30 mL), brine (1 x 30 mL), dried
(MgSO4), filtered and evaporated onto celite. Purification by silica gel column chromatogra-
phy (pet. ether/EtOAc, 1:1 → 4:6 v/v) and concentration of the relevant fractions [Rf = 0.16
(pet. ether/EtOAc, 1:1 v/v)] gave the target compound 67bb as an off-white solid (0.85 g, 72%).

mp: 197-200 °C.
IR (ATR): νmax 3291, 3271, 3098, 3047, 1662 (C=O), 1492, 1356, 1097, 781 cm−1.
1H NMR (400 MHz, CD3OD): δ 8.73 (d, J = 2.1 Hz, 1H, H-2), 8.44 (t, J = 1.7 Hz, 1H,

H-4), 7.92-7.91 (m, 1H, H-5), 7.68 (dd, J = 12.4 Hz, 2.2 Hz, 1H, H-7), 2.18 (s, 3H, CH3).
13C NMR (100 MHz, CD3OD): δ 171.9 (C=O), 158.7 (d, JCF = 255.3 Hz, C-8), 150.9

(C-2), 139.7 (d, JCF = 10.3 Hz, C-6), 138.5 (d, JCF = 3.0 Hz, C-4), 134.2 (d, JCF = 12.5 Hz,
C-8a), 132.7 (d, JCF = 2.5 Hz, C-4a), 119.9 (C-3), 111.5 (d, JCF = 4.2 Hz, C-5), 109.4 (d, JCF

= 23.1 Hz, C-7), 24.0 (CH3).
19F NMR (376 MHz, CD3OD): δ -125.6.
HRMS (ESI): calcd. for C11H8BrFN2O [M + Na+] 336.9958; 338.9938, found 336.9933;

338.9946.

3-Bromoquinoline N-oxide (124)

3-Bromoquinoline (67b) (3.3 mL, 24.0 mmol) and H2O2 (35 wt%, 6.0 mL, 24.0 mmol) in
AcOH (35 mL) was stirred at 100 °C for 4 hours. Sat. aq. K2CO3 (30 mL) was then added and
the mixture was extracted with CHCl3 (3 x 15 mL). The combined organic layers were dried
(MgSO4), filtered and concentrated in vacuo. The concentrate was subsequently evaporated
onto celite and purified by silica gel column chromatography (pet. ether/EtOAc, 8:2 → 7:3
v/v) and concentration of the relevant fractions [Rf = 0.25 (pet. ether/EtOAc, 1:1 v/v)] gave the
target compound 124 as an off-white solid (4.30 g, 81%).

mp: 108-110 °C (lit. [269] 97-99 °C).
IR (NaCl): νmax 3102,3054, 2926, 1555, 1497, 1078, 841, 769 cm−1.
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1H NMR (400 MHz, CDCl3): δ 8.61 (d, J = 8.9 Hz, 1H, H-8), 8.57 (s, 1H, H-2), 7.84 (s,
1H, H-4), 7.74-7.69 (m, 2H, H-5 and H-7), 7.63-7.59 (m, 1H, H-6).

13C NMR (100 MHz, CDCl3): δ 140.6 (C-2), 137.3 (C-8a), 130.6 (C-7), 130.2 (C-5),
129.8 (C-6), 128.0 (C-4a), 127.4 (C-4), 119.9 (C-8), 114.3 (C-3).

In accordance with previously reported data. [269]

7.2.3 Suzuki-Miyaura cross-coupling reactions

General procedures

Method 1 - using PdCl2(dppf) as catalyst: To a solution of haloquinoline (1 equiv.) in an
appropriate amount of EtOH under an argon atmosphere was added boronic acid (1.5 equiv.),
an aq. solution of K2CO3 (3.5 equiv. in an appropriate amount of H2O) and PdCl2(dppf) (5
mol%). The resulting reaction mixture was stirred at 60 °C until completion as indicated by
TLC analysis. The crude mixture was then allowed to cool to rt and the volatiles were removed
under reduced pressure. The concentrate was evaporated onto celite and purified by column
chromatography using the chromatographic technique and eluent as indicated in the specific
description in order to give target compounds.

Method 2 - using Pd(PPh3)4 as catalyst: To a solution of haloquinoline (1 equiv.) in an
appropriate amount of DME under an argon atmosphere was added boronic acid (1.5 equiv.),
an aq. solution of Cs2CO3 (3.5 equiv. in an appropriate amount of H2O) and Pd(PPh3)4 (5
mol%). The resulting reaction mixture was stirred at 80 °C until completion as indicated by
TLC analysis. The crude mixture was then allowed to cool to rt and the volatiles were removed
under reduced pressure. The concentrate was evaporated onto celite and purified by column
chromatography using the chromatographic technique and eluent as indicated in the specific
description in order to give target compounds.

2-(Quinolin-2-yl)aniline (70)

Method 1: Following the general procedure, the title compound was prepared from 2-bromoqui-
noline (67a) (50.0 mg, 0.24 mmol), 2-aminophenylboronic acid hydrochloride (68) (62.5 mg,
0.36 mmol), an aq. solution of K2CO3 (116.1 mg, 0.84 mmol, in 1 mL H2O) and PdCl2(dppf)
(8.8 mg, 0.012 mmol) in EtOH (5 mL). After a reaction time of 1 hour, the crude was purified
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by an Interchim puriFlash chromatography system (pet. ether/EtOAc, 95:5 → 1:1 v/v) and
concentration of the relevant fractions [Rf = 0.17 (pet. ether/EtOAc, 9:1 v/v)] followed by re-
crystallization using boiling n-hexanes/EtOAc (9:1 v/v) gave the target compound 70 as bright
yellow crystals (25.7 mg, 65%).

Method 2: Following the general procedure, the title compound was prepared from 2-
bromoquinoline (67a) (100.0 mg, 0.48 mmol), 2-aminophenylboronic acid hydrochloride (68)
(125.0 mg, 0.72 mmol), an aq. solution of Cs2CO3 (547.4 mg, 1.68 mmol in 1 mL H2O) and
Pd(PPh3)4 (27.7 mg, 0.024 mmol) in DME (5 mL). After a reaction time of 19 hours, the crude
was purified by silica gel column chromatography (pet. ether/EtOAc, 9:1 v/v) and concentra-
tion of the relevant fractions [Rf = 0.17 (pet. ether/EtOAc, 9:1 v/v] gave the target compound
70 as bright yellow crystals (99.2 mg, 94%.)

mp: 152-155 °C (lit. [270] 153 °C).
IR (ATR): νmax 2922, 2852, 1718, 1465, 759 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.20 (d, J = 8.7 Hz, 1H, H-4), 8.06 (d, J = 8.4 Hz, 1H,

H-8), 7.84 (d, J = 8.7 Hz, 1H, H-3), 7.82-7.80 (m, 1H, H-5), 7.73-7.69 (m, 2H, H-7 and H-6’),
7.54-7.49 (m, 1H, H-6), 7.24-7.19 (m, 1H, H-4’), 6.85-6.82 (m, 2H, H-3’ and H-6’).

13C NMR (100 MHz, CDCl3): δ 159.2 (C-2), 147.2 (C-2’), 146.9 (C-8a), 136.9 (C-4),
130.5 (C-4’), 129.9 (C-7), 129.8 (C-6’), 128.9 (C-8), 127.5 (C-5), 126.4 (C-4a), 126.3 (C-6),
121.8 (C-1’), 120.6 (C-3), 117.9 (C-5’), 117.7 (C-3’).

In accordance with previously reported data. [271]

2-(Quinolin-3-yl)aniline (69)

Method 1: Following the general procedure, the title compound was prepared from 3-bromoqui-
noline (67b) (1.3 mL, 9.61 mmol), 2-aminophenylboronic acid hydrochloride (68) (2.00 g,
11.53 mmol), an aq. solution of K2CO3 (4.25 g, 30.75 mmol in 12 mL H2O) and PdCl2(dppf)
(0.35 g, 0.48 mmol) in EtOH (60 mL). After a reaction time of 16 hours, the crude was purified
by silica gel column chromatography (pet. ether/diethyl ether, 2:8→ 1:9 v/v) and concentration
of the relevant fractions [Rf = 0.31 (pet. ether/diethyl ether. 2:8 v/v)] gave the target compound
69 as orange crystals (1.77 g, 84%).

Method 2: Following the general procedure, the title compound was prepared from 3-
bromoquinoline (67b) (0.030 mL, 0.24 mmol), 2-aminophenylboronic acid hydrochloride (68)
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(45.8 mg, 0.26 mmol), an aq. solution of Cs2CO3 (234.9 mg, 0.72 mmol in 0.2 mL H2O)
and Pd(PPh3)4 (13.9 mg, 0.012 mmol) in DME (1.2 mL). After a reaction time of 20 hours,
the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 6:4 v/v) and
concentration of the relevant fractions [Rf = 0.46 (pet. ether/EtOAc, 6:4 v/v)] gave the target
compound 69 as a yellow crystalline solid (27.8 mg, 53%).

mp: 132-135 °C (lit. [124] 130-132 °C).
IR (ATR): νmax 3438, 3331, 3208, 3061, 1619, 1575, 1497, 1452 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.03 (d, J = 2.0 Hz, 1H, H-2), 8.25 (d, J = 2.0 Hz, 1H,

H-4), 8.14 (d, J = 8.4 Hz, 1H, H-8), 7.83-7.81 (m, 1H, H-5), 7.75-7.71 (m, 1H, H-7), 7.59-7.55
(m, 1H, H-6), 7.25-7.19 (m, 2H, H-4’ and H-6’), 6.92-6.88 (m, 1H, H-5’), 6.84-6.82 (m, 1H,
H-3’), 3.80 (bs, 2H, NH2).

13C NMR (100 MHz, CDCl3): δ 151.6 (C-2), 147.1 (C-8a), 144.1 (C-2’), 135.5 (C-4),
132.5 (C-3), 130.9 (C-6’), 129.6 (C-4’), 129.5 (C-7), 129.2 (C-8), 128.0 (C-4a), 127.9 (C-5),
127.1 (C-6), 123.7 (C-1’), 119.1 (C-5’), 116.0 (C-3’).

In accordance with previously reported data. [124]

2-(Quinolin-4-yl)aniline (71)

Method 1: Following the general procedure, the title compound was prepared from 4-bromoqu-
inoline (50.0 mg, 0.24 mmol), 2-aminophenylboronic acid hydrochloride (68) (62.4 mg, 0.36
mmol), an aq. solution of K2CO3 (116.1 mg, 0.84 mmol in 1 mL H2O) and PdCl2(dppf) (8.9
mg, 0.012 mmol) in EtOH (5 mL). After a reaction time of 21 hours, the crude was purified
by an Interchim puriFlash chromatography system (pet. ether/EtOAc, 95:5→ 55:45 v/v) and
concentration of the relevant fractions [Rf = 0.29 (pet. ether/EtOAc, 1:1 v/v)] gave the target
compound 71 as a yellow solid (48.1 mg, 91%).

Method 2: Following the general procedure, the title compound was prepared from 4-
bromoquinoline (246.0 mg, 1.18 mmol), 2-aminophenylboronic acid hydrochloride (68) (410.1
mg, 2.36 mmol), an aq. solution of Cs2CO3 (1.54 g, 4.72 mmol in 1.4 mL H2O) and Pd(PPh3)4

(68.2 mg, 0.059 mmol) in DME (7 mL). After a reaction time of 1.75 hours, the crude was
purified by an Interchim puriFlash chromatography system (pet. ether/EtOAc, 95:5 → 55:45
v/v) and concentration of the relevant fractions [Rf = 0.29 (pet. ether/EtOAc, 1:1 v/v)] gave the
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target compound 71 as a yellow solid (250.3 mg, 96%).

mp: 128-129 °C (lit. [272] 119 °C).
IR (NaCl): νmax 3454, 3328, 3210, 3061, 3033, 1617, 1494, 1451, 752 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.94 (d, J = 4.4 Hz, 1H, H-2), 8.18-8.15 (m, 1H, H-8),

7.74-7.69 (m, 2H, H-6 and H-7), 7.50-7.46 (m, 1H, H-5), 7.37 (d, J = 4.4 Hz, 1H, H-3), 7.28
(ddd, J = 7.5 Hz, 1.6 Hz, 0.6 Hz, 1H, H-4’), 7.12 (dd, J = 7.5 Hz, 1.5 Hz, 1H, H-6’), 6.88 (td,
J = 7.4 Hz, 1.0 Hz, 1H, H-5’), 6.83 (dd, J = 8.1 Hz, 0.8 Hz, 1H, H-3’), 3.83 (bs, 2H, NH2).

13C NMR (100 MHz, CDCl3): δ 150.4 (C-2), 148.7 (C-8a), 146.2 (C-4), 143.9 (C-2’),
130.6 (C-1’), 129.9 (C-8), 129.8 (C-4’), 129.7 (C-7), 126.9 (2C, C-4a and C-5), 126.1 (C-6),
122.9 (C-6’), 122.3 (C-3), 118.5 (C-5’), 115.8 (C-3’).

In accordance with previously reported data. [272]

2-(Quinolin-5-yl)aniline (72)

Method 2: Following the general procedure, the title compound was prepared from 5-bromoqu-
inoline (67d) (1.00 g, 4.81 mmol), 2-aminophenylboronic acid hydrochloride (68) (1.25 g, 7.21
mmol), an aq. solution of Cs2CO3 (5.48 g, 16.83 mmol in 10 mL H2O) and Pd(PPh3)4 (0.28
g, 0.24 mmol) in DME (50 mL). After a reaction time of 19 hours, the crude was purified by
silica gel column chromatography (pet. ether/EtOAc, 1:1→ 3:7 v/v) and concentration of the
relevant fractions [Rf = 0.23 (pet. ether/EtOAc, 1:1 v/v)] gave the target compound 72 as light
brown crystals (0.95 g, 90%).

mp: 163-165 °C (lit. [132] 163-166 °C).
IR (ATR): νmax 3410, 3318, 3209, 2924, 1618, 1491, 959, 803, 754 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.93 (dd, J = 4.1 Hz, 1.7 Hz, 1H, H-2), 8.16-8.14 (m, 1H,

H-8), 8.02-7.99 (m, 1H, H-4), 7.81-7.77 (m, 1H, H-7), 7.53 (dd, J = 6.9 Hz, 0.9 Hz, 1H, H-6),
7.35 (dd, J = 8.5 Hz, 4.2 Hz, 1H, H-3), 7.30-7.25 (m, 1H, H-4’), 7.13 (dd, J = 7.5 Hz, 1.5 Hz,
1H, H-6’), 6.88 (td, J = 7.5 Hz, 1.1 Hz, 1H, H-5’), 6.84 (dd, J = 8.0 Hz, 0.7 Hz, 1H, H-3’),
3.44 (bs, 2H, NH2).
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13C NMR (100 MHz, CDCl3): δ 150.6 (C-2), 148.7 (C-8a), 144.4 (C-2’), 137.5 (C-5),
134.9 (C-4), 131.4 (C-6’), 129.6 (C-7), 129.5 (C-4’), 129.3 (C-8), 128.2 (C-6), 127.1 (C-4a),
124.4 (C-1’), 121.4 (C-3), 118.5 (C-5’), 115.6 (C-3’).

HRMS (ESI): calcd. for C15H12N2 [M + H+] 221.1073, found 221.1071.
In accordance with previously reported data. [132]

2-(Quinolin-7-yl)aniline (74)

Method 1: Following the general procedure, the title compound was prepared from 7-bromoqu-
inoline (50.0 mg, 0.24 mmol), 2-aminophenylboronic acid hydrochloride (68) (45.8 mg, 0.26
mmol), an aq. solution of K2CO3 (99.5 mg, 0.72 mmol in 0.2 mL H2O) and PdCl2(dppf) (8.8
mg, 0.012 mmol) in EtOH (1 mL). After a reaction time of 29 hours, the crude was purified by
silica gel column chromatography (pet. ether/EtOAc, 6:4 v/v) and concentration of the relevant
fractions [Rf = 0.21 (pet. ether/EtOAc, 6:4 v/v)] gave the target compound 74 as a pale yellow
oil (15.0 mg, 30%).

Method 2: Following the general procedure, the title compound was prepared from 7-
bromoquinoline (500.0 mg, 2.40 mmol), 2-aminophenylboronic acid hydrochloride (68) (624.3
mg, 3.60 mmol), an aq. solution of Cs2CO3 (2.74 g, 8.40 mmol in 2 mL H2O) and Pd(PPh3)4

(138.7 mg, 0.12 mmol) in DME (10 mL). After a reaction time of 20 hours, the crude was
purified by silica gel column chromatography (pet. ether/EtOAc, 6:4 v/v) and concentration of
the relevant fractions [Rf = 0.21 (pet. ether/EtOAc, 6:4 v/v)] gave the target compound 74 as a
green oil (433.0 mg, 82%).

IR (ATR): νmax 3453, 3330, 3200, 3050, 3019, 2923, 2858, 1618, 1488, 1301, 839, 749
cm−1.

1H NMR (400 MHz, CDCl3): δ 8.93 (d, J = 3.1 Hz, 1H, H-2), 8.22 (s, 1H, H-8), 8.17 (d, J

= 8.3 Hz, 1H, H-4), 7.87 (d, J = 8.4 Hz, 1H, H-5), 7.68 (dd, J = 8.4 Hz, 1.6 Hz, 1H, H-6), 7.40
(dd, J = 8.2 Hz, 4.2 Hz, 1H, H-3), 7.24 (dd, J = 7.6 Hz, 1.5 Hz, 1H, H-6’) 7.20 (td, J = 7.9 Hz,
1.5 Hz, 1H, H-4’), 6.87 (td, J = 7.4 Hz, 1.0 Hz, 1H, H-5’), 6.80 (dd, J = 8.0 Hz, 0.8 Hz, 1H,
H-3’), 3.73 (bs, 2H, NH2).

13C NMR (100 MHz, CDCl3): δ 150.8 (C-2), 148.5 (C-8a), 143.7 (C-2’), 141.2 (C-7),
135.9 (C-4), 130.7 (C-6’), 129.1 (C-4’), 129.0 (C-8), 128.4 (C-5), 128.3 (C-6), 127.3 (C-4a),
126.6 (C-1’), 121.2 (C-3), 118.9 (C-5’), 115.9 (C-3’).
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HRMS (ESI): calcd. for C15H12N2 [M + H+] 221.1073, found 221.1073.
In accordance with previously reported data. [132]

2-(Quinolin-8-yl)aniline (75)

Method 2: Following the general procedure, the title compound was prepared from 8-bromoqui-
noline (540.0 mg, 2.59 mmol), 2-aminophenylboronic acid hydrochloride (68) (673.7 mg, 3.88
mmol), an aq. solution of Cs2CO3 (2.95 g, 9.06 mmol in 1 mL H2O) and Pd(PPh3)4 (149.6
mg, 0.13 mmol) in DME (6 mL). After a reaction time of 16 hours, the crude was purified by
silica gel column chromatography (CH2Cl2/EtOAc, 9:1 v/v) and concentration of the relevant
fractions [Rf = 0.21 (CH2Cl2/EtOAc, 9:1 v/v)] gave the target compound 75 as pale red crystals
(497.3 mg, 87%).

mp: 103-105 °C (lit. [273] 100-102 °C).
IR (ATR): νmax 3424, 3330, 3206, 3026, 1615, 1491, 793, 743 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.00 (dd, J = 4.2 Hz, 1.7 Hz, 1H, H-2), 8.27 (dd, J = 8.2

Hz, 1.7 Hz, 1H, H-4), 7.90 (dd, J = 8.1 Hz, 1.4 Hz, 1H, H-5), 7.76 (dd, J = 7.1 Hz, 1.5 Hz, 1H,
H-7), 7.67 (dd, J = 8.0 Hz, 7.3 Hz, 1H, H-6), 7.46 (dd, J = 8.3 Hz, 4.1 Hz, 1H, H-3), 7.32-7.27
(m, 2H, H-4’ and H-6’), 6.96 (dt, J = 7.4 Hz, 0.9 Hz, 1H, H-5’), 6.91 (dd, J = 8.0 Hz, 0.7 Hz,
1H, H-3’), 3.84 (bs, 2H, NH2).

13C NMR (100 MHz, CDCl3): δ 150.7 (C-2), 146.3 (C-8a), 144.8 (C-2’), 139.5 (C-8),
136.8 (C-4), 131.8 (C-7), 131.7 (C-6’), 129.0 (C-4’), 128.7 (C-5), 128.0 (C-4a), 127.0 (C-1’),
126.9 (C-6), 121.2 (C-3), 119.0 (C-5’), 116.5 (C-3’).

In accordance with previously reported data. [273]
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2-(5-Nitroquinolin-3-yl)aniline (69a)

Method 2: Following the general procedure, the title compound was prepared from 3-bromo-5-
nitroquinoline (67ba) (100.0 mg, 0.40 mmol), 2-aminophenylboronic acid hydrochloride (68)
(89.5 mg, 0.52 mmol), an aq. solution of Cs2CO3 (430.1 mg, 1.32 mmol in 1 mL H2O) and
Pd(PPh3)4 (23.1 mg, 0.020 mmol) in DME (5 mL). After a reaction time of 22 hours, the crude
was purified by alumina gel column chromatography (pet. ether/EtOAc, 75:25→ 7:3 v/v) and
concentration of the relevant fractions [Rf = 0.23 (pet. ether/EtOAc, 75:25 v/v)] gave the target
compound 69a as a bright orange crystalline solid (34.1 mg, 32%).

mp: 139-142 °C.
IR (ATR): νmax 3444, 3364, 3339, 3212, 3054, 2922, 2853, 1518, 1326, 734 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.17 (d, J = 2.1 Hz, 1H, H-2), 9.08 (d, J = 1.9 Hz, 1H,

H-4), 8.44-8.42 (m, 1H, H-6), 8.39 (dd, J = 7.7 Hz, 1.0 Hz, 1H, H-8), 7.80 (t, J = 8.2 Hz, 1H,
H-7), 7.29-7.25 (m, 1H, H-6’), 7.23 (dd, J = 7.6 Hz, 1.5 Hz, 1H, H-4’), 6.92 (td, J = 7.4 Hz,
0.8 Hz, 1H, H-5’), 6.85 (dt, J = 8.0 Hz, 0.5 Hz, 1H, H-3’), 3.85 (bs, 2H, NH2).

13C NMR (100 MHz, CDCl3): δ 153.1 (C-2), 147.2 (C-8a), 145.6 (C-5), 144.1 (C-2’),
136.4 (C-6), 135.9 (C-3), 131.1 (C-4), 131.0 (C-4’), 130.2 (C-6’), 127.4 (C-7), 125.1 (C-8),
122.9 (C-4a), 121.2 (C-1’), 119.4 (C-5’), 116.4 (C-3’).

HRMS (ESI): samples sent to UiB for analysis.

2-(6-Acetylquinolin-3-yl)aniline (69b)

Method 2: Following the general procedure, the title compound was prepared from 6-acetyl-3-
bromoquinoline (200.0 mg, 0.80 mmol), 2-aminophenylboronic acid hydrochloride (68) (180.3
mg, 1.04 mmol), an aq. solution of Cs2CO3 (860.2 mg, 2.64 mmol in 5 mL H2O) and
Pd(PPh3)4 (46.2 mg, 0.040 mmol) in DME (10 mL). After a reaction time of 21 hours, the
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crude was purified by silica gel column chromatography (pet. ether/EtOAc, 1:1 v/v) and con-
centration of the relevant fractions [Rf = 0.17 (pet. ether/EtOAc, 1:1 v/v)] gave the target
compound 69b as an orange solid (143.7 mg, 68%).

mp: 173-175 °C.
IR (ATR): νmax 3392, 3318, 3211, 3061, 3023, 2961, 2920, 2854, 1667 (C=O), 1364, 833,

751 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.11 (d, J = 2.2 Hz, 1H, H-2), 8.43 (d, J = 1.9 Hz, 1H,

H-5), 8.35 (d, J = 2.1 Hz, 1H, H-4), 8.24 (dd, J = 8.8 Hz, 2.0 Hz, 1H, H-7), 8.17-8.14 (m, 1H,
H-8), 7.25 (ddd, J = 8.0 Hz, 7.5 Hz, 1.6 Hz, 1H, H-6’), 7.20 (dd, J = 7.6 Hz, 1.5 Hz, 1H, H-4’),
6.90 (td, J = 7.5 Hz, 1.2 Hz, 1H, H-5’), 6.84 (dd, J = 8.0 Hz, 0.9 Hz, 1H, H-3’), 3.83 (bs, 2H,
NH2), 2.73 (s, 3H, CH3).

13C NMR (100 MHz, CDCl3): δ 197.5 (C=O), 153.9 (C-2), 149.0 (C-8a), 144.1 (C-2’),
136.8 (C-4), 135.3 (C-6), 133.6 (C-3), 130.9 (C-6’), 129.9 (C-5), 129.9 (C-4’), 129.8 (C-8),
127.8 (C-7), 127.3 (C-4a), 123.2 (C-1’), 119.3 (C-5’), 116.3 (C-3’), 26.9 (CH3).

HRMS (ESI): calcd. for C17H14N2O [M + H+] 263.1179, found 263.1180.

2-(6-Methoxyquinolin-3-yl)aniline (69c)

Method 2: Following the general procedure, the title compound was prepared from 3-bromo-
6-methoxyquinoline (300.0 mg, 1.26 mmol), 2-aminophenylboronic acid hydrochloride (68)
(285.4 mg, 1.64 mmol), an aq. solution of Cs2CO3 (1.35 g, 4.16 mmol in 4 mL H2O) and
Pd(PPh3)4 (72.8 mg, 0.063 mmol) in DME (20 mL). After a reaction time of 22 hours, the
crude was purified by silica gel column chromaotgraphy (pet. ether/EtOAc, 7:3→ 1:1 v/v) and
concentration of the relevant fractions [Rf = 0.27 (pet. ether/EtOAc, 7:3 v/v)] gave the target
compound 69c as a puffy red solid (307.6 mg, 98%).

mp: 140-141 °C.
IR (ATR): νmax 3410, 3306, 2959, 2923, 1571, 1493, 828, 756 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.86 (d, J = 2.1 Hz, 1H, H-2), 8.14 (d, J = 1.9 Hz, 1H,

H-4), 8.02 (d, J = 9.2 Hz, 1H, H-8), 7.38 (dd, J = 9.2 Hz, 2.8 Hz, 1H, H-7), 7.25-7.19 (m, 2H,
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H-4’ and H-6’), 7.08 (d, J = 2.8 Hz, 1H, H-5), 6.89 (td, J = 7.4 Hz, 1.1 Hz, 1H, H-5’), 6.82 (dd,
J = 8.0 Hz, 0.8 Hz, 1H, H-3’), 3.94 (s, 3H, OCH3), 3.79 (bs, 2H, NH2).

13C NMR (100 MHz, CDCl3): δ 158.3 (C-6), 149.1 (C-2), 144.1 (C-2’), 143.5 (C-8a),
134.4 (C-4), 132.8 (C-3), 130.9 (C-4’), 130.8 (C-8), 129.5 (C-6’), 129.1 (C-1’), 124.1 (C-4a),
122.4 (C-7), 119.1 (C-5’), 116.0 (C-3’), 105.3 (C-6), 55.7 (OCH3).

HRMS (ESI): calcd. for C16H14N2O [M + H+] 251.1179, found 251.1179.

2-(7-Nitroquinolin-3-yl)aniline (69d)

Method 2: Following the general procedure, the title compound was prepared from 3-bromo-7-
nitroquinoline (67bc) (100.0 mg, 0.39 mmol), 2-aminophenylboronic acid hydrochloride (68)
(89.1 mg, 0.51 mmol), an aq. solution of Cs2CO3 (419.3 mg, 1.29 mmol in 1 mL H2O) and
Pd(PPh3)4 (22.5 mg, 0.019 mmol) in DME (5 mL). After a reaction time of 23 hours, the
crude was purified by silica gel column chromatography (pet. ether/EtOAc, 9:1→ 7:3 v/v) and
concentration of the relevant fractions [Rf = 0.38 (pet. ether/EtOAc, 7:3 v/v)] gave the target
compound 69d as an orange crystalline solid (80.4 mg, 78%).

mp: 169-170 °C.
IR (ATR): νmax 3361, 3064, 2998, 1519, 1493, 1338, 743 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.22 (d, J = 2.2 Hz, 1H, H-2), 9.04 (d, J = 2.2 Hz, 1H,

H-8), 8.37 (d, J = 1.9 Hz, 1H, H-4), 8.35 (d, J = 2.3 Hz, 1H, H-6), 7.99 (d, J = 8.9 Hz, 1H,
H-5), 7.30-7.26 (m, 2H, H-6’), 7.23 (dd, J = 7.6 Hz, 1.5 Hz, 1H, H-4’), 6.93 (td, J = 7.5 Hz,
0.8 Hz, 1H, H-5’), 6.87-6.85 (m, 1H, H-3’), 3.80 (bs, 2H, NH2).

13C NMR (100 MHz, CDCl3): δ 154.2 (C-2), 148.1 (C-7), 146.1 (C-8a), 144.1 (C-2’),
135.9 (C-3), 135.0 (C-4), 131.4 (C-4a), 130.9 (C-4’), 130.3 (C-6’), 129.5 (C-5), 125.8 (C-8),
122.7 (C-1’)6, 120.7 (C-6), 119.6 (C-5’), 116.5 (C-3’).

HRMS (ESI): calcd. for C15H11N3O2 [M + H+] 266.0924, found 266.0921.
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2-(8-Nitroquinolin-3-yl)aniline (69e)

Method 2: Following the general procedure, the title compound was prepared from 3-iodo-8-
nitroquinoline (300.0 mg, 0.99 mmol), 2-aminophenylboronic acid hydrochloride (68) (225.4
mg, 1.29 mmol), an aq. solution of Cs2CO3 (1.06 g, 3.27 mmol in 6 mL H2O) and Pd(PPh3)4

(57.2 mg, 0.049 mmol) in DME (30 mL). After a reaction time of 20 hours, the crude was
purified by silica gel column chromatography (pet. ether/EtOAc, 6:4 v/v) and concentration of
the relevant fractions [Rf = 0.32 (pet. ether/EtOAc, 6:4 v/v)] gave the target compound 69e as
an orange crystalline solid (103.8 mg, 40%).

mp: 163-165 °C (decomp.).
IR (ATR): νmax 3434, 3343, 3221, 3053, 2920, 1518, 1337, 760 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.21 (d, J = 2.1 Hz, 1H, H-2), 8.37 (d, J = 2.2 Hz, 1H,

H-4), 8.08-8.06 (m, 2H, H-5 and H-7), 7.65 (t, J = 7.9 Hz, 1H, H-6), 7.27 (ddd, J = 9.0 Hz, 7.4
Hz, 1.5 Hz, 1H, H-3’), 7.20 (dd, J = 7.6 Hz, 1.5 Hz, 1H, H-5’), 6.92 (td, J = 7.5 Hz, 1.1 Hz,
1H, H-4’), 6.85 (dd, J = 8.0 Hz, 0.9 Hz, 1H, H-6’), 3.78 (bs, 2H, NH2).

13C NMR (100 MHz, CDCl3): δ 154.1 (C-2), 148.4 (C-8), 144.1 (C-1’), 138.5 (C-8a),
135.4 (C-4), 134.7 (C-3), 132.2 (C-5), 130.9 (C-5’), 130.2 (C-3’), 129.1 (C-4a), 125.9 (C-6),
123.8 (C-7), 122.7 (C-2’), 119.5 (C-4’), 116.4 (C-6’).

In accordance with previously reported data. [275]

4-Nitro-2-(quinolin-3-yl)aniline (69g)

Method 2: Following the general procedure, the title compound was prepared from 3-bromoqui-
noline (67b) (0.20 mL, 1.44 mmol), 4-nitro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)a-
niline (83b) (494.4 mg, 1.87 mmol), an aq. solution of Cs2CO3 (1.64 g, 5.04 mmol in 6 mL
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H2O) and Pd(PPh3)4 (83.2 mg, 0.072 mmol) in DME (30 mL). After a reaction time of 21
hours, the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 1:1→
4:6 v/v) and concentration of the relevant fractions [Rf = 0.12 (pet. ether/EtOAc, 1:1 v/v)] gave
the target compound 69g as a dark yellow solid (117.1 mg, 31%).

mp: 228-230 °C.
IR (ATR): νmax 2955, 2865, 1599, 1464, 883, 796, 756 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.99 (d, J = 2.1 Hz, 1H, H-2), 8.25 (d, J = 1.9 Hz, 1H,

H-4), 8.18-8.13 (m, 3H, H-8, H-3’ and H-5’), 7.88 (d, J = 8.1 Hz, 1H, H-5), 7.82-7.78 (m, 1H,
H-7), 7.65-7.61 (m, 1H, H-6), 6.81 (dd, J = 7.1 Hz, 2.4 Hz, 1H, H-6’), 4.53 (bs, 2H, NH2).

13C NMR (100 MHz, CDCl3): δ 150.6 (C-2), 150.2 (C-4’), 147.9 (C-8a), 139.7 (C-1’),
136.2 (C-4), 130.5 (C-7), 130.1 (C-3), 129.6 (C-8), 128.0 (C-4a), 127.9 (C-5), 127.7 (C-6),
127.5 (C-5’), 126.1 (C-3’), 122.8 (C-2’), 114.6 (C-6’).

HRMS (ESI): calcd. for C15H11N3O2 [M + H+] 266.0924, found 266.0934.

4-Amino-3-(quinolin-3-yl)benzonitrile (69h)

Method 2: Following the general procedure, the title compound was prepared from 3-bromoqu-
inoline (67b) (0.20 mL, 1.44 mmol), 4-amino-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
benzonitrile (83c) (457.0 mg, 1.87 mmol), an aq. solution of Cs2CO3 (1.55 g, 4.75 mmol in
6 mL H2O) and Pd(PPh3)4 (83.2 mg, 0.072 mmol) in DME (30 mL). After a reaction time of
24 hours, the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 1:1
v/v) and concentration of the relevant fractions [Rf = 0.19 (pet. ether/EtOAc, 1:1 v/v)] gave the
target compound 69h as a pink solid (330.9 mg, 94%).

mp: 228-230 °C.
IR (ATR): νmax 3433, 3306, 3196, 2979, 2209 (CN), 1368, 1103, 946, 828 cm−1.
1H NMR (400 MHz, CD3OD): δ 8.89 (s, 1H, H-2), 8.42 (d, J = 1.7 Hz, 1H, H-4), 8.08 (d,

J = 8.4 Hz, 1H, H-8), 8.01 (d, J = 8.1 Hz, 1H, H-5), 7.83-7.79 (m, 1H, H-7), 7.68-7.64 (m, 1H,
H-6), 7.49-7.45 (m, 2H, H-3’ and H-5’), 6.90 (d, J = 8.4 Hz, 1H, H-6’).

13C NMR (100 MHz, CD3OD): δ 151.8 (C-2), 147.9 (C-8a), 138.0 (C-4), 136.1 (C-5’),
134.4 (C-3’), 132.7 (C-3), 131.4 (C-7), 129.7 (C-4a), 129.5 (C-5), 129.0 (C-8), 128.5 (C-6),
124.0 (C-2’), 121.0 (C-1’), 116.6 (C-6’), 116.3 (CN), 99.7 (C-4’).
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HRMS (ESI): calcd. for C16H11N3 [M + H+] 246.1026, found 246.1037.

2-(Quinolin-3-yl)-4-(trifluoromethyl)aniline (69i)

Method 2: Following the general procedure, the title compound was prepared from 3-bromoqui-
noline (67b) (0.15 mL, 1.13 mmol), 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-(trifluo-
romethyl)aniline (83d) (421.8 mg, 1.47 mmol), an aq. solution of Cs2CO3 (1.21 g, 3.73 mmol
in 6 mL H2O) and Pd(PPh3)4 (65.3 mg, 0.056 mmol) in DME (30 mL). After a reaction time
of 17 hours, the crude was purified by silica gel column chroamtography (pet. ether/EtOAc,
6:4 → 1:1 v/v) and concentration of the relevant fractions [Rf = 0.2 (pet. ether/EtOAc, 6:4
v/v)] gave the target compound 69i as a dark red oil. 1H NMR of the obtained oil showed a
mixture of the desired compound # and pinacol, which was removed by the oil subsequently
being dissolved in CH2Cl2 and washed with hot water (4 x 5 mL), dried (MgSO4), filtered and
concentrated in vacuo to give the target compound 69i as a red crystalline solid (72.1 mg, 22%).

mp: 137-139 °C.
IR (ATR): νmax 3467, 3312, 3208, 2919, 2850, 1635, 1309, 1105, 1075, 824, 743 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.04 (bs, 1H, H-2), 8.23 (d, J = 1.6 Hz, 1H, H-4), 8.14 (d,

J = 8.4 Hz, 1H, H-8), 7.84 (d, J = 8.1 Hz, 1H, H-5), 7.77-7.73 (m, 1H, H-7), 7.61-7.57 (m, 1H,
H-6), 7.46-7.43 (m, 2H, H-3’ and H-5’), 6.84 (d, J = 8.3 Hz, 1H, H-6’), 4.14 (bs, 2H, NH2).

13C NMR (100 MHz, CDCl3): δ 150.9 (C-2), 147.7 (C-8a), 135.9 (C-4), 130.1 (C-6),
129.5 (C-8), 128.8 (C-3), 128.2 (q, JCF = 3.7 Hz, C-3’), 128.0 (C-5), 127.4 (C-7), 126.7 (q,
JCF = 3.6 Hz, C-5’), 126.1 (C-1’), 123.4 (C-4a), 123.3 (C-2’), 120.9 (q, JCF = 33.0 Hz, C-4’),
115.4 (C-6’) (CF3 was obscured or overlapping).

19F NMR (376 MHz, CDCl3): δ -61.1.

2-(Quinolin-3-yl)-4-(trifluoromethoxy)aniline (69j)
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Method 2: Following the general procedure, the title compound was prepared from 3-bromoqu-
inoline (67b) (0.10 mL, 0.69 mmol), 2-(3,3,4,4-tetramethyl-1,3,2-dioxaborolan-1-yl)-4-(triflu-
oromethoxy)aniline (83e) (272.4 mg, 0.90 mmol), an aq. solution of Cs2CO3 (741.8 mg,
2.28 mmol in 1 mL H2O) and Pd(PPh3)4 (39.9 mg, 0.034 mmol) in DME (5 mL). After a
reaction time of 22 hours, the crude was purified by silica gel column chromatography (pet.
ether/EtOAc, 6:4 v/v) and concentration of the relevant fractions [Rf = 0.20 (pet. ether/EtOAc,
6:4 v/v)] gave the target compound 69j as a light brown solid (196.1 mg, 93%).

mp: 118-121 °C.
IR (ATR): νmax 3455, 3310, 3208, 3062, 2922, 1637, 1244, 1213, 1159, 752 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.00 (d, J = 1.9 Hz, 1H, H-2), 8.24 (d, J = 1.5 Hz, 1H,

H-4), 8.15 (d, J = 8.4 Hz, 1H, H-8), 7.86 (d, J = 8.1 Hz, 1H, H-5), 7.78-7.74 (m, 1H, H-7),
7.62-7.51 (m, 1H, H-6), 7.11-7.09 (m, 2H, H-3’ and H-6’), 6.81-6.78 (m, 1H, H-5’), 3.84 (bs,
2H, NH2).

13C NMR (100 MHz, CDCl3): δ 151.1 (C-2), 147.6 (C-8a) 143.0 (C-1’), 141.6 (q, JCF =
2.0 Hz, C-4’), 135.8 (C-4), 131.3 (C-3), 130.0 (C-7), 129.5 (C-8), 128.0 (C-5), 127.9 (C-6),
127.4 (C-4a), 124.5 (C-2’), 123.8 (C-3’), 122.1 (C-6’), 120.9 (q, JCF = 256.9 Hz, OCF3), 116.5
(C-5’).

19F NMR (376 MHz, CDCl3): δ -58.3.
HRMS (ESI): calcd. for C16H11F3N2O [M + H+] 305.0896, found 305.0905.

4-Chloro-2-(quinolin-3-yl)aniline (69k)

Method 2: Following the general procedure, the title compound was prepared from 3-bromoqui-
noline (67b) (0.20 mL, 1.44 mmol), 4-chloro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
benzeneamine (83f) (474.4 mg, 1.87 mmol), an aq. solution of Cs2CO3 (1.55 g, 4.75 mmol in
6 mL H2O) and Pd(PPh3)4 (83.2 mg, 0.072 mmol) in DME (30 mL). After a reaction time of
19 hours, the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 7:3
v/v) and concentration of the relevant fractions [Rf = 0.24 (pet. ether/EtOAc, 7:3 v/v)] gave the
target compound 69k as a light brown solid (306.7 mg, 84%).

mp: 165-166 °C (lit. [274] 123-125 °C).
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IR (ATR): νmax 3429, 3296, 3192, 1635, 1486, 808, 753 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.00 (d, J = 2.1 Hz, 1H, H-2), 8.23 (d, J = 1.9 Hz, 1H,

H-4), 8.15 (d, J = 8.5 Hz, 1H, H-8), 7.85 (dd, J = 8.3 Hz, 1.0 Hz, 1H, H-5), 7.78-7.74 (m, 1H,
H-7), 7.62-7.58 (m, 1H, H-6), 7.19-7.17 (m, 2H, H-3’ and H-5’), 6.76 (dd, J = 7.0 Hz, 2.0 Hz,
1H, H-6’), 3.78 (bs, 2H, NH2).

13C NMR (100 MHz, CDCl3): δ 151.1 (C-2), 147.5 (C-8a), 142.8 (C-1’), 135.7 (C-4),
131.4 (C-3), 130.4 (C-5’), 129.9 (C-7), 129.5 (C-8), 129.3 (C-3’), 128.0 (C-5), 127.9 (C-4a),
127.3 (C-6), 125.2 (C-2’), 123.7 (C-4-), 117.2 (C-6’).

In accordance with previously reported data. [274]

4-Fluoro-2-(quinolin-3-yl)aniline (69l)

Method 2: Following the general procedure, the title compound was prepared from 3-bromoqui-
noline (67b) (0.13 mL, 0.96 mmol), 4-fluoro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)a-
niline (82a) (295.9 mg, 1.25 mmol), an aq. solution of Cs2CO3 (1.03 g, 3.17 mmol in 2 mL
H2O) and Pd(PPh3)4 (55.5 mg, 0.048 mmol) in DME (10 mL). After a reaction time of 22
hours, the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 1:1 v/v)
and concentration of the relevant fractions [Rf = 0.44 (pet. ether/EtOAc, 1:1 v/v)] gave the
target compound 69l as a pink solid (145.2 mg, 63%).

mp: 160-161 °C.
IR (ATR): νmax 3437, 3307, 3211, 1499, 747 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.01 (d, J = 2.0 Hz, 1H, H-2), 8.25 (d, J = 2.0 Hz, 1H,

H-4), 8.15 (d, J = 8.4 Hz, 1H, H-8), 7.85 (dd, J = 8.1 Hz, 1.0 Hz, 1H, H-5), 7.77-7.73 (m, 1H,
H-6), 7.61-7.57 (m, 1H, H-7), 6.97-6.92 (m, 2H, H-3’ and H-5’), 6.76 (dd, J = 9.5 Hz, 4.8 Hz,
1H, H-6’), 3.64 (bs, 2H, NH2).

13C NMR (100 MHz, CDCl3): δ 156.6 (d, JCF = 237.8 Hz, C-4’), 151.2 (C-2), 147.5 (C-
8a), 140.2 (d, JCF = 2.0 Hz, C-1’), 135.7 (C-4), 131.7 (C-3), 129.9 (C-6), 129.4 (C-8), 128.0
(C-5), 127.9 (C-4a), 127.3 (C-7), 124.9 (d, JCF = 7.2 Hz, C-2’), 117.2 (d, JCF = 9.6 Hz, C-6’),
117.0 (d, JCF = 5.3 Hz, C-3’), 116.1 (d, JCF = 22.1 Hz, C-5’).

19F NMR (376 MHz, CDCl3): δ -126.2.
HRMS (ESI): calcd. for C15H11FN2 [M + H+] 239.0979, found 239.0987.
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4-Methyl-2-(quinolin-3-yl)aniline (69m)

Method 2: Following the general procedure, the title compound was prepared from 3-bromoqui-
noline (67b) (0.20 mL, 1.44 mmol), 4-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
aniline (83g) (436.5 mg, 1.87 mmol), an aq. solution of Cs2CO3 (1.55 g, 4.75 mmol in 6 mL
H2O) and Pd(PPh3)4 (83.2 mg, 0.072 mmol) in DME (30 mL). After a reaction time of 21
hours, the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 7:3→
1:1 v/v) and concentration of the relevant fractions [Rf = 0.16 (pet. ether/EtOAc, 7:3 v/v)] gave
the target compound 69m as a dark yellow oil. 1H NMR of the obtained oil showed a mixture of
the desired compound and pinacol, which was removed by the oil subsequently being dissolved
in CH2Cl2 and washed with hot water (5 x 30 mL), dried (MgSO4), filtered and concentrated
in vacuo to give the target compound 69m as a yellow oil (307.2 mg, 91%).

IR (ATR): νmax 3437, 3324, 3203, 3016, 2918, 2857, 1618, 1504, 1488, 726 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.02 (d, J = 2.1 Hz, 1H, H-2), 8.24 (d, J = 1.9 Hz, 1H,

H-4), 8.14 (d, J = 8.5 Hz, 1H, H-8), 7.83 (dd, J = 8.1 Hz, 1.0 Hz, 1H, H-5), 7.75-7.71 (m,
1H, H-7), 7.59-7.55 (m, 1H, H-6), 7.06-7.04 (m, 2H, H-3’ and H-5’), 6.75 (d, J = 7.8 Hz, 1H,
H-6’), 3.66 (bs, 2H, NH2), 2.32 (s, 3H, CH3).

13C NMR (100 MHz, CDCl3): δ 151.7 (C-2), 147.2 (C-8a), 141.6 (C-1’), 135.5 (C-4),
132.7 (C-3), 131.3 (C-5’), 130.1 (C-3’), 129.5 (C-6), 129.3 (C-8), 128.4 (C-4’), 128.0 (C-2’),
127.9 (C-7), 127.0 (C-5), 123.9 (C-4a), 116.3 (C-6’), 20.5 (CH3).

HRMS (ESI): calcd. for C16H14N2 [M + H+] 235.1230, found 235.1239.

4-Methoxy-2-(quinolin-3-yl)aniline (69n)

Method 2: Following the general procedure, the title compound was prepared from 3-bromoqui-
noline (67b) (0.065 mL, 0.48 mmol), 4-methoxy-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)aniline (83i) (155.7 mg, 0.62 mmol), an aq. solution of Cs2CO3 (516.1 mg, 1.58 mmol in
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1 mL H2O) and Pd(PPh3)4 (27.7 mg, 0.024 mmol) in DME (5 mL). After a reaction time of
26 hours, the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 1:1
v/v) and concentration of the relevant fractions [Rf = 0.31 (pet. ether/EtOAc, 1:1 v/v)] gave the
target compound 69n as an orange solid (74.6 mg, 62%).

mp: 147-150 °C (lit. [274] 145-147 °C).
IR (ATR): νmax 3424, 3393, 3322, 3224, 3036, 3001, 2953, 2923, 1486, 1282, 1042, 747

cm−1.
1H NMR (400 MHz, CDCl3): δ 9.04 (d, J = 2.1 Hz, 1H, H-2), 8.27 (dd, J = 2.3 Hz, 0.5

Hz, 1H, H-4), 8.16-8.14 (m, 1H, H-8), 7.86 (dd, J = 8.2 Hz, 1.3 Hz, 1H, H-5), 7.77-7.72 (m,
1H, H-7), 7.61-7.57 (m, 1H, H-6), 6.85 (dd, J = 8.6 Hz, 2.9 Hz, 1H, H-6’), 6.81 (d, J = 2.5 Hz,
1H, H-3’), 6.79 (dd, J = 8.6 Hz, 0.4 Hz, 1H, H-5’), 3.79 (s, 3H, OCH3), 3.52 (bs, 2H, NH2).

13C NMR (100 MHz, CDCl3): δ 153.2 (C-4’), 151.6 (C-2), 147.4 (C-8a), 137.8 (C-1’),
135.6 (C-4), 132.6 (C-3), 129.7 (C-7), 129.4 (C-8), 128.0 (C-5), 128.0 (C-4a), 127.2 (C-6),
125.0 (C-2’), 117.5 (C-6’), 116.2 (C-3’), 115.5 (C-5’), 56.0 (OCH3).

In accordance with previously reported data. [274]

5-Methyl-2-(quinolin-3-yl)aniline (69o)

Method 2: Following the general procedure, the title compound was prepared from 3-bromoqui-
noline (67b) (0.20 mL, 1.44 mmol), 5-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
aniline (83h) (436.5 mg, 1.87 mmol), an aq. solution of Cs2CO3 (1.55 g, 4.75 mmol in 6 mL
H2O) and Pd(PPh3)4 (83.2 mg, 0.072 mmol) in DME (30 mL). After a reaction time of 24
hours, the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 7:3→
6:4 → 1:1 v/v) and concentration of the relevant fractions [Rf = 0.24 (pet. ether/EtOAc, 7:3
v/v)] gave the target compound 69o as a grey solid (327.3 mg, 97%).

mp: 134-138 °C.
IR (ATR): νmax 3323, 3203, 3011, 2918, 1617, 1489, 786, 732 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.02 (d, J = 2.0 Hz, 1H, H-2), 8.24 (d, J = 2.0 Hz, 1H,

H-4), 8.14 (d, J = 8.5 Hz, 1H, H-8), 7.84 (dd, J = 8.2 Hz, 1.1 Hz, 1H, H-5), 7.75-7.71 (m, 1H,
H-7), 7.59-7.55 (m, 1H, H-6), 7.11 (d, J = 7.7 Hz, 1H, H-3’), 6.73 (ddd, J = 8.4 Hz, 7.8 Hz,
0.7 Hz, 1H, H-4’), 6.67 (d, J = 0.5 Hz, 1H, H-6’), 3.74 (bs, 2H, NH2), 2.34 (s, 3H, CH3).
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13C NMR (100 MHz, CDCl3): δ 151.8 (C-2), 147.2 (C-8a), 143.9 (C-1’), 139.6 (C-5’),
135.4 (C-4), 132.6 (C-3), 130.9 (C-3’), 129.5 (C-7), 129.4 (C-8), 128.1 (C-4a), 127.9 (C-5),
127.1 (C-6), 121.2 (C-2’), 120.2 (C-4’), 116.7 (C-6’), 21.4 (CH3).

HRMS (ESI): calcd. for C16H14N2 [M + H+] 235.1230, found 235.1230.

4-Nitro-2-(5-nitroquinolin-3-yl)aniline (69p)

Method 2: Following the general procedure, the title compound was prepared from 3-bromo-5-
nitroquinoline (67ba) (250.0 mg, 0.99 mmol), 4-nitro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lan-2-yl)aniline (83b) (339.2 mg, 1.28 mmol), an aq. solution of Cs2CO3 (1.06 g, 3.27 mmol
in 5 mL H2O) and Pd(PPh3)4 (57.2 mg, 0.049 mmol) in DME (25 mL). After a reaction time of
22 hours, the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 1:1
→ 4:6 v/v) and concentration of the relevant fractions [Rf = 0.15 (pet. ether/EtOAc, 1:1 v/v)]
gave the target compound 69p as an orange solid (91.1 mg, 30%).

mp: 238 °C (decomp.).
IR (ATR): νmax 3476, 3377, 3222, 2921, 2851, 1478, 1301, 1261, 826, 737 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 9.10 (d, J = 2.0 Hz, 1H, H-2), 8.88 (d, J = 1.4 Hz, 1H,

H-4), 8.50-8.47 (m, 2H, H-6 and H-8), 8.07-8.05 (m, 2H, H-7 and H-3’), 8.00-7.96 (m, 1H,
H-4), 6.88 (dd, J = 7.7 Hz, 1.7 Hz, 1H, H-6’), 6.74 (bs, 2H, NH2).

13C NMR (100 MHz, DMSO-d6): δ 153.0 (C-2), 152.3 (C-5), 146.6 (C-8a), 145.4 (C-1’),
136.5 (C-4’), 135.7 (C-6), 133.0 (C-3), 131.1 (C-4), 128.3 (C-5’), 127.5 (C-7), 126.1 (C-3’),
125.1 (C-8), 120.1 (C-2’), 120.0 (C-4a), 114.5 (C-6’).

HRMS (ESI): sample sent to UiB for analysis.
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4-Chloro-2-(8-nitroquinolin-3-yl)aniline (69q)

Method 2: Following the general procedure, the title compound was prepared from 3-iodo-8-
nitroquinoline (300.0 mg, 1.00 mmol), 4-chloro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzeneamine (83f) (328.9 mg, 1.30 mmol), an aq. solution of Cs2CO3 (1.07 g, 3.30 mmol
in 6 mL H2O) and Pd(PPh3)4 (57.8 mg, 0.050 mmol) in DME (30 mL). After a reaction time of
19 hours, the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 7:3
→ 1:1 v/v) and concentration of the relevant fractions [Rf = 0.22 (pet. ether/EtOAc, 7:3 v/v)]
gave the target compound 69q as a light brown solid (221.6 mg, 74%).

mp: 212-215 °C.
IR (ATR): νmax 3467, 3338, 3052, 2923, 1626, 1525, 766 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.16 (d, J = 2.1 Hz, 1H, H-2), 8.33 (d, J = 2.1 Hz, 1H,

H-4), 8.08-8.05 (m, 2H, H-5 and H-7), 7.69-7.65 (m, 1H, H-6), 7.21 (dd, J = 8.5 Hz, 2.4 Hz,
1H, H-5’), 7.17 (d, J = 2.4 Hz, 1H, H-3’), 6.77 (d, J = 8.6 Hz, 1H, H-6’), 3.78 (bs, 2H, NH2).

13C NMR (100 MHz, CDCl3): δ 153.5 (C-2), 148.4 (C-8), 142.7 (C-1’), 138.7 (C-8a),
135.7 (C-4), 133.5 (C-3), 132.2 (C-5), 130.4 (C-3’), 129.9 (C-5’), 128.9 (C-4a), 126.1 (C-6),
124.1 (C-7), 124.0 (C-4’), 123.9 (C-2’), 117.6 (C-6’).

HRMS (ESI): calcd. for C15H10ClN3O2 [M + Na+] 322.0354, found 322.0353.

2-(6-Acetylquinolin-3-yl)-5-methylaniline (69r)

Method 2: Following the general procedure, the title compound was prepared from 6-acetyl-3-
bromoquinoline (213.6 mg, 0.85 mmol), 5-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)aniline (83h) (258.9 mg, 1.11 mmol), an aq. solution of Cs2CO3 (913.9 mg, 2.80 mmol in
4 mL H2O) and Pd(PPh3)4 (49.1 mg, 0.042 mmol) in DME (20 mL). After a reaction time of
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20 hours, the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 1:1
→ 4:6 v/v) and concentration of the relevant fractions [Rf = 0.35 (pet. ether/EtOAc, 4:6 v/v)]
gave the target compound 69r as a dark yellow solid (215.1 mg, 92%).

mp: 179-182 °C.
IR (ATR): νmax 3432, 3355, 3219, 3007, 2920, 2861, 1679 (C=O), 1620 (C=O), 1258, 840

cm−1.
1H NMR (400 MHz, CDCl3): δ 9.10 (d, J = 2.1 Hz, 1H, H-2), 8.43 (d, J = 1.6 Hz, 1H,

H-5), 8.34 (d, J = 1.7 Hz, 1H H-4), 8.25 (dd, J = 8.8 Hz, 1.8 Hz, 1H, H-7), 8.16 (d, J = 8.7 Hz,
1H, H-8), 7.11 (d, J = 7.7 Hz, 1H, H-3’), 6.75-6.73 (m, 1H, H-4’), 6.68 (s, 1H, H-6’), 3.76 (bs,
2H, NH2), 2.74 (s, 3H, CH3-CO), 2.34 (s, 3H, CH3).

13C NMR (100 MHz, CDCl3): δ 197.5 (C=O), 154.1 (C-2), 148.9 (C-8a), 143.9 (C-1’),
140.0 (C-5’), 136.6 (C-4), 135.3 (C-6), 133.7 (C-3), 130.8 (C-3’), 130.0 (C-8), 129.9 (C-5),
127.7 (C-7), 127.4 (C-4a), 120.6 (C-2’), 120.4 (C-4’), 116.9 (C-6’), 26.9 (CH3-CO), 21.4
(CH3).

HRMS (ESI): calcd. for C18H16N2O [M + H+] 277.1335, found 277.1345.

2-(3-Methoxyquinolin-5-yl)aniline (72a)

Method 1: Following the general procedure, the title compound was prepared from 5-bromo-3-
methoxyquinoline (81) (330.0 mg, 1.39 mmol), 2-aminophenylboronic acid hydrochloride (68)
(724.7 mg, 4.18 mmol), an aq. solution of K2CO3 (960.5 mg, 6.95 mmol in 2 mL H2O) and
PdCl2(dppf) (50.8 mg, 0.069 mmol) in EtOH (10 mL). After a reaction time of 22 hours, the
crude was purified by silica gel column chromatography (pet. ether/EtOAc, 1:1 v/v) followed
by alumina gel column chromatography (CH2Cl2/pet. ether, 8:2 v/v) and concentration of the
relevant fractions [Rf = 0.33 (CH2Cl2/pet. ether, 8:2 v/v)] gave the target compound 72a as an
orange solid (304.7 mg, 88%).

Method 2: Following the general procedure, the title compound was prepared from 5-
bromo-3-methoxyquinoline (81) (50.0 mg, 0.21 mmol), 2-aminophenylboronic acid hydrochlo-
ride (68) (54.9 mg, 0.32 mmol), an aq. solution of Cs2CO3 (239.5 mg, 0.73 mmol in 0.4 mL
H2O) and Pd(PPh3)4 (12.1 mg, 0.010 mmol) in DME (2 mL). After a reaction time of 23.5
hours, the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 1:1 v/v)
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followed by alumina gel column chromatography (CH2Cl2/pet. ether, 8:2 v/v) and concentra-
tion of the relevant fractions [Rf = 0.33 (CH2Cl2/pet. ether, 8:2 v/v)] gave the target compound
72a as a yellow oily solid (17.8 mg, 34%) along with recovered starting material 81 as white
crystals (9.3 mg, 18%).

mp: 142-144 °C.
IR (ATR): νmax 3059, 3018, 2957, 2933, 2857, 1604, 1249, 819 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.68 (d, J = 2.9 Hz, 1H, H-2), 8.11-8.08 (m, 1H, H-8),

7.62 (dd, J = 8.4 Hz, 7.1 Hz, 1H, H-7), 7.49 (dd, J = 7.0 Hz, 1.2 Hz, 1H, H-6), 7.27 (ddd, J =
7.9 Hz, 7.5 Hz, 1.6 Hz, 1H, H-4’), 7.21 (d, J = 2.8 Hz, 1H, H-4), 7.14 (dd, J = 7.5 Hz, 1.5 Hz,
1H, H-6’), 6.88 (dt, J = 7.4 Hz, 1.1 Hz, 1H, H-5’), 6.84 (dd, J = 8.0 Hz, 0.8 Hz, 1H, H-3’),
3.79 (s, 3H, OCH3), 3.58 (bs, 2H, NH2).

13C NMR (100 MHz, CDCl3): δ 153.4 (C-3), 144.3 (C-2’), 144.0 (C-2), 143.6 (C-8a),
136.2 (C-5), 131.3 (C-6’), 129.3 (C-4’), 128.9 (C-6), 128.8 (C-8), 127.6 (C-4a), 126.8 (C-7),
124.6 (C-1’), 118.5 (C-5’), 115.6 (C-3’), 111.4 (C-4), 55.6 (OCH3).

HRMS (ESI): calcd. for C16H14N2O [M + H+] 251.1179, found 251.1188.

4-Fluoro-2-(quinolin-5-yl)aniline (72b)

Method 1: Following the general procedure, the title compound was prepared from 5-bromoqu-
inoline (67d) (50.0 mg, 0.24 mmol), 4-fluoro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
aniline (83a) (85.5 mg, 0.36 mmol), an aq. solution of K2CO3 (116.1 mg, 0.85 mmol in 1
mL H2O) and PdCl2(dppf) (8.8 mg, 0.012 mmol) in EtOH (5 mL). After a reaction time of 18
hours, the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 1:1→
3:7 v/v) and concentration of the relevant fractions [Rf = 0.10 (pet. ether/EtOAc, 1:1 v/v)] gave
the target compound 72b as a light brown solid (18.5 mg, 32%).

Method 2: Following the general procedure, the title compound was prepared from 5-
bromoquinoline (67d) (512.3 mg, 2.46 mmol), 4-fluoro-2-(4,4,5,5-tetramethyl-1,3,2-dioxabor-
olan-2-yl)aniline (83a) (875.7 mg, 3.69 mmol), an aq. solution of Cs2CO3 (2.80 g, 8.61 mmol
in 5 mL H2O) and Pd(PPh3)4 (142.1 mg, 0.12 mmol) in DME (25 mL). After a reaction time of
17 hours, the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 1:1
v/v) and concentration of the relevant fractions [Rf = 0.10 (pet. ether/EtOAc, 1:1 v/v)] gave the
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target compound 72b as an orange solid (419.5 mg, 72%).

mp: 196-197 °C.
IR (ATR): νmax 3041, 2921, 2852, 1635, 1490, 1192, 900, 792 cm−1.
1H NMR (400 MHz, CD2Cl2): δ 8.90 (dd, J = 4.1 Hz, 1.7 Hz, 1H, H-2), 8.14-8.12 (m,

1H, H-8), 7.96 (ddd, J = 8.5 Hz, 1.6 Hz, 0.8 Hz, 1H, H-4), 7.79 (dd, J = 8.5 Hz, 7.1 Hz, 1H,
H-7), 7.51 (dd, J = 7.0 Hz, 1.1 Hz, 1H, H-6), 7.36 (dd, J = 8.5 Hz, 4.2 Hz, 1H, H-3), 7.00 (td, J

= 8.6 Hz, 3.0 Hz, 1H, H-5’), 6.88 (dd, J = 9.0 Hz, 3.0 Hz, 1H, H-3’), 6.79 (dd, J = 8.8 Hz, 4.8
Hz, 1H, H-6’). 3.42 (bs, 2H, NH2).

13C NMR (100 MHz, CD2Cl2): δ 156.4 (d, JCF = 235.8 Hz, C-4’), 151.0 (C-2), 149.1
(C-8a), 141.4 (C-1’), 136.8 (C-5), 134.5 (C-4), 130.1 (C-8), 129.6 (C-7), 128.3 (C-6), 127.0
(C-4a), 125.7 (d, JCF = 7.2 Hz, C-2’), 121.8 (C-3), 117.7 (d, JCF = 22.1 Hz, C-6’), 116.6 (d,
JCF = 8.0 Hz, C-3’), 115.9 (d, JCF = 22.1 Hz, C-5’).

19F NMR (376 MHz, CD2Cl2): δ -128.0.
HRMS (ESI): calcd. for C15H11FN2 [M + H+] 239.0979, found 239.0988.

3-(2-Aminophenyl)quinoline N-oxide (125)

To a solution of 3-bromoquinoline N-oxide (124) (100.0 mg, 0.45 mmol) in THF (5 mL) under
an argon atmosphere was added 2-aminophenylboronic acid hydrochloride (68) (171.1 mg, 0.99
mmol), an aq. solution of K2PO4 (401.2 mg, 1.89 mmol in 1 mL H2O) and PdCl2(dppf) (16.5
mg, 0.022 mmol). The resulting reaction mixture was stirred at reflux for 43 hours and allowed
to cool to rt. The volatiles were then removed under reduced pressure and the concentrate was
evaporated onto celite. Purification by silica gel column chromatography (EtOAc) and concen-
tration of the relevant fractions [Rf = 0.17 (EtOAc)] gave homocoupled product 126 as yellow
needles (38.9 mg, 37%) along with the target compound 125 as yellow crystals (93.1 mg, 88%).

Characterization of compound 125:

mp: 114-116 °C.
IR (ATR): νmax 3324, 3206, 3049, 2961, 1361, 1216, 730 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.75 (d, J = 8.8 Hz, 1H, H-8), 8.68 (d, J = 1.4 Hz, 1H,

H-2), 7.88-7.87 (m, 1H, H-5), 7.84 (s, 1H, H-4) 7.79-7.74 (m, 1H, H-7), 7.69-7.65 (m, 1H,
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H-6), 7.26-7.22 (m, 1H, H-6’), 7.18 (dd, J = 7.6 Hz, 1.5 Hz, 1H, H-4’), 6.88 (td, J = 7.5 Hz,
1.1 Hz, 1H, H-5’), 6.82 (dd, J = 8.0 Hz, 0.8 Hz, 1H, H-3’), 3.83 (bs, 2H, NH2).

13C NMR (100 MHz, CDCl3): δ 144.0 (C-2’), 140.6 (C-8a), 136.6 (C-2), 133.5 (C-3),
130.6 (C-4’), 130.5 (C-4a), 130.4 (C-7), 130.2 (C-6’), 129.2 (C-6), 128.3 (C-5), 125.8 (C-4),
121.9 (C-1’), 119.9 (C-8), 119.3 (C-5’), 116.4 (C-3’).

HRMS (ESI): calcd. for C15H12N2O [M + H+] 237.1022, found 237.1031.

Characterization of compound 126:

1H NMR (400 MHz, DMSO-d6): δ 7.07 (ddd, J = 8.8 Hz, 7.3 Hz, 1.6 Hz, 2H), 6.94 (dd,
J = 7.5 Hz, 1.5 Hz, 2H), 6.78 (dd, J = 8.0 Hz, 1.0 Hz, 2H), 6.65 (td, J = 7.3 Hz, 1.1 Hz, 2H),
4.57 (bs, 4H).

In accordance with previously reported data [276,277] and is readily available commercially.

7.2.4 Diazotization-Azidation

General procedure [278]

Biaryl (1 equiv.) was dissolved in an appropriate amount of aq. HCl (37%) and the mixture
was cooled to 0 °C using an ice bath. Then, ice-cooled aq. NaNO2 (0.4 M) was added drop-
wise and the resulting mixture was stirred at 0 °C for 1.5 hours. An ice-cooled aq. solution
of NaN3/NaOAc (2.1 equiv.:14 equiv. in an appropriate amount of H2O) was added dropwise
and the mixture stirred for 1 hour while keeping the temperature at 0 °C. The reaction mixture
was quenched by addition of appropriate amounts of sat. aq. K2CO3 and subsequently ex-
tracted with CH2Cl2 (3 x 20 mL). The combined organic phases were washed (1 x 20 mL H2O,
1 x 20 mL brine), dried (MgSO4), filtered and concentrated in vacuo. The concentrate was
then evaporated onto celite and purified by column chromatography using the chromatographic
technique and eluent as indicated in the specific description to give target compounds.

3-(2-Azidophenyl)quinoline (131)

Following the general proceudre, the title compound was prepared from 2-(quinolin-3-yl)anili-
ne (69) (626.5 mg, 2.85 mmol), HCl (10 mL), NaNO2 (0.4 M), NaN3 (389.0 mg, 5.98 mmol)
and NaOAc (3.27 g, 39.90 mmol in 15 mL H2O). The crude was purified by silica gel column
chromatography (pet. ether/EtOAc 7:3→ 1:1 v/v) and concentration of the relevant fractions
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[Rf = 0.68 (pet. ether/EtOAc, 1:1 v/v)] gave the target compound 131 as a yellow solid (462.3
mg, 66%).

mp: 105-107 °C.
IR (ATR): νmax 3049, 3021, 2923, 2118 (N3), 2075 (N3), 1275, 730 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.03 (d, J = 2.0 Hz, 1H, H-2), 8.22 (d, J = 2.0 Hz, 1H,

H-4), 8.16-8.14 (m, 1H, H-8), 7.86 (dd, J = 8.1 Hz, 1.2 Hz, 1H, H-5), 7.76-7.72 (m, 1H, H-7),
7.60-7.56 (m, 1H, H-6), 7.50-7.44 (m, 2H, H-4’ and H-6’), 7.33-7.31 (m, 1H, H-5’), 7.28 (td, J

= 7.4 Hz, 1.1 Hz, 1H, H-3’).
13C NMR (100 MHz, CDCl3): δ 151.5 (C-2), 147.3 (C-8a), 137.8 (C-2’), 135.9 (C-4),

131.5 (C-6’), 131.3 (C-3), 130.2 (C-4a), 129.7 (2C, C-7 and C-4’), 129.4 (C-8), 128.1 (C-5),
127.7 (C-1’), 127.0 (C-6), 125.4 (C-3’), 119.0 (C-5’).

UV (MeOH): λmax 308 nm.
In accordance with previously reported data. [150]

3-(2-Azidophenyl)-5-nitroquinoline (131a)

Following the general procedure, the title compound was prepared from 2-(5-nitroquinolin-3-
yl)aniline (69a) (92.4 mg, 0.35 mmol), HCl (4 mL), NaNO2 (0.4 M), NaN3 (47.8 mg, 0.73
mmol) and NaOAc (401.9 mg, 4.90 mmol in 5 mL H2O). Workup was carried out according to
the general procedure to give the target compound 131a as an orange solid (100.4 mg, 98%).

mp: 199-200 °C.
IR (ATR): νmax 2923, 2853, 2127 (N3), 2086 (N3), 1517, 1327, 743 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.16 (d, J = 2.1 Hz, 1H, H-2), 9.04 (dd, J = 2.1 Hz, 0.8

Hz, 1H, H-4), 8.47-8.45 (m, 1H, H-8), 8.42 (dd, J = 7.8 Hz, 1.2 Hz, 1H, H-6), 7.82 (dd, J = 8.3
Hz, 7.8 Hz, 1H, H-7), 7.53 (ddd, J = 8.1 Hz, 7.4 Hz, 1.6 Hz, 1H, H-5’), 7.48 (dd, J = 7.7 Hz,
1.4 Hz, 1H, H-6’), 7.36-7.30 (m, 2H, H-3’ and H-4’).

13C NMR (100 MHz, CDCl3): δ 152.9 (C-2), 147.2 (C-8a), 145.8 (C-5), 138.0 (C-1’),
136.5 (C-8), 134.5 (C-3), 131.6 (C-5’), 130.5 (C-6’), 129.3 (C-2’), 127.6 (C-7), 125.6 (C-6),
125.1 (C-4’), 120.9 (C-4a), 119.1 (C-3’). The presence of C-5’ was confirmed by 1H-13C
HSQC and 1H-13C HMBC.

UV (MeOH): λmax 333 nm.
HRMS (ESI): sample sent to UiB for analysis.
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3-(2-Azidophenyl)-6-acetylquinoline (131b)

Following the general procedure, the title compound was prepared from 2-(6-acetylquinolin-3-
yl)aniline (69b) (100.0 mg, 0.38 mmol), HCl (5 mL), NaNO2 (0.4 M), NaN3 (52.1 mg, 0.80
mmol) and NaOAc (436.4 mg, 5.32 mmol in 10 mL H2O). Workup was carried out according
to the general procedure to give the target compound 131b as a pale orange solid (109.9 mg,
quant.).

mp: 159-162 °C.
IR (ATR): νmax 3007, 2959, 2919, 2850, 2126 (N3), 2082 (N3), 1671 (C=O), 742 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.10 (s, 1H, H-2), 8.48 (d, J = 1.4 Hz, 1H, H-5), 8.33 (d,

J = 1.5 Hz, 1H, H-4), 8.27 (dd, J = 8.8 Hz, 1.7 Hz, 1H, H-7), 8.18 (d, J = 8.8 Hz, 1H, H-8),
7.52-7.47 (m, 1H, H-6’), 7.45 (dd, J = 7.6 Hz, 1.2 Hz, 1H, H-5’), 7.34-7.27 (m, 2H, H-3’ and
H-4’), 2.74 (s, 3H, CH3).

13C NMR (100 MHz, CDCl3): δ 197.4 (C=O), 153.7 (C-2), 149.1 (C-8a), 137.9 (C-1’),
137.3 (C-4), 135.3 (C-6), 132.2 (C-3), 131.4 (C-5’), 130.2 (C-5), 129.9 (C-6’), 129.5 (C-2’),
127.9 (C-7), 126.9 (C-4a), 125.5 (C-3’), 119.1 (C-4’), 26.9 (CH3).

UV (MeOH): λmax 287 nm.
HRMS (ESI): sample sent to UiB for analysis.

3-(2-Azidophenyl)-6-methoxyquinoline (131c)

Following the general procedure, the title compound was prepared from 2-(6-methoxyquinolin-
3-yl)aniline (69c) (200.0 mg, 0.80 mmol), HCl (10 mL), NaNO2 (0.4 M), NaN3 (109.1 mg, 1.68
mmol) and NaOAc (918.7 mg, 11.20 mmol in 10 mL H2O). Workup was carried out according
to the general procedure to give the target compound 131c as a red wax (220.7 mg, quant.).
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IR (ATR): νmax 3059, 3003, 2929, 2125 (N3), 2097 (N3), 1623, 1495, 1294, 1216 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.56 (bs, 1H, H-2), 8.12 (d, J = 1.9 Hz, 1H, H-4), 8.03

(d, J = 9.2 Hz, 1H, H-8), 7.50-7.43 (m, 2H, H-4’ and H-5’), 7.39 (dd, J = 9.2 Hz, 2.8 Hz, 1H,
H-7), 7.32 (dd, J = 8.0 Hz, 0.6 Hz, 1H, H-3’), 7.30-7.26 (m, 1H, H-6’), 7.12 (d, J = 2.7 Hz,
1H, H-5), 3.95 (s, 3H, OCH3).

13C NMR (100 MHz, CDCl3): δ 158.2 (C-6), 148.9 (C-2), 143.5 (C-8a), 137.9 (C-1’),
134.9 (C-4), 131.5 (C-4’), 130.8 (C-8), 130.4 (C-2’), 129.7 (C-5’), 128.8 (C-4a), 125.4 (C-6’),
122.6 (C-7), 119.0 (C-3’), 105.5 (C-5), 55.7 (OCH3).

UV (MeOH): λmax 241 nm.
HRMS (ESI): calcd. for C16H12N4O [M + H+] 277.1084, found 277.1084.

3-(2-Azidophenyl)-7-nitroquinoline (131d)

Following the general procedure, the title compound was prepared from 2-(7-nitroquinolin-3-
yl)aniline (69d) (150.0 mg, 0.56 mmol), HCl (5 mL), NaNO2 (0.4 M), NaN3 (77.2 mg, 1.19
mmol) and NaOAc (643.1 mg, 7.84 mmol in 10 mL H2O). Workup was carried out according
to the general procedure to give the target compound 131d as a light yellow solid (165.2 mg,
quant.).

mp: 117-119 °C.
IR (ATR): νmax 3111, 3022, 2924, 2856, 2127 (N3), 2083 (N3), 1526, 1345, 1287, 911,

743 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.19 (d, J = 1.6 Hz, 1H, H-2), 9.05 (d, J = 1.5 Hz, 1H,

H-8), 8.37 (dd, J = 8.9 Hz, 2.0 Hz, 1H, H-5), 8.32 (d, J = 1.5 Hz, 1H, H-4), 8.02 (d, J = 8.9
Hz, 1H, H-6), 7.56-7.52 (m, 1H, H-6’), 7.49-7.47 (m, 1H, H-5’), 7.37-7.31 (m, 2H, H-3’ and
H-4’).

13C NMR (100 MHz, CDCl3): δ 154.0 (C-2), 148.2 (C-7), 146.1 (C-8a), 138.0 (C-1’),
135.6 (C-4), 134.4 (C-3), 131.5 (C-5’), 131.0 (C-4a), 130.6 (C-6’), 129.7 (C-6), 129.0 (C-2’),
125.8 (C-3’), 125.6 (C-8), 120.6 (C-5), 119.2 (C-4’).

UV (MeOH): λmax 329 nm.
HRMS (ESI): sample sent to UiB for analysis.
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3-(2-Azidophenyl)-8-nitroquinoline (131e)

Following the general procedure, the title compound was prepared from 2-(8-nitroquinolin-3-
yl)aniline (69e) (95.0 mg, 0.36 mmol), HCl (5 mL), NaNO2 (0.4 M), NaN3 (48.9 mg, 0.75
mmol) and NaOAc (413.4 mg, 5.04 mmol in 10 mL H2O). Workup was carried out according
to the general procedure to give the target compound 131e as an orange solid (75.5 mg, 72%).

mp: 168-170 °C.
IR (ATR): νmax 3032, 2920, 2852, 2125 (N3), 2083 (N3), 1523, 1349, 766, 745 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.18 (d, J = 2.1 Hz, 1H, H-2), 8.32 (d, J = 2.1 Hz, 1H,

H-4), 8.10-8.06 (m, 2H, H-5 and H-7), 7.67-7.63 (m, 1H, H-6), 7.52 (ddd, J = 8.0 Hz, 7.5 Hz,
1.5 Hz, 1H, H-6’), 7.45 (dd, J = 7.6 Hz, 1.4 Hz, 1H, H-5’), 7.35 (dd, J = 8.0 Hz, 0.8 Hz, 1H,
H-4’), 7.31 (td, J = 7.5 Hz, 1.0 Hz, 1H, H-3’).

13C NMR (100 MHz, CDCl3): δ 153.9 (C-2), 148.3 (C-8), 138.5 (C-8a), 138.0 (C-1’),
135.8 (C-4), 133.2 (C-3), 132.4 (C-5), 131.4 (C-5’), 130.4 (C-6’), 128.9 (C-2’), 128.7 (C-4a),
125.8 (C-6), 125.6 (C-3’), 124.0 (C-7), 119.1 (C-4’).

UV (MeOH): λmax 285 nm.
HRMS (ESI): calcd. for C15H9N5O2 [M + H+] 292.0829, found 292.0829.

3-(2-Azido-5-nitrophenyl)quinoline (131g)

Following the general procedure, the title compound was prepared from 3-(2-azido-5-nitrophe-
nyl)quinoline (69g) (100.0 mg, 0.38 mmol), HCl (5 mL), NaNO2 (0.4 M), NaN3 (51.5 mg, 0.79
mmol) and NaOAc (436.4 mg, 5.32 mmol in 10 mL H2O). Workup was carried out according
to the general procedure to give the target compound 131g as an off-white solid (68.7 mg 62%).

mp: 178-179 °C.
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IR (ATR): νmax 3070, 3026, 2920, 2851, 2118 (N3), 1519, 1348, 1274, 740 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.04 (bs, 1H, H-2), 8.37-8.33 (m, 2H, H-4’ and H-6’),

8.27 (d, J = 1.5 Hz, 1H, H-4), 8.18 (d, J = 8.4 Hz, 1H, H-8), 7.91 (d, J = 8.1 Hz, 1H, H-5),
7.81-7.78 (m, 1H, H-7), 7.65-7.61 (m, 1H, H-6), 7.44 (dt, J = 9.8 Hz, 1.6 Hz, 1H, H-3’).

13C NMR (100 MHz, CDCl3): δ 150.6 (C-2), 147.7 (C-8a), 144.9 (C-1’), 144.6 (C-5’),
136.4 (C-4), 131.1 (C-2’), 130.5 (C-7), 129.5 (C-8), 128.3 (C-5), 127.5 (C-6), 127.3 (C-4a),
126.3 (C-4’), 125.6 (C-3), 124.9 (C-6’), 119.4 (C-3’).

UV (MeOH): λmax 304 nm.
HRMS (ESI): calcd. for C15H9N5O2 [M + H+] 292.0829, found 292.0829.

4-Azido-3-(quinolin-3-yl)benzonitrile (131h)

Following the general procedure, the title compound was prepared from 4-amino-3-(quinolin-
3-yl)benzonitrile (69h) (200.0 mg, 0.82 mmol), HCl (10 mL), NaNO2 (0.4 M), NaN3 (111.4
mg, 1.71 mmol) and NaOAc (941.7 mg, 11.48 mmol in 15 mL H2O). Workup was carried
out according to the general procedure to give the target compound 131h as a light pink solid
(218.0 mg, 98%).

mp: 199 °C (decomp.).
IR (ATR): νmax 3060, 2915, 2849, 2121 (CN/N3), 1485, 1278, 745 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 9.05 (d, J = 2.2 Hz, 1H, H-2), 8.53 (d, J = 2.0 Hz, 1H,

H-4), 8.09 (d, J = 1.9 Hz, 1H, H-3’), 8.07 (d, J = 8.8 Hz, 1H, H-8), 8.04 (dd, J = 8.2 Hz, 0.9
Hz, 1H, H-5), 8.00 (dd, J = 8.4 Hz, 2.0 Hz, 1H, H-7), 7.85-7.81 (m, 1H, H-6), 7.70-7.65 (m,
2H, H-5’ and H-6’).

13C NMR (100 MHz, DMSO-d6): δ 150.8 (C-2), 146.7 (C-8a), 142.4 (C-2’), 136.2 (C-4),
135.1 (C-3’), 133.5 (C-7), 130.2 (C-6), 129.1 (C-4a), 128.6 (C-5), 128.4 (C-8), 127.1 (C-5’),
120.8 (C-6’), 118.3 (CN), 107.6 (C-4’). The presence of C-3 and C-1’ were confirmed by
1H-13C HSCQ and 1H-13C HMBC.

UV (MeOH): λmax 294 nm.
HRMS (ESI): sample sent to UiB for analysis.
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3-(2-Azido-5-(trifluoromethyl)phenyl)quinoline (131i)

Following the general procedure, the title compound was prepared from 2-(quinolin-3-yl)-4-
(trifluoromethyl)aniline (69i) (70.0 mg, 0.24 mmol), HCl (5 mL), NaNO2 (0.4 M), NaN3 (32.7
mg, 0.50 mmol) and NaOAc (275.6 mg, 3.36 mmol in 5 mL H2O). Workup was carried out
according to the general procedure to give the target compound 131i as a red oil (48.2 mg, 64%).

IR (ATR): νmax 2924, 2852, 2107 (N3), 1323, 1271, 1113, 730 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 9.06 (bs, 1H, H-2), 8.53 (d, J = 1.4 Hz, 1H, H-4),

8.08-8.05 (m, 2H, H-6 and H-8), 7.91-7.88 (m, 2H, H-4’ and H-6’), 7.84-7.80 (m, 1H, H-7),
7.70 (d, J = 8.9 Hz, 1H, H-5), 7.65 (d, J = 7.6 Hz, 1H, H-3’).

13C NMR (100 MHz, DMSO-d6): δ 150.9 (C-2), 146.7 (C-8a), 141.5 (C-1’), 136.2 (C-4),
130.1 (C-7), 130.0 (C-4a), 128.6 (C-8), 128.4 (C-6), 128.1 (q, JCF = 3.5 Hz, C-4’), 127.0 (C-
3’), 126.6 (q, JCF = 3.6 Hz, C-6’), 125.6 (q, JCF = 32.5 Hz, C-5’), 125.3 (C-3), 122.6 (C-2’),
120.5 (C-5). CF3 was obscured or overlapping.

19F NMR (376 MHz, DMSO-d6): δ -60.3.
UV (MeOH): λmax 309 nm.
HRMS (ESI): calcd. for C16H9F3N4 [M + H+] 315.0852, found 315.0851.

3-(2-Azido-5-(trifluoromethoxy)phenyl)quinoline (131j)

Following the general procedure, the title compound was prepared from 2-(quinolin-3-yl)-4-
(trifluoromethoxy)aniline (69j) (150.0 mg, 0.49 mmol), HCl (5 mL), NaNO2 (0.4 M), NaN3

(67.3 mg, 1.03 mmol) and NaOAc (562.7 mg, 6.86 mmol in 10 mL H2O). Workup was carried
out according to the general procedure to give the target commpound 131j as a dark orange
solid (153.3 mg, 95%).

mp: 54-56 °C.
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IR (ATR): νmax 3063, 2923, 2853, 2114 (N3), 2085 (N3), 1488, 1246, 1210, 1159, 786,
753 cm−1.

1H NMR (400 MHz, CDCl3): δ 9.01 (s, 1H, H-2), 8.22 (d, J = 2.1 Hz, 1H, H-4), 8.16 (d, J

= 8.5 Hz, 1H, H-8), 7.88 (dd, J = 8.1 Hz, 0.9 Hz, 1H, H-5), 7.79-7.75 (m, 1H, H-7), 7.62-7.58
(m, 1H, H-6), 7.36-7.31 (m, 3H, H-3’, H-4’ and H-6’).

13C NMR (100 MHz, CDCl3): δ 150.9 (C-2), 147.6 (C-8a), 146.2 (q, JCF = 2.0 Hz, C-5’),
136.7 (C-1’), 136.2 (C-4), 131.7 (C-3), 130.2 (C-7), 129.9 (C-4a), 129.5 (C-8), 128.2 (C-5),
127.6 (C-2’), 127.3 (C-6), 124.1 (C-3’), 122.3 (C-4’), 120.6 (q, JCF = 257.7 Hz, OCF3), 120.2
(C-6’).

19F NMR (376 MHz, CDCl3): δ -57.9.
UV (MeOH): λmax 301 nm.
HRMS (ESI): calcd. for C16H9F3N4O [M + H+] 331.0801, found 331.0801.

3-(2-Azido-5-chlorophenyl)quinoline (131k)

Following the general procedure, the title compound was prepared from 4-chloro-2-(quinolin-
3-yl)aniline (69k) (200.0 mg, 0.79 mmol), HCl (10 mL), NaNO2 (0.4 M), NaN3 (107.8 mg,
1.66 mmol) and NaOAc (907.2 mg, 11.06 mmol in 10 mL H2O). Workup was carried out ac-
cording to the general procedure to give the target compound 131k as a bright orange crystalline
solid (186.3 mg, 84%).

mp: 138-139 °C.
IR (ATR): νmax 3078, 2921, 2852, 2122 (N3), 2092 (N3), 1482, 1283, 742 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.99 (bs, 1H, H-2), 8.19 (d, J = 1.9 Hz, 1H, H-4), 8.15 (d,

J = 8.4 Hz, 1H, H-8), 7.86 (dd, J = 8.2 Hz, 0.9 Hz, 1H, H-5), 7.77-7.73 (m, 1H, H-7), 7.61-7.57
(m, 1H, H-6), 7.44-7.41 (m, 2H, H-4’ and H-6’), 7.23 (dd, J = 6.4 Hz, 2.8 Hz, 1H, H-3’).

13C NMR (100 MHz, CDCl3): δ 150.9 (C-2), 147.5 (C-8a), 136.5 (C-1’), 136.1 (C-4),
131.7 (C-3), 131.3 (C-6’), 130.6 (C-5’), 130.1 (C-7), 129.6 (C-4’), 129.4 (C-8), 128.2 (C-5),
127.6 (C-4a), 127.2 (C-6), 120.2 (C-3’). C-2’ was obscured or overlapping.

UV (MeOH): λmax 292 nm.
HRMS (ESI): sample sent to UiB for analysis.
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3-(2-Azido-5-fluorophenyl)quinoline (131l)

Following the general procedure, the title compound was prepared from 4-fluoro-2-(quinolin-
3-yl)aniline (69l) (145.0 mg, 0.61 mmol), HCl (5 mL), NaNO2 (0.4 M), NaN3 (83.3 mg, 1.28
mmol) and NaOAc (700.5 mg, 8.54 mmol in 10 mL H2O). Workup was carried out according
to the general procedure to give the target compound 131l as a pale yellow solid (127.6 mg,
79%).

mp: 151-154 °C (decomp.).
IR (ATR): νmax 3220, 3056, 3019, 2919, 2852, 2112 (N3), 2067 (N3), 1487, 1238, 803,

743 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.00 (d, J = 2.2 Hz, 1H, H-2), 8.22 (d, J = 2.0 Hz, 1H,

H-4), 8.16-8.14 (m, 1H, H-8), 7.88 (dd, J = 8.1 Hz, 1.1 Hz, 1H, H-5), 7.78-7.74 (m, 1H, H-7),
7.62-7.58 (m, 1H, H-6), 7.28-7.27 (m, 1H, H-6’), 7.21-7.17 (m, 2H, H-3’ and H-4’).

13C NMR (100 MHz, CDCl3): δ 160.0 (d, JCF = 245.7 Hz, C-5’), 151.0 (C-2), 147.5
(C-8a), 136.1 (C-4), 133.7 (d, JCF = 3.0 Hz, C-2’), 131.8 (d, JCF = 7.7 Hz, C-1’), 130.3 (C-3),
130.1 (C-7), 129.5 (C-8), 128.2 (C-5), 127.6 (C-4a), 127.2 (C-6), 120.4 (d, JCF = 8.5 Hz, C-6’),
118.2 (d, JCF = 23.3 Hz, C-4’), 116.5 (d, JCF = 23.2 Hz, C-3’).

19F NMR (376 MHz, CDCl3): δ -116.9.
UV (MeOH): λmax 302 nm.
HRMS (ESI): sample sent to UiB for analysis.

3-(2-Azido-5-methylphenyl)quinoline (131m)

Following the general procedure, the title compound was prepared from 4-methyl-2-(quinolin-
3-yl)aniline (69m) (300.0 mg, 1.28 mmol), HCl (20 mL), NaNO2 (0.4 M), NaN3 (174.7 mg,
2.69 mmol) and NaOAc (1.47 g, 17.92 mmol in 20 mL H2O). Workup was carried out accord-
ing to the general procedure to give the target compound 131m as a dark yellow oil (287.8 mg,
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89%).

IR (ATR): νmax 3022, 2921, 2855, 2107 (N3), 2065 (N3), 1487, 1290, 748 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.01 (s, 1H, H-2), 8.21 (d, J = 2.0 Hz, 1H, H-4), 8.14 (d, J

= 8.4 Hz, 1H, H-8), 7.86 (dd, J = 8.1 Hz, 0.8 Hz, 1H, H-5), 7.76-7.72 (m, 1H, H-7), 7.60-7.56
(m, 1H, H6), 7.29-7.25 (m, 2H, H-4’ and H-6’), 7.21 (d, J = 8.1 Hz, 1H, H-3’), 2.42 (s, 3H,
CH3).

13C NMR (100 MHz, CDCl3): δ 151.6 (C-2), 147.3 (C-8a), 135.9 (C-4), 135.2 (C-5’),
135.1 (C-1’), 132.1 (C-6’), 131.4 (C-3), 130.4 (C-4’), 130.0 (C-2’), 129.7 (C-7), 129.4 (C-8),
128.1 (C-5), 127.8 (C-4a), 127.0 (C-6), 118.9 (C-3’), 21.0 (CH3).

UV (MeOH): λmax 316 nm.
HRMS (ESI): calcd. for C16H12N4 [M + H+] 261.1135, found 261.1136.

3-(2-Azido-5-methoxyphenyl)quinoline (131n)

Following the general procedure, the title compound was prepared from 4-methoxy-2-(quinolin-
3-yl)aniline (69n) (60.0 mg, 0.24 mmol), HCl (5 mL), NaNO2 (0.4 M), NaN3 (32.8 mg, 0.50
mmol) and NaOAc (275.6 mg, 3.36 mmol in 5 mL H2O). Workup was carried out according to
the general procedure to give the target compound 131n as a brown oil (41.4 mg, 62%).

IR (ATR): νmax 3059, 3002, 2927, 2851, 2110 (N3), 1498, 1288, 1239, 753 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.02 (d, J = 2.0 Hz, 1H, H-2), 8.22 (d, J = 2.1 Hz, 1H,

H-4), 8.15-8.13 (m, 1H, H-8), 7.87 (dd, J = 8.3 Hz, 3.0 Hz, 1H, H-5), 7.76-7.72 (m, 1H, H-7),
7.60-7.56 (m, 1H, H-6), 7.23 (d, J = 8.6 Hz, 1H, H-3’), 7.02 (dd, J = 8.7 Hz, 3.0 Hz, 1H, H-4’),
6.98 (d, J = 2.8 Hz, 1H, H-6’), 3.58 (s, 3H, OCH3).

13C NMR (100 MHz, CDCl3): δ 157.2 (C-5’), 151.4 (C-2), 147.3 (C-8a), 135.9 (C-4),
131.2 (C-3), 131.2 (C-2’), 130.2 (C-1’), 129.8 (C-7), 129.4 (C-8), 128.2 (C-5), 127.7 (C-4a),
120.1 (C-3’), 116.8 (C-6’), 115.2 (C-4’), 55.8 (OCH3).

UV (MeOH): λmax 319 nm.
HRMS (ESI): calcd. for C16H12N4O [M + H+] 277.1084, found 277.1083.
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3-(2-Azido-4-methylphenyl)quinoline (131o)

Following the general procedure, the title compound was prepared from 5-methyl-2-(quinolin-
3-yl)aniline (69o) (100.0 mg, 0.43 mmol), HCl (5 mL), NaNO2 (0.4 M), NaN3 (58.3 mg, 0.90
mmol) and NaOAc (493.8 mg, 6.02 mmol in 10 mL H2O). Workup was carried out according
to the general procedure to give the target compound 131o as a dark yellow solid (75.8 mg,
68%).

mp: 87-89 °C.
IR (ATR): νmax 3055, 3022, 2928, 2850, 2104 (N3), 1297, 815, 741 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.01 (bs, 1H, H-2), 8.19 (d, J = 2.0 Hz, 1H, H-4), 8.14 (d,

J = 8.4 Hz, 1H, H-8), 7.85 (dd, J = 8.2 Hz, 1.0 Hz, 1H, H-5), 7.74-7.70 (m, 1H, H-7), 7.58-7.54
(m, 1H, H-6), 7.33 (d, J = 7.7 Hz, 1H, H-5’), 7.11 (s, 1H, H-3’), 7.09-7.07 (m, 1H, H-6’), 2.45
(s, 3H, CH3).

13C NMR (100 MHz, CDCl3): δ 151.6 (C-2), 147.1 (C-8a), 140.1 (C-4’), 137.5 (C-1’),
135.8 (C-4), 131.3 (C-2’), 131.3 (C-5’), 129.6 (C-6), 129.3 (C-8), 128.1 (C-5), 127.8 (C-4a),
127.3 (C-3), 126.9 (C-6), 126.3 (C-3’), 119.5 (C-6’), 21.3 (CH3).

UV (MeOH): λmax 315 nm.
HRMS (ESI): calcd. for C16H12N4 [M + H+] 261.1135, found 261.1133.

3-(2-Azido-5-nitrophenyl)-5-nitroquinoline (131p)

Following the general procedure, the title compound was prepared from 4-nitro-2-(5-nitroquin-
olin-3-yl)aniline (69p) (61.9 mg, 0.20 mmol), HCl (2 mL), NaNO2 (0.4 M), NaN3 (27.3 mg,
0.42 mmol) and NaOAc (229.7 mg, 2.80 mmol in 5 mL H2O). Workup was carried out accord-
ing to the general procedure to give the target compound 131p as a green solid (57.2 mg, 85%).

mp: 153 °C (decomp.).
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IR (ATR): νmax 3102, 3023, 2917, 2853, 2125 (N3), 2092 (N3), 1511, 1303, 826, 733
cm−1.

1H NMR (400 MHz, CDCl3): δ 9.13-9.11 (m, 2H, H-2 and H-4), 8.51-8.48 (m, 1H, H-6),
8.47 (dd, J = 7.8 Hz, 1.2 Hz, 1H, H-8), 8.40 (dd, J = 8.7 Hz, 2.6 Hz, 1H, H-4’), 8.38 (dd, J =
2.5 Hz, 0.4 Hz, 1H, H-6’), 7.88 (dd, J = 8.4 Hz, 7.8 Hz, 1H, H-7), 7.47 (dd, J = 8.6 Hz, 0.4 Hz,
1H, H-3’).

13C NMR (100 MHz, CDCl3): δ 152.0 (C-2), 147.6 (C-8a), 145.7 (C-5), 144.9 (C-5’),
144.8 (C-1’), 136.7 (C-6), 132.4 (C-4), 132.3 (C-2’), 130.1 (C-3), 128.4 (C-7), 127.0 (C-6’),
125.6 (C-4’), 120.7 (C-4a), 119.5 (C-3’). The presencre of C-8 was confirmed by 1H-13C
HSQC.

UV (MeOH): λmax 311 nm.
HRMS (ESI): sample decomposed before the analysis could be completed.

3-(2-Azido-5-chlorophenyl)-8-nitroquinoline (131q)

Following the general procedure, the title compound was prepared from 4-chloro-2-(8-nitroqui-
nolin-3-yl)aniline (69q) (200.0 mg, 0.67 mmol), HCl (10 mL), NaNO2 (0.4 M), NaN3 (91.3
mg, 1.40 mmol) and NaOAc (769.4 mg, 9.38 mmol in 10 mL H2O). Workup was carried out
according to the general procedure to give the target compound 131q as a red solid (201.2 mg,
92%).

mp: 182-183 °C.
IR (ATR): νmax 2922, 2851, 2127 (N3), 2099 (N3), 1519, 1339, 1291, 766 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.15 (d, J = 2.2 Hz, 1H, H-2), 8.30 (d, J = 2.2 Hz, 1H,

H-4), 8.10-8.08 (m, 2H, H-5 and H-7), 7.67 (t, J = 7.9 Hz, 1H, H-6), 7.48 (dd, J = 8.5 Hz, 2.4
Hz, 1H, H-4’), 7.43 (d, J = 2.4 Hz, 1H, H-6’), 7.28 (d, J = 8.6 Hz, 1H, H-3’).

13C NMR (100 MHz, CDCl3): δ 153.4 (C-2), 148.3 (C-8), 138.7 (C-8a), 136.7 (C-5’),
135.9 (C-4), 132.4 (C-5), 132.0 (C-3), 131.2 (C-6’), 130.9 (C-1’), 130.4 (C-2’), 130.3 (C-4’),
128.6 (C-4a), 126.0 (C-6), 124.3 (C-7), 120.4 (C-3’).

UV (MeOH): λmax 292 nm.
HRMS (ESI): calcd. for C15H8ClN5O2 [M + Na+] 348.0259, found 348.0260.
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3-(2-Azido-4-methylphenyl)-6-acetylquinoline (131r)

Following the general procedure, the title compound was prepared from 2-(6-acetylquinolin-3-
yl)-5-methylaniline (69r) (200.0 mg, 0.72 mmol), HCl (10 mL), NaNO2 (0.4 M), NaN3 (98.9
mg, 1.52 mmol) and NaOAc (826.9 mg, 10.08 mmol in 10 mL H2O). Workup was carried out
according to the general procedure to give the target compound 131r as a pale yellow solid
(184.7 mg, 85%).

mp: 163-165 °C.
IR (ATR): νmax 2922, 2852, 2107 (N3), 1670 (C=O), 1295, 813 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.09 (s, 1H, H-2), 8.48 (d, J = 1.7 Hz, 1H, H-5), 8.32 (d, J

= 2.0 Hz, 1H, H-4), 8.26 (dd, J = 8.9 Hz, 1.9 Hz, 1H, H-7), 8.17 (d, J = 1.7 Hz, 1H, H-8), 7.34
(d, J = 7.7 Hz, 1H, H-6’), 7.13 (s, 1H, H-3’), 7.11-7.09 (m, 1H, H-5’), 2.75 (s, 3H, CO-CH3),
2.46 (s, 3H, CH3).

13C NMR (100 MHz, CDCl3): δ 197.5 (C=O), 153.9 (C-2), 148.9 (C-8a), 140.5 (C-4’),
137.5 (C-1’), 137.1 (C-4), 135.3 (C-6), 132.3 (C-3), 131.2 (C-6’), 130.2 (C-5), 129.9 (C-8),
127.8 (C-7), 127.1 (C-4a), 126.7 (C-2’), 126.5 (C-5’), 119.6 (C-3’), 26.9 (CO-CH3), 21.4
(CH3).

UV (MeOH): λmax 294 nm.
HRMS (ESI): sample sent to UiB for analysis.

5-(2-Azidophenyl)quinoline (134)

Following the general procedure, the title compound was prepared from 2-(quinolin-5-yl)anili-
ne (72) (500.0 mg, 2.27 mmol), HCl (15 mL), NaNO2 (0.4 M), NaN3 (309.8 mg, 4.77 mmol)
and NaOAc (2.61 g, 31.78 mmol in 15 mL H2O). The crude was purified by silica gel column
chromatography (pet. ether/EtOAc, 1:1 v/v) and concentration of the relevant fractions [Rf =
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0.60 (pet. ether/EtOAc, 1:1 v/v)] gave the target compound 134 as yellow crystals (443.2 mg,
79%).

mp: 110-112 °C.
IR (ATR): νmax 3053, 3034, 2111 (N3), 2078 (N3), 1278, 1261, 803, 753 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.93 (dd, J = 4.0 Hz, 1.4 Hz, 1H, H-2), 8.17-8.15 (m,

1H, H-8), 7.86 (ddd, J = 8.5 Hz, 1.5 Hz, 0.7 Hz, 1H, H-4), 7.77 (dd, J = 8.5 Hz, 7.1 Hz, 1H,
H-7), 7.52 (ddd, J = 9.1 Hz, 7.1 Hz, 1.9 Hz, 1H, H-4’), 7.44 (dd, J = 7.1 Hz, 1.1 Hz, 1H, H-6),
7.36-7.25 (m, 4H, H-3, H-3’, H-5’ and H-6’).

13C NMR (100 MHz, CDCl3): δ 150.5 (C-2), 148.3 (C-8a), 138.8 (C-2’), 136.6 (C-5),
134.5 (C-4), 132.4 (C-6’), 131.1 (C-1’), 129.8 (C-8), 129.7 (C-4’), 128.9 (C-7), 128.0 (C-6),
127.2 (C-4a), 125.0 (C-5’), 121.3 (C-3), 118.7 (C-3’).

UV (MeOH): λmax 234 nm.
HRMS (ESI): calcd. for C15H10N4 [M + H+] 247.0978, found 247.0987.

5-(2-Azido-5-fluorophenyl)quinoline (135)

Following the general procedure, the title compound was prepared from 4-fluoro-2-(quinolin-
5-yl)aniline (72b) (419.5 mg, 1.76 mmol), HCl (8 mL), NaNO2 (0.4 M), NaN3 (240.5 mg, 3.70
mmol) and NaOAc (2.02 g, 24.64 mmol in 15 mL H2O). The crude was essentially pure by
NMR and the target compound 135 was obtained as an orange solid (393.5 mg, 85%).

mp: 113-114 °C.
IR (ATR): νmax 3031, 2923, 2853, 2106 (N3), 2065 (N3), 1488, 1199, 801, 773 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.94 (dd, J = 3.9 Hz, 1.1 Hz, 1H, H-2), 8.20-8.17 (m, 1H,

H-8), 7.85 (ddd, J = 8.5 Hz, 1.6 Hz, 0.8 Hz, 1H, H-4), 7.77 (dd, J = 8.5 Hz, 7.1 Hz, 1H, H-7),
7.43 (dd, J = 7.1 Hz, 1.1 Hz, 1H, H-6), 7.37 (dd, J = 8.5 Hz, 4.2 Hz, 1H, H-3), 7.28-7.20 (m,
2H, H-3’ and H-6’), 7.06 (ddd, J = 8.6 Hz, 2.8 Hz, 0.4 Hz, 1H, H-4’).

13C NMR (100 MHz, CDCl3): δ 159.7 (d, JCF = 246.7 Hz, C-5’), 150.6 (C-2), 148.2 (C-
8a), 135.3 (d, JCF = 1.1 Hz, C-5), 134.7 (d, JCF = 2.9 Hz, C-1’), 134.1 (C-4), 132.7 (d, JCF =
8.0 Hz, C-2’), 130.2 (C-8), 128.9 (C-7), 128.0 (C-6), 126.8 (C-4a), 121.5 (C-3), 120.0 (d, JCF

= 8.6 Hz, C-3’), 119.2 (d, JCF = 23.1 Hz, C-4’), 116.5 (d, JCF = 23.1 Hz, C-6’).
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19F NMR (376 MHz, CDCl3): δ -117.3.
UV (MeOH): λmax 302 nm.
HRMS (ESI): calcd. for C15H9FN4 [M + H+] 265.0884, found 265.0890.

7.2.5 Cyclization to form tetracyclic compounds

General procedures

Method 1 - palladium-catalyzed intramolecular C-H activation/C-N bond formation: Biaryl (1
equiv.) in an appropriate amount of glacial acetic acid was added to a premixed solution of
PdCl2(dppf) (20 mol%), 1,3-bis(2,4,6-trimethylphenyl)imidazolium (IMes) (5 mol%), H2O2

(35 wt%, 29 mol%) and a suitable amount of glacial acetic acid. The reaction mixture was
placed in a sealed reactor tube and immersed into the cavity of a microwave oven and heated
at 118 °C until completion as indicated by TLC analysis. The reaction mixture was then trans-
ferred to a round-bottom flask with the aid of EtOAc/CHCl3 and the volatiles were removed
under reduced pressure. The reaction mixture was evaporated onto celite and purified by col-
umn chromatography using the eluent as indicated in the specific description to give target
compounds.

Method 2 - one-pot nitrene insertion: [278] Biaryl (1 equiv.) was dissolved in an appropriate
amount of aq. HCl (37%) and the mixture was cooled to 0 °C using an ice bath. Then, ice-
cooled aq. NaNO2 (0.4 M) was added dropwise and the resulting mixture was stirred at 0 °C for
1.5 hours. An ice-cooled aq. solution of NaN3/NaOAc (2.1 equiv.:14 equiv. in an appropriate
amount of H2O) was added dropwise and the mixture stirred for 1 hour while keeping the
temperature at 0 °C. The reaction mixture was quenched by addition of appropriate amounts
of sat. aq. K2CO3 and subsequently extracted with CH2Cl2 (3 x 20 mL). The combined
organic phases were washed (1 x 20 mL H2O, 1 x 20 mL brine), dried (MgSO4), filtered and
concentrated in vacuo. The residue was subsequently dissolved in a suitable amount of 1,2-
dichlorobenzene and flushed with argon. The resulting mixture was stirred at 180 °C for 3 hours
under an argon atmosphere. The crude mixture was then allowed to cool to rt and the solvent
was removed under reduced pressure. Finally, the concentrate was evaporated onto celite and
purified by column chromatography using eluent as indicated in the specific description to give
target compounds.

Method 3 - photocyclization: Aryl azide (1 equiv.) in 150 mL of the appropriate solvent was
bubbled with a steady flow of argon as the mixture was irradiated at ambient temperature with
a 125 W medium-pressure (254-579 nm) mercury-vapor lamp until completion as indicated by
TLC analysis. The volatiles were then removed under reduced pressure and the concentrate
was evaporated onto celite. Finally, the crude mixture was purified by column chromatography
using the eluent as indicated in the specific description to give target compounds.
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11H-Indolo[3,2-c]quinoline (38)

Method 1: Following the general procedure, the title compound was prepared from 2-(quinolin-
3-yl)aniline (69) (70.0 mg, 0.32 mmol), PdCl2(dppf) (46.3 mg, 0.063 mmol), IMes (4.8 mg,
0.016 mmol), H2O2 (0.075 mL, 0.092 mmol) in AcOH (2 mL). After a reaction time of 10
minutes, the crude was purified by silica gel column chromatography (CH2Cl2/EtOAc, 8:2→
6:4 v/v) and concentration of the relevant fractions [Rf = 0.25 (CH2Cl2/EtOAc, 1:1 v/v)] gave
the target compound 38 as an off-white solid (50.3 mg, 73%).

Method 2: Following the general procedure, the title compound was prepared from 2-
(quinolin-3-yl)aniline (69) (100.0 mg, 0.45 mmol), HCl (3 mL), NaNO2 (0.4 M), NaN3 (61.4
mg, 0.94 mmol) and NaOAc (516.8 mg, 6.30 mmol in 5 mL H2O). After formation of the azide
was confirmed by IR, the cyclization was carried out using 1,2-dichlorobenzene (3 mL). The
crude was purified by silica gel column chromatography (CH2Cl2/EtOAc, 8:2→ 0:1 v/v) and
concentration of the relevant fractions [Rf = 0.25 (CH2Cl2, 1:1 v/v)] gave the target compound
38 as an off-white solid (86.4 mg, 88%) along with compound 26 as off-white crystals (4.2 mg,
4%).

Method 3: Following the general procedure, the title compound was prepared by irradiating
3-(2-azidophenyl)quinoline (131) (50.0 mg, 0.20 mmol) in α-α-α-trifluorotoluene (150 mL)
for 45 minutes. The volatiles were removed under reduced pressure to give the target com-
pound 38 as an off-white powder (41.3 mg, 95%).

Characterization of compound 38:

mp: 333-336 °C (lit. [124] 340-341 °C).
IR (NaCl): νmax 3060, 2958, 2854, 1682, 1582, 1515, 1493 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 12.74 (bs, 1H, NH), 9.60 (s, 1H, H-6), 8.52 (dd, J

= 7.8 Hz, 1.1 Hz, 1H, H-1), 8.33-8.31 (m, 1H, H-7), 8.14 (dd, J = 8.4 Hz, 1.1 Hz, 1H, H-4),
7.77-7.68 (m, 3H, H-2, H-3 and H-10), 7.52-7.48 (m, 1H, H-9), 7.37-7.33 (m, 1H, H-8).

13C NMR (100 MHz, DMSO-d6): δ 145.3 (C-4a), 144.7 (C-6), 139.8 (C-11a), 138.8 (C-
10a), 129.4 (C-4), 128.1 (C-3), 125.7 (C-2), 125.6 (C-9), 122.1 (C-1), 121.9 (C-6b), 120.6
(C-8), 120.1 (C-7), 117.1 (C-11b), 114.3 (C-6a), 111.9 (C-10).
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In accordance with previously reported data. [124]

Characterization of compound 26:

mp: 341-342 °C (lit. [279] 342-346 °C).
IR (ATR): νmax 3139, 2923, 2849, 1402, 725 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 11.72 (bs, 1H, NH), 9.06 (s, 1H, H-11), 8.26 (d, J =

7.7 Hz, 1H, H-10), 8.11 (dd, J = 8.1 Hz, 1.3 Hz, 1H, H-1), 7.99-7.97 (m, 1H, H-4), 7.75-7.70
(m, 1H, H-3), 7.55-7.46 (m, 3H, H-2, H-7 and H-8), 7.29-7.25 (m, 1H, H-9).

13C NMR (100 MHz, DMSO-d6): δ 152.7 (C-4a), 146.1 (C-5a), 141.4 (C-6a), 128.7 (C-1),
128.6 (C-3), 128.2 (C-2), 127.7 (C-11), 126.8 (C-4), 123.6 (C-11a), 122.8 (C-8), 121.8 (C-10),
120.3 (C-10a), 119.7 (C-9), 118.0 (C-10b), 110.9 (C-7).

In accordance with previously reported data. [183]

7H-Pyrido[4,3,2-gh]phenanthridine (54)

Method 1: Following the general procedure, the title compound was prepared from 2-(quinolin-
5-yl)aniline (72) (100.0 mg, 0.45 mmol), PdCl2(dppf) (66.5 mg, 0.091 mmol), IMes (6.8 mg,
0.022 mmol), H2O2 (11 µL, 0.13 mmol) in AcOH (2 mL). After a reaction time of 30 minutes,
the crude was purified by silica gel column chromatography (CH2Cl2/EtOH, 1:1 → 0:1 v/v)
and concentration of the relevant fractions [Rf = 0.19 (EtOH)] gave the target compound 54 as
a yellow gel (72.0 mg, 73%).

IR (NaCl): νmax 3274, 3167, 3112, 3049, 2919, 2851, 2762, 1614, 1576, 1460, 669 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 8.33 (dd, J = 8.2 Hz, 0.8 Hz, 1H, H-11), 8.27 (d, J

= 6.6 Hz, 1H, H-5), 8.16 (d, J = 7.8 Hz, 1H, H-1), 7.96 (t, J = 8.0 Hz, 1H, H-2), 7.66 (dd, J

= 8.4 Hz, 0.6 Hz, 1H, H-3), 7.59-7.55 (m, 1H, H-9), 7.50 (dd, J = 8.1 Hz, 0.8 Hz, 1H, H-8),
7.39-7.34 (m, 1H, H-10), 6.77 (d, J = 6.6 Hz, 1H, H-6).

13C NMR (100 MHz, DMSO-d6): δ 149.2 (C-3a), 143.3 (C-5), 141.1 (C-6a), 135.5 (C-
7a), 134.1 (C-2), 131.6 (C-11b), 130.9 (C-9), 124.9 (C-10), 123.8 (C-11), 120.4 (C-11a), 118.1
(C-8), 117.2 (C-3a1), 115.9 (C-3), 115.0 (C-1), 99.7 (C-6).

HRMS (ESI): calcd. for C15H10N2 [M + H+] 219.0917, found 219.0917.
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6-Methoxy-7H-pyrido[4,3,2-gh]phenanthridine (54b)

Method 1: Following the general procedure, the title compound was prepared from 2-(3-
methoxyquinolin-5-yl)aniline (72a) (100.0 mg, 0.40 mmol), PdCl2(dppf) (58.5 mg, 0.080 mmol),
IMes (6.1 mg, 0.020 mmol), H2O2 (10 µL, 0.12 mmol) in AcOH (2 mL). After a reaction time
of 1 hour, the crude was purified by silica gel column chromatography (CH2Cl2/EtOAc/EtOH,
1:1:0→ 1:0:1→ 0:0:1 v/v) followed by a second purification by silica gel (CH2Cl2/EtOH, 7:3
→ 1:1 v/v) and concentration of the relevant fractions [Rf = 0.33 (CH2Cl2/EtOH, 7:3 v/v)] gave
the target compound 54b as a bright yellow gel (38.4 mg, 39%).

1H NMR (400 MHz, DMSO-d6): δ 8.42 (bs, 1H, H-5), 8.30 (dd, J = 8.4 Hz, 1.0 Hz, 1H,
H-11), 8.08 (d, J = 7.7 Hz, 1H, H-1), 7.88 (t, J = 8.0 Hz, 1H, H-2), 7.80 (dd, J = 8.2 Hz, 0.8
Hz, 1H, H-3), 7.71 (d, J = 8.4 Hz, 1H, H-8), 7.56-7.52 (m, 1H, H-9), 7.38-7.34 (m, 1H, H-10),
4.07 (s, 3H, OCH3).

13C NMR (100 MHz, DMSO-d6): δ 140.2 (C-3a), 138.3 (C-6a), 135.5 (C-6), 132.8 (C-
2), 131.0 (C-7a), 130.8 (C-9), 127.0 (C-5), 127.0 (C-11b), 125.2 (C-10), 123.6 (C-11), 120.7
(C-3a1), 118.8 (C-3), 116.5 (C-11a), 115.7 (C-8), 113.8 (C-1), 57.8 (OCH3).

HRMS (ESI): calcd. for C16H13N2O [M + H+] 249.1022, found 249.1029.

7H-Pyrido[2,3-c]carbazole (61)

Method 2: Following the general procedure, the title compound was prepared from 2-(quinolin-
5-yl)aniline (72) (100.0 mg, 0.45 mmol), HCl (3 mL), NaNO2 (0.4 M), NaN3 (61.4 mg, 0.94
mmol) and NaOAc (516.8 mg, 6.30 mmol in 5 mL H2O). After formation of the azide was con-
firmed by IR, the cyclization was carried out using 1,2-dichlorobenzene (3 mL). The crude was
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purified by silica gel column chromatography (CH2Cl2/EtOAc, 95:5→ 9:1 v/v) and concentra-
tion of the relevant fractions [Rf = 0.22 (CH2Cl2/EtOAc, 95:5 v/v)] gave the target compound
61 as a light brown solid (78.8 mg, 80%).

mp: 204-205 °C.
IR (ATR): νmax 3045, 2919, 2842, 1523, 1274, 956, 804, 728 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 11.92 (bs, 1H, NH), 9.17 (dd, J = 8.4 Hz, 1.4 Hz, 1H,

H-1), 8.84 (dd, J = 4.1 Hz, 1.4 Hz, 1H, H-3), 8.60 (d, J = 8.0 Hz, 1H, H-11), 8.03-7.98 (m,
2H, H-5 and H-6), 7.69-7.65 (m, 2H, H-2 and H-8), 7.47-7.44 (m, 1H, H-9), 7.34-7.31 (m, 1H,
H-10).

13C NMR (100 MHz, DMSO-d6): δ 146.4 (C-3), 144.3 (C-4a), 139.0 (C-7a), 136.9 (C-
6a), 130.8 (C-1), 127.7 (C-5), 124.5 (C-9), 124.3 (C-11c), 122.9 (C-11a), 121.6 (C-2), 121.5
(C-11), 119.8 (C-10), 116.8 (C-6), 113.6 (C-11b), 111.9 (C-8).

HRMS (ESI): calcd. for C15H10N2 219.0917, found 219.0927.

10-Fluoro-7H-pyrido[2,3-c]carbazole (61a)

Method 2: 5-(2-Azido-5-fluorophenyl)quinoline (135) (100.0 mg, 0.38 mmol) was dissolved in
1,2-dichlorobenzene (2 mL) and flushed with argon. The resulting mixture was stirred at 180
°C for 3 hours under an argon atmosphere. The crude mixture was allowed to cool to rt and the
solvent was removed under reduced pressure. The crude was essentially pure by NMR and the
target compound 61a was obtained as a dark green solid (87.3 mg, 97%).

mp: 256-257 °C.
IR (ATR): νmax 3137, 2974, 2746, 1460, 1149, 789 cm−1.
1H NMR (400 MHz, CD3OD): δ 9.07 (ddd, J = 8.4 Hz, 1.6 Hz, 0.8 Hz, 1H, H-1), 8.74

(dd, J = 4.4 Hz, 1.6 Hz, 1H, H-3), 8.18-8.15 (m, 1H, H-11), 7.98 (dd, J = 9.1 Hz, 0.7 Hz, 1H,
H-6), 7.91 (d, J = 9.1 Hz, 1H, H-5), 7.67 (dd, J = 8.4 Hz, 4.4 Hz, 1H, H-2), 7.58 (ddd, J = 8.8
Hz, 4.5 Hz, 0.5 Hz, 1H, H-9), 7.25-7.20 (m, 1H, H-8).

13C NMR (100 MHz, CD3OD): δ 159.2 (d, JCF = 234.5 Hz, C-10), 146.9 (C-3), 145.1
(C-4a), 139.8 (C-6a), 137.3 (C-7a), 132.9 (C-1), 127.9 (C-6), 126.4 (C-11c), 124.7 (d, JCF =
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9.5 Hz, C-11a), 122.7 (C-2), 118.3 (C-5), 115.1 (d, JCF = 5.3 Hz, C-11b), 113.7 (d, JCF = 24.0
Hz, C-9), 113.5 (d, JCF = 7.2 Hz, C-8), 107.6 (d, JCF = 24.8 Hz, C-11).

19F NMR (376 MHz, CD3OD): δ -123.6.
HRMS (ESI): calcd. for C15H9FN2 [M + H+] 237.0823, found 237.0830.

11H-Pyrido[2,3-a]carbazole (64)

Method 1: Following the general procedure, the title compound was prepared from 2-(quinolin-
7-yl)aniline (74) (160.0 mg, 0.73 mmol), PdCl2(dppf) (106.4 mg, 0.14 mmol), IMes (11.1 mg,
0.036 mmol), H2O2 (0.017 mL, 0.21 mmol) in AcOH (2.2 mL). After a reaction time of 10
minutes, the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 1:1 +
0.2% Et3N→ 2:8 v/v) and concentration of the relevant fractions [Rf = 0.27 (pet. ether/CH2Cl2,
1:1 v/v)] gave the target compound 64 as pale yellow crystals (40.1 mg, 25%).

Method 2: Following the general procedure, the title compound was prepared from 2-
(quinolin-7-yl)aniline (74) (100.0 mg, 0.45 mmol), HCl (3 mL), NaNO2 (0.4 M), NaN3 (61.4
mg, 0.94 mmol) and NaOAc (516.8 mg, 6.30 mmol in 3 mL H2O). After formation of the azide
was confirmed by IR, the cyclization was carried out using 1,2-dichlorobenzene (3 mL). The
crude was purified by silica gel column chromatography (CH2Cl2/EtOAc, 9:1 v/v) and concen-
tration of the relevant fractions [Rf = 0.36 (CH2Cl2/EtOAc, 9:1 v/v)] gave the target compound
64 as off-white crystals (40.0 mg, 41%).

mp: 165-167 °C (lit. [280] 164-165 °C).
IR (ATR): νmax 3263, 3043, 2923, 2854, 1523, 1369, 820, 734 cm−1.
1H NMR (400 MHz, CDCl3): δ 10.20 (bs, 1H, NH), 8.92 (dd, J = 4.4 Hz, 1.5 Hz, 1H,

H-2), 8.35 (dd, J = 8.3 Hz, 1.5 Hz, 1H, H-4), 8.24 (d, J = 8.5 Hz, 1H, H-5), 8.19-8.17 (m, 1H,
H-7), 7.62-7.60 (m, 2H, H-6 and H-10), 7.51-7.47 (m, 2H, H-3 and H-9), 7.35-7.31 (m, 1H,
H-8).

13C NMR (100 MHz, CDCl3): δ 147.8 (C-2), 139.2 (C-10a), 137.4 (C-4), 136.8 (C-11b),
134.9 (C-11a), 127.3 (C-4a), 125.9 (C-3), 123.8 (C-6b), 121.7 (C-6a), 120.8 (C-5), 120.5 (C-9),
120.4 (C-7), 120.2 (C-8), 118.8 (C-6), 111.8 (C-10).

In accordance with previously reported data. [280]
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7H-Pyrido[3,2-c]carbazole (66)

Method 1: Following the general procedure, the title compound was prepared from 2-(quinolin-
8-yl)aniline (75) (50.0 mg, 0.23 mmol), PdCl2(dppf) (33.6 mg, 0.046 mmol), IMes (3.5 mg,
0.011 mmol), H2O2 (5.5 µL, 0.067 mmol) in AcOH (1 mL). After a reaction time of 30 minutes,
the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 1:1 + 0.2%
Et3N v/v) and concentration of the relevant fractions [Rf = 0.06 (pet. ether/EtOAc, 6:4 v/v)]
gave the target compound 66 as a pale yellow solid (4.9 mg, 10%).

Method 2: Following the general procedure, the title compound was prepared from 2-
(quinolin-8-yl)aniline (75) (450.0 mg, 2.04 mmol), HCl (10 mL), NaNO2 (0.4 M), NaN3 (278.5
mg, 4.28 mmol) and NaOAc (2.34 g, 28.56 mmol in 10 mL H2O). After formation of the azide
was confirmed by IR, the cyclization was carried out using 1,2-dichlorobenzene (5 mL). The
crude was purified by silica gel column chromatography (pet. ether/EtOAc, 1:1 v/v) and con-
centration of the relevant fractions [Rf = 0.85 (pet. ether/EtOAc, 1:1 v/v)] gave the target
compound 66 as a dark red oily solid (195.9 mg, 44%).

mp: 150-152 °C (lit. [281] 173-174 °C).
IR (ATR): νmax 3207, 2976, 2919, 2850, 2740, 2605, 2499 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 11.92 (bs, 1H, NH), 9.02 (dd, J = 4.4 Hz, 1.8 Hz, 1H,

H-2), 8.90-8.88 (m, 1H, H-11), 8.46 (dd, J = 8.1 Hz, 1.4 Hz, 1H, H-4), 7.92 (d, J = 8.8 Hz, 1H,
H-5), 7.84 (d, J = 8.8 Hz, 1H, H-6), 7.66-7.64 (m, 1H, H-8), 7.49 (dd, J = 8.0 Hz, 4.3 Hz, 1H,
H-3), 7.46-7.42 (m, 1H, H-9), 7.33-7.29 (m, 1H, H-10).

13C NMR (100 MHz, DMSO-d6): δ 149.8 (C-2), 145.3 (C-4a), 139.6 (C-6a), 138.5 (C-
7a), 136.5 (C-4), 126.0 (C-5), 124.5 (C-9), 123.1 (C-11), 122.9 (C-11c), 122.8 (C-11a), 119.7
(C-10), 118.3 (C-3), 115.3 (C-11b), 114.2 (C-6), 111.4 (C-8).
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1,2-Bis(2-(quinolin-3-yl)phenyl)diazene (132)

Method 3: Following the general procedure, the title compound was prepared by irradiating
3-(2-azidophenyl)quinoline (131) (50.0 mg, 0.20 mmol) in α,α,α-trifluorotoluene (135 mL)
and acetophenone (15 mL) for 45 minutes. Purification by silica gel column chromatography
(pet. ether/EtOAc, 7:3→ 1:1 v/v) and concentration of the relevant fractions [Rf = 0.15 (pet.
ether/EtOAc, 1:1 v/v)] gave the target compound 132 as an orange solid (6.7 mg, 15%).

mp: 116-117 °C.
IR (ATR): νmax 3059, 2925, 2854, 1492, 756 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.12 (d, J = 2.2 Hz, 2H, H-2), 8.28 (d, J = 2.0 Hz, 2H,

H-4), 8.20-8.18 (m, 2H, H-8), 7.89 (dd, J = 8.1 Hz, 1.2 Hz, 2H, H-6’), 7.80-7.75 (m, 2H, H-7),
7.67-7.62 (m, 4H, H-6 and H-3’), 7.61-7.55 (m, 4H, H-5 and H-5’), 7.43-7.39 (m, 2H, H-4’).

13C NMR (100 MHz, CDCl3): δ 152.7 (C-2), 149.7 (C-2’), 147.0 (C-8a), 138.7 (C-4a),
136.8 (C-4), 132.5 (C-1’), 131.7 (C-6), 131.3 (C-5), 129.8 (C-7), 129.4 (C-4’), 129.3 (C-8),
128.2 (C-6’), 127.9 (C-3), 127.1 (C-5’), 116.4 (C-3’).

HRMS (ESI): calcd. for C30H20N4 [M + H+] 437.1761, found 437.1769.

N-(2-(Quinolin-2-yl)phenyl)acetamide (76)

Method 1: Following the general procedure, the title compound was prepared from 2-(quinolin-
2-yl)aniline (70) (50.0 mg, 0.23 mmol), PdCl2(dppf) (33.6 mg, 0.046 mmol), IMes (3.5 mg,
0.011 mmol), H2O2 (5.6 µL, 0.067 mmol) in AcOH (1 mL). After a reaction time of 1 hour, the
crude was purified by silica gel column chromatography (pet. ether/EtOAc, 9:1→ 7:3 v/v) and
concentration of the relevant fractions [Rf = 0.24 (pet. ether/EtOAc, 9:1 v/v)] gave the target
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compound 76 as orange crystals (27.0 mg, 55%).

mp: 124-125 °C.
IR (NaCl): νmax 3054, 2958, 2925, 2852, 1677 (C=O), 1587, 1422, 1234, 765 cm−1.
1H NMR (400 MHz, CDCl3): δ 12.97 (bs, 1H, NH), 8.65 (d, J = 8.2 Hz, 1H, H-3’), 8.28

(d, J = 8.7 Hz, 1H, H-4), 8.06-8.04 (m, 1H, H-8), 7.89 (d, J = 8.7 Hz, 1H, H-3), 7.86 (dd, J

= 8.2 Hz, 1.0 Hz, 1H, H-6’), 7.83 (dd, J = 7.9 Hz, 1.5 Hz, 1H, H-5), 7.80-7.76 (m, 1H, H-7),
7.61-7.57 (m, 1H, H-6), 7.48-7.43 (m, 1H, H-4’), 7.20 (td, J = 7.9 Hz, 1.2 Hz, 1H, H-5’), 2.26
(s, 3H, CH3).

13C NMR (100 MHz, CDCl3): δ 168.8 (C=O), 158.2 (C-2), 146.2 (C-8a), 138.6 (C-1’),
137.7 (C-4), 130.7 (C-4’), 130.5 (C-7), 129.4 (C-4), 128.4 (C-8), 127.8 (C-6’), 127.1 (C-6),
126.6 (C-4a), 124.9 (C-2’), 123.4 (C-5’), 121.8 (C-3’), 120.9 (C-3), 25.5 (CH3).

HRMS (ESI): calcd. for C17H14N2 [M + H+] 263.1179, found 263.1182.

N-(2-(Quinolin-7-yl)phenyl)acetamide (78)

Method 1: Following the general procedure, the title compound was prepared from 2-(quinolin-
7-yl)aniline (74) (50.0 mg, 0.23 mmol), PdCl2(dppf) (33.6 mg, 0.045 mmol), IMes (3.5 mg,
0.011 mmol), H2O2 (5.6 µL, 0.067 mmol) in AcOH (3 mL). After a reaction time of 5 hours,
the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 1:1 + 0.2%
Et3N v/v) and concentration of the relevant fractions [Rf = 0.16 (pet. ether/EtOAc, 8:2 v/v)]
gave the target compound 78 as a red oil (30.4 mg, 61%).

IR (NaCl): νmax 3418, 3249, 3051, 2966, 2924, 2852, 1676 (C=O), 1526, 1301, 840, 758
cm−1.

1H NMR (400 MHz, CD3OD): δ 8.87 (d, J = 3.0 Hz, 1H, H-2), 8.41 (d, J = 8.1 Hz, 1H,
H-4), 8.05 (s, 1H, H-8), 8.01 (d, J = 8.4 Hz, 1H, H-5), 7.65 (dd, J = 8.3 Hz, 1.2 Hz, 1H, H-6),
7.56 (dd, J = 8.3 Hz, 4.3 Hz, 1H, H-3), 7.53-7.37 (m, 4H, H-3’, H-4’, H-5’ and H-6’), 1.93 (s,
3H, CH3).

13C NMR (100 MHz, CD3OD): δ 172.4 (C=O), 151.5 (C-2), 148.6 (C-8a), 142.9 (C-7),
138.4 (C-4), 138.1 (C-1’), 135.7 (C-2’), 131.7, 129.7, 129.5 (C-6), 129.2 (C-5), 129.0 (C-4a),
128.6 (C-8), 128.4, 128.0, 122.7 (C-3), 22.8 (CH3).

HRMS (ESI): calcd. for C17H14N2O [M + H+] 263.1179, found 263.1181.
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N-(2-(Quinolin-8-yl)phenyl)acetamide (79)

Method 1: Following the general procedure, the title compound was prepared from 2-(quinolin-
8-yl)aniline (75) (200.0 mg, 0.91 mmol), PdCl2(dppf) (132.9 mg, 0.18 mmol), IMes (13.8 mg,
0.045 mmol), H2O2 (0.021 mL, 0.26 mL) in AcOH (3 mL). After a reaction time of 2.5 hours,
the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 9:1 → 4:6 +
1% Et3N v/v) and concentration of the relevant fractions [Rf = 0.21 (pet. ether/EtOAc, 1:1 v/v)]
gave the target compound 79 as dark yellow crystals (136.6 mg, 69%).

mp: 128-130 °C.
IR (ATR): νmax 3247, 3195, 3059, 3026, 2926, 2854, 1678 (C=O), 1522, 1439, 1295, 789,

748 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.97 (dd, J = 4.0 Hz, 1.5 Hz, 1H, H-2), 8.49 (bs, 1H, NH),

8.31 (dd, J = 8.3 Hz, 1.4 Hz, 1H, H-4), 8.00 (d, J = 8.1 Hz, 1H, H-3’), 7.93 (dd, J = 7.9 Hz,
1.3 Hz, 1H, H-5), 7.73 (dd, J = 7.1 Hz, 1.4 Hz, 1H, H-6), 7.69-7.66 (m, 1H, H-7), 7.50 (dd, J

= 8.5 Hz, 4.2 Hz, 1H, H-3), 7.47-7.45 (m, 1H, H-6’), 7.35 (dd, J = 7.5 Hz, 1.1 Hz, 1H, H-5’),
7.29-7.25 (m, 1H, H-4’), 1.77 (s, 3H, CH3).

13C NMR (100 MHz, CDCl3): δ 168.3 (C=O), 150.6 (C-2), 145.7 (C-8a), 138.7 (C-1’),
137.8 (C-4), 135.7 (C-2’), 133.1 (C-6), 132.9 (C-8), 132.0 (C-5’), 128.9 (C-6’), 128.6 (C-5),
128.5 (C-4a), 127.3 (C-7), 125.3 (C-4’), 124.5 (C-3’), 121.4 (C-3), 24.4 (CH3).

HRMS (ESI): calcd. for C17H14N2O [M + H+] 263.1179, found 263.1183.

2-Acetyl-11H-indolo[3,2-c]quinoline (38b)

Method 3: Following the general procedure, the title compound was prepared by irradiating
3-(2-azidophenyl)-6-acetylquinoline (131b) (100.0 mg, 0.35 mmol) in α,α,α-trifluorotoluene
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(150 mL) for 30 minutes. Purification by silica gel column chromatography (CH2Cl2/EtOAc,
1:1 v/v) and concentration of the relevant fractions [Rf = 0.26 (CH2Cl2/EtOAc, 1:1 v/v)] gave
the target compound 38b as a yellow solid (13.6 mg, 15%).

mp: > 350 °C.
IR (ATR): νmax 3053, 2923, 2852, 1678 (C=O), 1362, 1253, 736 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 13.01 (bs, 1H, NH), 9.69 (s, 1H, H-6), 9.29 (s, 1H,

H-5), 8.35 (d, J = 7.8 Hz, 1H, H-7), 8.21-8.20 (m, 2H, H-3 and H-4), 7.76 (d, J = 8.3 Hz, 1H,
H-10), 7.56-7.52 (m, 1H, H-9), 7.40-7.36 (m, 1H, H-8), 2.78 (s, 3H, CH3).

13C NMR (100 MHz, DMSO-d6): δ 197.3 (C=O), 147.1 (C-4a), 146.8 (C-6), 140.6 (C-
11a), 138.8 (C-10a), 133.4 (C-2), 129.6 (C-4), 126.1 (C-3), 125.9 (C-9), 124.6 (C-1), 121.7
(C-6b), 120.9 (C-7), 120.3 (C-8), 116.3 (C-11b), 114.9 (C-6a), 112.0 (C-10), 26.8 (CH3).

HRMS (ESI): calcd. for C17H12N2O [M + H+] 261.1022, found 261.1021.

2-Methoxy-11H-indolo[3,2-c]quinoline (38c)

Method 3: Following the general procedure, the title compound was prepared by irradiating 3-
(2-azidophenyl)-6-methoxyquinoline (131b) (212.7 mg, 0.77 mmol) in α,α,α-trifluorotoluene
(150 mL) for 1.5 hours. Purification by silica gel column chromatography (pet. ether/EtOAc,
1:1 → 0:1 v/v) and concentration of the relevant fractions [Rf = 0.12 (pet. ether/EtOAc, 1:1
v/v)] gave the target compound 38c as a dark red solid (74.3 mg, 37%).

mp: 307-309 °C (lit. [284] 312-314 °C).
IR (ATR): νmax 3046, 2982, 2838, 1518, 1457, 1234 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 12.57 (bs, 1H, NH), 9.45 (s, 1H, H-6), 8.29 (d, J = 7.8

Hz, 1H, H-7), 8.04 (d, J = 9.1 Hz, 1H, H-4), 7.97 (dd, J = 9.1 Hz, 2.7 Hz, 1H, H-3), 7.73-7.71
(m, 1H, H-10), 7.51-7.47 (m, 1H, H-9), 7.36 (dd, J = 9.1 Hz, 2.7 Hz, 1H, H-3), 7.34-7.30 (m,
1H, H-8), 3.98 (s, 3H, OCH3).

13C NMR (100 MHz, DMSO-d6): δ 156.9 (C-2), 142.2 (C-6), 141.0 (C-4a), 139.4 (C-
11b), 138.7 (C-10a), 131.0 (C-4), 125.5 (C-9), 121.9 (C-6b), 120.4 (C-8), 120.1 (C-7), 119.4
(C-3), 117.7 (C-11a), 114.3 (C-6a), 111.8 (C-10), 101.3 (C-1), 55.5 (OCH3).

In accordance with previously reported data. [284]
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4-Nitro-11H-indolo[3,2-c]quinoline (38e)

Method 3: Following the general procedure, the title compound was prepared by irradiating 3-
(2-azidophenyl)-8-nitroquinoline (131e) (71.5 mg, 0.24 mmol) in α,α,α-trifluorotoluene (150
mL) for 1 hour. Purification by silica gel column chromatography (pet. ether/EtOAc, 6:4 →
1:1 v/v) and concentration of the relevant fractions [Rf = 0.24 (pet. ether/EtOAc, 6:4 v/v)] gave
the target compound 38e as an orange solid (48.8 mg, 77%).

mp: 244 °C (decomp.).
IR (ATR): νmax 3150, 3079, 2922, 2853, 1515, 1337, 1235, 770, 737 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 13.05 (bs, 1H, NH), 9.70 (s, 1H, H-6), 8.77 (dd, J =

8.3 Hz, 1.3 Hz, 1H, H-1), 8.37 (d, J = 7.9 Hz, 1H, H-7), 8.18 (dd, J = 7.5 Hz, 1.3 Hz, 1H,
H-3), 7.84 (dd, J = 8.1 Hz, 7.7 Hz, 1H, H-2), 7.79-7.77 (m, 1H, H-10), 7.59-7.55 (m, 1H, H-9),
7.42-7.38 (m, 1H, H-8).

13C NMR (100 MHz, DMSO-d6): δ 148.9 (C-4), 146.7 (C-6), 139.1 (C-11a), 139.0 (C-
4a), 135.9 (C-10a), 126.4 (C-9), 125.6 (C-1), 124.9 (C-2), 121.5 (C-11b), 121.2 (C-8), 121.0
(C-3), 120.5 (C-7), 118.1 (C-6a), 115.5 (C-6b).

HRMS (ESI): sample sent to UiB for analysis.

N-(4-Fluoro-11H-indolo[3,2-c]quinolin-2-yl)acetamide (38f)

Method 3: Step 1: Following the general procedure for the Suzuki-Miyaura cross-couplings,
the desired compound was prepared from N-(3-bromo-8-fluoroquinolin-6-yl)acetamide (67bb)
(300.0 mg, 1.06 mmol), 2-aminophenylboronic acid hydrochloride (68) (239.8 mg, 1.38 mmol),
an aq. solution of Cs2CO3 (1139.7 mg, 3.50 mmol in 6 mL H2O) and Pd(PPh3)4 (61.2 mg,
0.053 mmol) in DME (30 mL). After a reaction time of 23 hours, the crude was purified by
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silica gel column chromatography (pet. ether/EtOAc, 4:6→ 0:1 v/v) and concentration of the
relevant fractions [Rf = 0.38 (EtOAc)] gave the target compound 69f as red crystals (231.0 mg,
74%). The sample contained impurities and was used in the next step without any further pu-
rification.
Step 2: Following the general procedure for the diazotization-azidations, the desired compound
was prepared from N-(3-(2-aminophenyl)-8-fluoroquinolin-6-yl)acetamide (69f) (200.0 mg,
0.68 mmol), HCl (5 mL), NaNO2 (0.4 M), NaN3 (92.5 mg, 1.42 mmol) and NaOAc (780.9
mg, 9.52 mmol in 10 mL H2O). Workup was carried out according to the general procedure to
give the target compound 131f as a dark yellow solid (127.0 mg, 58%). The impurity from the
previous step was still present and the next step was carried out without attempting purifica-
tion.
Step 3: Following the general procedure, the title compound was prepared by irradiating N-
(3-(2-azidophenyl)-8-fluoroquinolin-6-yl)acetamide (131f) (100.0 mg, 0.31 mmol) in α,α,α-
trifluorotoluene (150 mL) for 2 hours. Purification by silica gel column chromatography (EtOAc)
and concentration of the relevant fractions [Rf = 0.17 (EtOAc)] gave the target compound 38f
as a yellow solid (25.6 mg, 28%).

mp: > 350 °C.
IR (ATR): νmax 3052, 2987, 2818, 1694 (C=O), 1519, 1363, 1240, 1006, 744 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 12.88 (bs, 1H, NH), 10.41 (bs, 1H, NH-COCH3), 9.52

(s, 1H, H-6), 8.72 (d, J = 1.1 Hz, 1H, H-1), 8.31 (d, J = 7.8 Hz, 1H, H-7), 7.71 (d, J = 8.1 Hz,
1H, H-10), 7.61-7.54 (m, 1H, H-3), 7.52-7.48 (m, 1H, H-9), 7.36-7.32 (m, 1H, H-8), 2.17 (s,
3H, CH3).

13C NMR (100 MHz, DMSO-d6): δ 168.0 (C=O), 157.9 (d, JCF = 252.6 Hz, C-4), 143.3
(C-6), 139.1 (C-10a), 136.5 (d, JCF = 10.8 Hz, C-4a), 132.0 (d, JCF = 2.6 Hz, C-2), 130.1 (dd,
JCF = 274.9 Hz, 10.0 Hz, C-3), 125.9 (C-9), 121.7 (C-11a), 120.7 (C-8), 120.3 (C-7), 119.0 (d,
JCF = 3.8 Hz, C-11b), 115.2 (C-6b), 112.1 (C-10), 106.1 (d, JCF = 23.0 Hz, C-6a), 105.8 (d,
JCF = 3.3 Hz, C-1), 21.2 (CH3).

19C NMR (376 MHz, DMSO-d6): δ -121.5.
HRMS (ESI): sample sent to UiB for analysis.

11H-Indolo[3,2-c]quinoline-8-carbonitrile (38h)
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Method 3: Following the general procedure, the title compounds were prepared by irradiating
4-azido-3-(quinolin-3-yl)benzonitrile (131h) (100.0 mg, 0.37 mmol) in α,α,α-trifluorotoluene
(150 mL) for 3 hours. Purification by silica gel column chromatography (pet. ether/EtOAc, 1:1
→ 4:6 v/v) and concentration of the relevant fractions [Rf = 0.18 and 0.32 (pet. ether/EtOAc,
1:1 v/v) for compounds 38h and 26a, respectively] gave the target compound 38h as a yellow
solid (28.2 mg, 31%) along with compound 26a as an off-white solid (4.7 mg, 5%).

Characterization of compound 38h:

mp: > 350 °C (lit. [285] 397-398 °C).
IR (ATR): νmax 2957, 2921, 2850, 2220 (CN), 1567, 1244, 1218, 751 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 13.25 (bs, 1H, NH), 9.69 (s, 1H, H-6), 8.93 (t, J = 1.0

Hz, 1H, H-7), 8.55-8.53 (m, 1H, H-1), 8.18 (dd, J = 8.4 Hz, 0.9 Hz, 1H, H-3), 7.87 (d, J = 1.1
Hz, 2H, H-9 and H-10), 7.83-7.79 (m, 1H, H-4), 7.77-7.73 (m, 1H, H-2).

13C NMR (100 MHz, DMSO-d6): δ 145.8 (C-4a), 145.1 (C-6), 141.0 (C-11a), 140.7 (C-
10a), 129.6 (C-3), 128.8 (C-4), 128.4 (C-9), 126.3 (C-2), 125.7 (C-7), 122.2 (C-1), 122.0 (CN),
120.1 (C-6b), 116.8 (C-11b), 113.7 (C-6a), 113.1 (C-10), 102.6 (C-8).

In accordance with previously reported data. [285]

Characterization of compound 26a:

mp: 263 °C (decomp.).
IR (ATR): νmax 2922, 2850, 2718 (CN), 1610, 746 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 12.26 (bs, 1H, NH), 9.18 (s, 1H, H-11), 8.81 (d, J =

1.1 Hz, 1H, H-10), 8.14 (d, J = 7.5 Hz, 1H, H-1), 8.02 (d, J = 8.5 Hz, 1H, H-3), 7.91 (dd, J =
8.4 Hz, 1.5 Hz, 1H, H-8), 7.81-7.76 (m, 1H, H-4), 7.62 (d, J = 8.4 Hz, 1H, H-7), 7.56-7.52 (m,
1H, H-2).

13C NMR (100 MHz, DMSO-d6): δ 152.9 (C-5a), 148.6 (C-4a), 143.9 (C-6a), 131.5 (C-
4), 129.5 (C-8), 129.2 (C-1), 128.9 (C-11), 127.3 (C-3), 126.6 (C-10), 123.9 (CN), 123.5 (C-2),
120.8 (C-10b), 120.0 (C-11a), 116.6 (C-10a), 111.9 (C-7), 101.4 (C-9).

HRMS (ESI): sample sent to UiB for analysis.

8-(Trifluoromethyl)-11H-indolo[3,2-c]quinoline (38i)
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Method 3: Following the general procedure, the title compound was prepared by irradiat-
ing 3-(2-azido-5-(trifluoromethyl)phenyl)quinoline (131i) (40.0 mg, 0.13 mmol) in α,α,α-
trifluorotoluene (150 mL) for 30 minutes. Purification by silica gel column chromatography
(CH2Cl2/EtOAc, 9:1 v/v) gave the target compound 38i as a pink solid (8.8 mg, 24%).

mp: 347-348 °C.
IR (ATR): νmax 3033, 2937, 2849, 2671, 1327, 1102, 753 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 13.12 (bs, 1H, NH), 9.75 (s, 1H, H-6), 8.81 (s, 1H,

H-7), 8.54 (dd, J = 7.8 Hz, 1.1 Hz, 1H, H-1), 8.17 (d, J = 8.2 Hz, 1H, H-3), 7.89 (d, J = 8.5 Hz,
1H, H-10), 7.81-7.77 (m, 2H, H-4 and H-9), 7.75-7.71 (m, 1H, H-2).

13C NMR (100 MHz, DMSO-d6): δ 146.2 (C-4a), 145.7 (C-6), 141.5 (C-11a), 140.9 (C-
10a), 130.1 (C-3), 129.1 (C-4), 126.5 (C-2), 125.7 (q, JCF = 271.8 Hz, CF3), 122.6 (C-1), 122.4
(q, JCF = 3.7 Hz, C-9), 122.1 (C-11b), 121.7 (q, JCF = 31.5 Hz, C-8), 118.5 (q, JCF = 4.2 Hz,
C-7), 117.4 (C-6b), 114.6 (C-6a), 113.0 (C-10).

19F NMR (376 MHz, DMSO-d6): δ -58.2.
HRMS (ESI): sample sent to UiB for analysis.

8-(Trifluoromethoxy)-11H-indolo[3,2-c]quinoline (38j)

Method 3: Following the general procedure, the title compound was prepared by irradiat-
ing 3-(2-azido-5-(trifluoromethoxy)phenyl)quinoline (131j) (150.0 mg, 0.45 mmol) in α,α,α-
trifluorotoluene (150 mL) for 30 minutes to give the target compound 38j as an orange solid
(129.7 mg, 95%), which was essentially pure by NMR.

mp: 313 °C (decomp.).
IR (ATR): νmax 3036, 2926, 2851, 2752, 1277, 1240, 1206, 1145, 754 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 12.97 (bs, 1H, NH), 9.67 (s, 1H, H-6), 8.53 (dd, J = 8.1

Hz, 1.0 Hz, 1H, H-1), 8.41 (d, J = 0.9 Hz, 1H, H-7), 8.15 (d, J = 8.1 Hz, 1H, H-3), 7.81-7.70
(m, 3H, H-2, H-4 and H-10), 7.47 (dd, J = 8.7 Hz, 1.2 Hz, 1H, H-9).

13C NMR (100 MHz, DMSO-d6): δ 145.5 (C-4a), 145.1 (C-6), 142.6 (q, JCF = 1.6 Hz, C-
8), 141.1 (C-10a), 137.2 (C-11a), 129.5 (C-3), 128.5 (C-4), 125.9 (C-2), 122.4 (C-11b), 122.1
(C-1), 120.4 (q, JCF = 255.1 Hz, OCF3), 119.0 (C-9), 116.9 (C-6a), 114.1 (C-6b), 113.1 (C-10),
113.0 (C-7).
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19F NMR (376 MHz, DMSO-d6): δ -56.7.
HRMS (ESI): sample sent to UiB for analysis.

8-Chloro-11H-indolo[3,2-c]quinoline (38k)

Method 3: Following the general procedure, the title compound was prepared by irradiating
3-(2-azido-5-chlorophenyl)quinoline (131k) (180.0 mg, 0.64 mmol) in α,α,α-trifluorotoluene
(150 mL) for 2 hours. Purification by silica gel column chromatography (CH2Cl2/EtOAc, 1:1
→ 0:1 v/v) and concentration of the relevant fractions [Rf = 0.33 (CH2Cl2/EtOAc, 1:1 v/v)]
gave the target compound 38k as an off-white solid (75.5 mg, 47%).

mp: 346 °C (lit. [284] > 300 °C).
IR (ATR): νmax 2954, 2926, 2865, 1598, 1458, 796, 756 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 12.87 (bs, 1H, NH), 9.62 (s, 1H, H-6), 8.50 (dd, J =

7.9 Hz, 1.1 Hz, 1H, H-1), 8.44 (d, J = 2.0 Hz, 1H, H-7), 8.14 (dd, J = 8.4 Hz, 0.9 Hz, 1H, H-3),
7.78-7.74 (m, 1H, H-4), 7.73-7.68 (m, 2H, H-2 and H-10), 7.49 (dd, J = 8.6 Hz, 2.1 Hz, 1H,
H-9).

13C NMR (100 MHz, DMSO-d6): δ 145.6 (C-4a), 145.1 (C-6), 140.5 (C-11a), 137.2 (C-
10a), 129.6 (C-3), 128.4 (C-4), 125.9 (C-2), 125.3 (C-9), 125.0 (C-8), 123.2 (C-11b), 122.1
(C-1), 119.8 (C-7), 116.9 (C-6b), 113.6 (C-6a), 113.3 (C-10).

8-Fluoro-11H-indolo[3,2-c]quinoline (38l)

Method 3: Following the general procedure, the title compound was prepared by irradiating 3-
(2-azido-5-fluorophenyl)quinoline (131l) (50.0 mg, 0.21 mmol) in α,α,α-trifluorotoluene (150
mL) for 30 minutes. Purification by silica gel column chromatography (CHCl3) and concentra-
tion of the relevant fractions [Rf = 0.30 (CHCl3)] gave the target compound 38l as a pale yellow
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solid (41.6 mg, 84%).

mp: > 350 °C (lit. [282] 376-377 °C).
IR (ATR): νmax 3114, 3038, 2922, 2751, 1507, 1457, 1150, 755 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 12.82 (bs, 1H, NH), 9.59 (s, 1H, H-6), 8.51 (dd, J

= 7.9 Hz, 1.1 Hz, 1H, H-1), 8.17 (dd, J = 9.5 Hz, 2.5 Hz, 1H, H-7), 8.15-8.13 (m, 1H, H-3),
7.78-7.74 (m, 1H, H-4), 7.73-7.68 (m, 2H, H-2 and H-10), 7.35 (td, J = 9.3 Hz, 2.6 Hz, 1H,
H-9).

13C NMR (100 MHz, DMSO-d6): δ 157.5 (d, JCF = 234.8 Hz, C-8), 145.4 (C-4a), 145.1
(C-6), 140.9 (C-11a), 135.3 (C-10a), 129.5 (C-3), 128.4 (C-4), 125.9 (C-2), 122.5 (d, JCF =
10.5 Hz, C-6b), 122.1 (C-1), 117.1 (C-11b), 114.2 (d, JCF = 4.4 Hz, C-6a), 113.4 (d, JCF = 25.6
Hz, C-10), 113.0 (d, JCF = 9.5 Hz, C-9), 105.7 (d, JCF = 24.4 Hz, C-7).

19F NMR (376 MHz, DMSO-d6): δ -122.1.
In accordance with previously reported data. [282]

8-Methyl-11H-indolo[3,2-c]quinoline (38m)

Method 3: Following the general procedure, the title compound was prepared by irradiating 3-
(2-azido-5-methylphenyl)quinoline (131m) (272.9 mg, 1.05 mmol) in α,α,α-trifluorotoluene
(150 mL) for 1.5 hours. The crude was filtered through a Celite pad using CH2Cl2 to give the
target compound 38m as a dark orange solid (221.1 mg, 91%).

mp: 304-306 °C (lit. [106] 305-311 °C).
1H NMR (400 MHz, DMSO-d6): δ 12.60 (bs, 1H, NH), 8.50 (dd, J = 7.9 Hz, 1.1 Hz, 1H,

H-1), 8.13-8.10 (m, 2H, H-4 and H-7), 7.74-7.65 (m, 2H, H-2 and H-3), 7.60 (d, J = 8.3 Hz,
1H, H-10), 7.32 (dd, J = 8.3 Hz, 1.2 Hz, 1H, H-9), 2.51 (s, 3H, CH3).

13C NMR (100 MHz, DMSO-d6): δ 145.2 (C-4a), 144.6 (C-6), 139.9 (C-11a), 137.0 (C-
10a), 129.5 (C-8), 129.4 (C-4), 127.9 (C-2), 126.9 (C-9), 125.6 (C-3), 122.0 (C-1), 119.7 (C-7),
117.1 (C-6a), 114.1 (C-11b), 111.5 (C-10), 21.2 (CH3). C-6b was obscured or overlapping.

In accordance with previously reported data. [106]
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8-Methoxy-11H-indolo[3,2-c]quinoline (38n)

Method 3: Following the general procedure, the title compound was prepared by irradiating 3-
(2-azido-5-methoxyphenyl)quinoline (131n) (40.0 mg, 0.14 mmol) in α,α,α-trifluorotoluene
(150 mL) for 30 minutes. Purification by silica gel column chromatograpy (CH2Cl2/EtOAc,
1:1 v/v) and concentration of the relevant fractions [Rf = 0.12 (CH2Cl2/EtOAc, 1:1 v/v)] gave
the target compound 38n as a light brown solid (16.9 mg, 49%).

mp: 275-278 °C (lit. [282] 327-328 °C).
IR (ATR): νmax 3028, 2922, 2825, 2779, 1627, 1578, 1474, 1206, 799, 753 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 12.59 (bs, 1H, NH), 9.59 (s, 1H, H-6), 8.50 (dd, J = 7.8

Hz, 0.8 Hz, 1H, H-1), 8.12 (d, J = 8.1 Hz, 1H, H-3), 7.90 (d, J = 2.4 Hz, 1H, H-7), 7.75-7.71
(m, 1H, H-4), 7.69-7.65 (m, 1H, H-2), 7.61 (d, J = 8.8 Hz, 1H, H-10), 7.12 (dd, J = 8.7 Hz, 2.5
Hz, 1H, H-9), 3.89 (s, 3H, OCH3).

13C NMR (100 MHz, DMSO-d6): δ 154.5 (C-8), 145.1 (C-4a), 144.8 (C-6), 140.1 (C-
11a), 133.5 (C-10a), 129.3 (C-3), 127.9 (C-4), 125.6 (C-2), 122.4 (C-6a), 122.0 (C-1), 117.2
(C-11b), 115.1 (C-9), 114.4 (C-6b), 112.5 (C-10), 102.5 (C-7), 55.6 (OCH3).

In accordance with previously reported data. [282]

9-Methyl-11H-indolo[3,2-c]quinoline (38o)

Method 3: Following the general procedure, the title compound was prepared by irradiating
3-(2-azido-4-methylphenyl)quinoline (131o) (70.0 mg, 0.27 mmol) in α,α,α-trifluorotoluene
(150 mL) for 1 hour. Purification by silica gel column chromatography (CH2Cl2/EtOAc, 1:1
→ 0:1 v/v) and concentration of the relevant fractions [Rf = 0.24 (CH2Cl2/EtOAc, 1:1 v/v)]
gave the target compound 38o as a yellow solid (21.7 mg, 35%).
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mp: > 350 °C (lit. [283] 310 °C).
IR (ATR): νmax 3048, 2916, 2853, 1566, 1508, 1237, 755 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 12.57 (bs, 1H, NH), 9.54 (s, 1H, H-6), 8.50 (dd, J =

7.8 Hz, 1.1 Hz, 1H, H-1), 8.17 (d, J = 8.0 Hz, 1H, H-7), 8.13-8.11 (m, 1H, H-4), 7.74-7.65 (m,
2H, H-2 and H-3), 7.50 (s, 1H, H-10), 7.16 (d, J = 8.0 Hz, 1H, H-9), 2.53 (s, 3H, CH3).

13C NMR (100 MHz, DMSO-d6): δ 145.2 (C-4a), 144.5 (C-6), 139.6 (C-11a), 139.3 (C-
10a), 135.2 (C-9), 129.5 (C-4), 127.7 (C-2), 125.5 (C-3), 122.2 (C-8), 121.9 (C-1), 119.7 (C-7),
117.1 (C-6a), 114.3 (C-6b), 111.7 (C-10), 21.6 (CH3).

In accordance with previously reported data. [283]

1,8-Dinitro-11H-indolo[3,2-c]quinoline (38p)

Method 3: Following the general procedure, the title compound was prepared by irradiating 3-
(2-azido-5-nitrophenyl)-5-nitroquinoline (131p) (56.3 mg, 0.17 mmol) inα,α,α-trifluorotoluene
(150 mL) for 1.5 hours. Purification by silica gel column chromatography (pet. ether/EtOAc,
1:1 v/v) and concentration of the relevant fractions [Rf = 0.46 (pet. ether/EtOAc, 1:1 v/v)] gave
the target compound 38p as an orange solid (6.6 mg, 13%).

mp: >350 °C.
IR (ATR): νmax 3381, 3086, 3051, 2919, 1506, 1332, 732 cm−1.
1H NMR (100 MHz, DMSO-d6): δ 12.17 (bs, 1H, NH), 10.00 (s, 1H, H-6), 9.44 (d, J =

2.2 Hz, 1H, H-7), 8.52 (d, J = 7.9 Hz, 1H, H-2), 8.39-8.36 (m, 2H, H-4 and H-9), 7.97 (d, J =
9.1 Hz, 1H, H-10), 7.95-7.92 (m, 1H, H-3).

13C NMR (100 MHz, DMSO-d6): δ 147.1 (C-6), 146.5 (C-1), 144.7 (C-10a), 142.2 (C-
11a), 142.0 (C-11b), 136.4 (C-8), 136.2 (C-2), 127.4 (C-3), 124.3 (C-4), 121.7 (C-9), 120.3
(C-6b), 117.5 (C-6a), 117.5 (C-7), 113.4 (C-10), 109.4 (C-11b).

HRMS (ESI): sample sent to UiB for analysis.
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2-Acetyl-9-methyl-11Hindolo[3,2-c]quinoline (38r)

Method 3: Following the general procedure, the title compounds were prepared by irradiat-
ing 3-(2-azido-4-methylphenyl)-6-acetylquinoline (131r) (182.7 mg, 0.60 mmol) in α,α,α-
trifluorotoluene (150 mL) for 1.5 hours. Purification by silica gel column chromatography
(pet. ether/EtOAc, 1:1 → 4:6 v/v) and concentration of the relevant fractions [Rf = 0.21 and
0.55 (pet. ether/EtOAc, 4:6 v/v) for compounds 38r and 132a] gave target compound 38r as
an orange solid (35.9 mg, 22%) along with compound 132a as a yellow solid (5.9 mg, 3%).

Characterization of compound 38r:

mp: 319-320 °C.
IR (ATR): νmax 3059, 2955, 2920, 2853, 1677 (C=O), 1361, 1322, 1232, 825 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 12.83 (bs, 1H, NH), 9.64 (s, 1H, H-6), 9.27 (d, J = 0.9

Hz, 1H, H-1), 8.22-8.18 (m, 3H, H-3, H-4 and H-7), 7.54 (s, 1H, H-10), 7.20 (d, J = 8.0 Hz,
1H, H-8), 2.78 (s, 3H, CO-CH3), 2.55 (s, 3H, CH3).

13C NMR (100 MHz, DMSO-d6): δ 197.3 (C=O), 147.1 (C-4a), 146.6 (C-6), 140.4 (C-
11a), 139.3 (C-10a), 135.7 (C-2), 133.3 (C-9), 129.7 (C-6b), 111.8 (C-10), 26.8 (CO-CH3),
21.6 (CH3).

HRMS (ESI): calcd. for C18H14N2O [M + H+] 275.1179, found 275.1180.

Characterization of compound 132a:

mp: 159-161 °C.
IR (ATR): νmax 3049, 2923, 2855, 1680 (C=O), 1527, 1357, 840 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 8.86 (d, J = 2.3 Hz, 2H, H-2), 8.78 (d, J = 1.8 Hz, 2H,

H-5), 8.55 (d, J = 2.1 Hz, 2H, H-4), 8.26 (dd, J = 8.8 Hz, 2.0 Hz, 2H, H-7), 8.14 (d, J = 8.8 Hz,
2H, H-8), 8.03 (s, 2H, H-3’), 7.72-7.70 (m, 2H, H-5’), 7.62 (d, J = 7.8 Hz, 2H, H-6’), 2.73 (s,
6H, CO-CH3), 2.50 (s, 7H, CH3).
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13C NMR (100 MHz, DMSO-d6): δ 197.4 (C=O), 152.0 (C-2), 148.3 (C-8a), 148.1 (C-
2’), 140.3 (C-4’), 135.9 (C-4), 134.9 (C-6), 134.3 (C-5’), 132.4 (C-6’), 131.7 (C-3), 130.7
(C-5), 129.3 (C-1’), 129.1 (C-8), 127.7 (C-7), 126.6 (C-4a), 124.9 (C-3’), 26.8 (CO-CH3), 20.3
(CH3).

HRMS (ESI): sample sent to UiB for analysis.

7.2.6 N-Methylations to obtain ringsystems

General procedure

To a solution of tetracycle (1 equiv.) in an appropriate amount of CH3CN, CH3I (100 equiv.)
was added and the resulting mixture refluxed until completion as determined by TLC analysis.
The volatiles were then removed under reduced pressure and the concentrate was evaporated
onto celite. Purification by the column chromatography using the eluent as indicated gave the
hydroiodide salt of the target compounds. To obtain the free base, the hydroiodide salt was
dissolved in a 1:1 mixture of CH2Cl2 and NH3(aq) (20%) and stirred at rt for 15-45 minutes.
The organic layer was separated and the aqueous layers were extracted with CHCl3 (3 x 15
mL) and the combined organic layers were washed with water (1 x 15 mL), brine (1 x 15 mL),
dried (MgSO4), filtered and concentrated in vacuo to give the target tetracycle.

Isocryptolepine (25)

Following the general proceudre, isocryptolepine (25) was prepared from 11H-indolo[3,2-
c]quinoline (38) (34.0 mg, 0.20 mmol), CH3I (1.0 mL, 15.6 mmol) in CH3CN (2 mL). After
a reaction time of 19 hours, the crude was purified by silica gel DVFC (CHCl3/MeOH, 95:5
v/v) and concentration of the relevant fractions [Rf = 0.18 (CHCl3/MeOH, 95:5 v/v)] to give
the hydroiodide salt of isocryptolepine. The free base was obtained according to the general
procedure to give the target compound 25 as a pale yellow crystalline solid (24.3 mg, 69%).

mp: 188-192 °C (lit. [124] 185-187 °C).
IR (NaCl): νmax 3049, 2923, 2852, 1638, 1598, 1455, 1351 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 9.38 (s, 1H, H-6), 8.77 (dd, J = 8.0 Hz, 1.4 Hz, 1H,

H-1), 8.14-8.11 (m, 1H, H-7), 8.07 (d, J = 8.6 Hz, 1H, H-4), 7.86 (ddd, J = 8.6 Hz, 7.0 Hz, 1.6
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Hz, 1H, H-3), 7.80-7.78 (m, 1H, H-10), 7.74-7.70 (m, 1H, H-2), 7.42 (ddd, J = 8.2 Hz, 7.1 Hz,
1.2 Hz, 1H, H-9), 7.25-7.21 (m, 1H, H-8), 4.28 (s, 3H, NCH3).

13C NMR (100 MHz, DMSO-d6): δ 154.1 (C-10a), 152.3 (C-11a), 138.4 (C-6), 135.5
(C-4a), 129.6 (C-3), 129.3 (C-6b), 125.5 (C-9), 125.3 (C-2), 123.9 (C-1), 120.9 (C-11b), 119.8
(C-8), 119.5 (C-7), 118.3 (C-10), 117.6 (C-4), 116.1 (C-6a), 42.2 (NCH3).

In accordance with previously reported data. [124]

8-Chloro-5-methyl-5H-indolo[3,2-c]quinoline (25a)

Following the general procedure, the title compound was prepared from 8-chloro-11H-indol-
o[3,2-c]quinoline (38k) (50.0 mg, 0.20 mmol), CH3I (1.23 mL, 20.0 mmol) in CH3CN (5 mL).
After a reaction time of 20 hours, the crude was purified by silica gel column chromatography
(CHCl3/MeOH, 9:1→ 9:1 + 2% NH3(aq) v/v) and concentration of the relevant fractions [Rf =
0.05 (CHCl3/MeOH, 9:1 v/v)] gave the hydroiodide salt of compound 25a as a bright yellow
powder. The free base was liberated following the general procedure to obtain the target com-
pound 25a as a bright yellow solid (43.2 mg, 81%).

mp: 264-265 °C (lit. [261] 257-259 °C).
IR (ATR): νmax 3339, 3251, 2916, 2848, 1637, 1439, 808, 745, 718 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 9.39 (s, 1H, H-6), 8.75 (d, J = 7.7 Hz, 1H, H-1), 8.15

(d, J = 2.1 Hz, 1H, H-4), 8.05 (d, J = 8.5 Hz, 1H, H-4), 7.89-7.83 (m, 1H, H-3), 7.76 (d, J =
8.5 Hz, 1H, H-10), 7.74-7.70 (m, 1H, H-2), 7.41 (dd, J = 8.5 Hz, 2.1 Hz, 1H, H-9), 4.24 (s, 3H,
NCH3).

13C NMR (100 MHz, DMSO-d6): δ 152.9 (C-10a), 152.4 (C-11a), 139.5 (C-6), 135.5
(C-4a), 129.6 (C-3), 126.8 (C-11b), 125.6 (C-2), 125.2 (C-9), 124.0 (C-8), 123.9 (C-1), 121.0
(C-6b), 119.4 (C-10), 119.2 (C-7), 117.8 (C-4), 115.3 (C-6a), 42.5 (NCH3).

In accordance with previously reported data. [261]
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5,8-Dimethyl-5H-indolo[3,2-c]quinoline (25b)

Following the general procedure, the title compound was prepared from 8-methyl-11H-indol-
o[3,2-c]quinoline (38m) (100.0 mg, 0.43 mmol), CH3I (2.68 mL, 43.08 mmol) in CH3CN
(20 mL). After a reaction time of 25 hours, the crude was purified by silica gel column chro-
matography (CHCl3/MeOH, 9:1 v/v) and concentration of the relevant fractions [Rf = 0.05
(CHCl3/MeOH, 9:1 v/v)] gave the hydroiodide salt of compound 25b as a light brown solid.
The free base was liberated following the general procedure to obtain the target compound 25b
as an orange oil (29.4 mg, 28%).

IR (ATR): νmax 3051, 2924, 2855, 1640, 1605, 1449, 1337, 1220, 756 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 9.25 (s, 1H, H-6), 8.73 (dd, J = 8.0 Hz, 1.3 Hz, 1H,

H-1), 8.01 (d, J = 8.5 Hz, 1H, H-4), 7.89-7.88 (m, 1H, H-7), 7.83-7.79 (m, 1H, H-3), 7.69-7.65
(m, 2H, H-2 and H-10), 7.25-7.23 (m, 1H, H-9), 4.23 (s, 3H, NCH3), 2.50 (s, 3H, CH3).

13C NMR (100 MHz, DMSO-d6): δ 152.6 (C-11a), 152.2 (C-10a), 137.9 (C-6), 135.4
(C-4a), 129.0 (C-3), 128.5 (C-8), 126.9 (C-9), 125.8 (C-6b), 125.0 (C-2), 123.8 (C-1), 121.1
(C-11b), 119.4 (C-7), 118.0 (C-10), 117.4 (C-4), 116.1 (C-6a), 42.0 (NCH3), 21.4 (CH3).

In accordance with previously reported data. [106]

4-Methyl-4H-pyrido[4,3,2-gh]phenanthridine (84a)

Following the general procedure, the title compound # was prepared from 7H-pyrido[4,3,2-
gh]phenanthridine (54) (70.0 mg, 0.32 mmol), CH3I (2.0 mL, 32.0 mmol) in CH3CN (2 mL).
After a reaction time of 2 hours, the crude was purified by silica gel column chromatography
(CHCl3/MeOH, 95:5 + 0.3% NH3(aq) v/v) and concentration of the relevant fractions [Rf = 0.33
(CHCl3/MeOH, 95:5 + 0.3% NH3(aq) v/v)] to give the hydroiodide salt of compound 84a. The
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free base was obtained according to the general procedure, take for Et2O being used for the
extractions instead of CHCl3, to give the target compound 84a as dark yellow crystals (52.8
mg, 71%).

mp: 182-183 °C.
IR (ATR): νmax 3485, 3051, 2922, 2851, 2574, 1601, 1327, 820, 748 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 8.29 (dd, J = 8.1 Hz, 1.1 Hz, 1H, H-11), 7.97 (d, J

= 7.9 Hz, 1H, H-1), 7.71 (t, J = 8.1 Hz, 1H, H-2), 7.56 (dd, J = 8.2 Hz, 1.2 Hz, 1H, H-8),
7.51-7.47 (m, 2H, H-5 and H-10), 7.30-7.26 (m, 1H, H-9), 7.05 (d, J = 8.1 Hz, 1H, H-3), 6.18
(d, J = 7.6 Hz, 1H, H-6), 3.45 (s, 3H, NCH3).

13C NMR (100 MHz, DMSO-d6): δ 152.9 (C-3a), 145.9 (C-7a), 141.0 (C-11b), 140.9
(C-5), 133.8 (C-6a), 131.6 (C-2), 129.2 (C-10), 127.0 (C-8), 123.2 (C-9), 122.9 (C-11), 121.3
(C-11a), 119.6 (C-3a1), 112.2 (C-1), 108.8 (C-3), 106.2 (C-6), 39.6 (NCH3).

HRMS (ESI): calcd. for C16H12N2 [M + H+] 233.1073, found 233.1073.

6-Methoxy-4-methyl-4H-pyrido[4,3,2-gh]phenanthridine (84b)

Following the general procedure, the title compound was prepared from 6-methoxy-7H-pyrid-
o[4,3,2-gh]phenanthridine (54a) (90.0 mg, 0.36 mmol), CH3I (2.25 mL, 36.3 mmol) in CH3CN
(10 mL). After a reaction time of 2 hours, the crude was purified by silica gel column chro-
matography (EtOH + 0.1-5% NH3(aq) v/v) and concentration of the relevant fractions [Rf = 0.23
(EtOH)] gave the hydroiodide salt of compound 84b. The free base was obtained according to
the general procedure to give the target compound 84b as a dark yellow gel (55.1 mg, 58%).

IR (ATR): νmax 2918, 2850, 1600, 1255, 1059, 745 cm−1.
1H NMR (400 MHz, CD2Cl2): δ 8.19 (dd, J = 8.2 Hz, 1.3 Hz, 1H, H-11), 7.79 (dd, J = 8.2

Hz, 1.0 Hz, 1H, H-2), 7.72 (d, J = 7.9 Hz, 1H, H-1), 7.57-7.51 (m, 2H, H-3 and H-9), 7.34-7.30
(m, 1H, H-10), 6.74-6.72 (m, 2H, H-5 and H-8), 3.85 (s, 3H, OCH3), 3.34 (s, 3H, NCH3).

13C NMR (100 MHz, CD2Cl2): δ 148.1 (C-6a), 146.3 (C-7a), 140.8 (C-6), 139.9 (C-3a),
134.8 (C-11b), 130.9 (C-3), 129.4 (C-9), 128.6 (C-2), 124.1 (C-10), 122.7 (C-11), 122.5 (C-8),
119.9 (C-3a1), 110.6 (C-1), 107.7 (C-5), 57.1 (OCH3), 40.4 (NCH3). C-11a was obscured or
overlapping.
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HRMS (ESI): calcd. for C17H14N2O [M + H+] 263.1179, found 263.1188.

4-Methyl-7H-pyrido[2,3-c]carbazolium iodide (85)

Following the general procedure, the title compound was prepared from 7H-pyrido[2,3-c]carb-
azole (61) (40.7 mg, 0.19 mmol), CH3I (1.20 mL, 19.6 mmol) in CH3CN (5 mL). After
a reaction time of 20 hours, the crude was purified by silica gel column chromatography
(CHCl3/MeOH, 9:1 v/v + 1% NH3(aq)) and concentration of the relevant fractions [Rf = 0.12
(CHCl3/MeOH, 9:1 v/v + 2% NH3(aq))] gave the target compound 85 as a bright yellow solid
(20.9 mg, 47%).

mp: 284-286 °C.
IR (ATR): νmax 3353, 3043, 3006, 2960, 2921, 2853, 1556, 1370, 1326, 741 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 12.84 (bs, 1H, NH), 9.99 (d, J = 8.4 Hz, 1H, H-1),

9.39 (d, J = 5.6 Hz, 1H, H-3), 8.76 (d, J = 8.1 Hz, 1H, H-11), 8.50 (d, J = 9.3 Hz, 1H, H-6),
8.43 (d, J = 9.4 Hz, 1H, H-5), 8.22 (dd, J = 8.5 Hz, 5.7 Hz, 1H, H-2), 7.82 (d, J = 8.2 Hz, 1H,
H-8), 7.64-7.60 (m, 1H, H-9), 7.48-7.44 (m, 1H, H-10), 4.74 (s, 3H, NCH3).

13C NMR (100 MHz, DMSO-d6): δ 145.0 (C-3), 140.8 (C-1), 139.8 (C-7a), 137.5 (C-
6a), 134.5 (C-4a), 126.6 (C-9), 125.8 (C-11c), 122.4 (C-6), 122.1 (C-11), 121.9 (C-2), 121.6
(C-11a), 121.1 (C-10), 116.0 (C-5), 114.3 (C-11b), 112.8 (C-8), 46.3 (NCH3).

HRMS (ESI): calcd. for C16H13N2I [M - I-] 233.1073, found 233.1073.

7.2.7 N-Alkylation to obtain pyridinium and quinolinium halides

General procedure

To a solution of either 3-bromopyridine (120) or 3-bromoquinoline (67b) in an appropriate
amount of solvent, the alkyation reagent (5-10 equiv.) was added and the resulting mixture
stirred at the relevant temperature under an argon atmosphere until completion as indicated
by TLC analysis. The formed precipitate was thoroughly washed with n-hexanes, filtered and
dried to give the target pyridinium or quinolinium salts 115.
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3-Bromo-N-methylpyridinium iodide (121)

Following the general procedure, the title compound was prepared from 3-bromopyridine (120)
(0.31 mL, 3.16 mmol), CH3I (0.98 mL, 15.80 mmol) in CH3CN (20 mL). After refluxing for 24
hours, workup was carried out according to the general procedure to give the target compound
121 as yellow crystals (864.6 mg, 91%).

mp: 163-165 °C (lit. [286] 163-164 °C).
IR (ATR): νmax 3016, 2980, 1627, 1459, 1318, 721 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 9.43 (s, 1H, H-2), 9.03 (d, J = 6.0 Hz, 1H, H-6), 8.85

(d, J = 8.4 Hz, 1H, H-4), 8.09 (dd, J = 8.3 Hz, 6.0 Hz, 1H, H-5), 4.34 (s, 3H, NCH3).
13C NMR (100 MHz, DMSO-d6): δ 147.3 (C-4), 146.8 (C-2), 144.6 (C-6), 128.3 (C-5),

121.4 (C-3), 48.1 (NCH3).
In accordance with previously reported data. [286]

3-Bromo-N-methylquinolinium iodide (115)

Following the general procedure, the title compound was prepared from 3-bromoquinoline
(67b) (0.33 mL, 2.40 mmol), CH3I (0.75 mL, 12.00 mmol) in CH3CN (25 mL). After re-
fluxing for 22 hours, workup was carried out according to the general procedure to give the
target compound 115 as a bright yellow powder (835.3 mg, 99%).

mp: 345-347 °C (lit. [286] 288-289 °C).
IR (ATR): νmax 3423, 3033, 2923, 2852, 1515, 1215, 771 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 9.90 (d, J = 1.6 Hz, 1H, H-2), 9.64 (d, J = 1.6 Hz, 1H,

H-4), 8.51-8.49 (m, 1H, H-8), 8.39 (dd, J = 8.2 Hz, 1.3 Hz, 1H, H-5), 8.33-8.28 (m, 1H, H-7),
8.11-8.07 (m, 1H, H-6), 4.62 (s, 3H, NCH3).

13C NMR (100 MHz, DMSO-d6): δ 151.3 (C-2), 148.1 (C-4), 137.2 (C-8a), 135.6 (C-7),
130.8 (C-6), 129.6 (C-4a), 129.5 (C-5), 119.2 (C-8), 114.4 (C-3), 45.3 (NCH3).

In accordance with previously reported data. [286]
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3-Bromo-N-methylquinolinium methyl sulfate (115g)

Following the general procedure, the title compound was prepared from 3-bromoquinoline
(67b) (0.65 mL, 4.81 mmol), Me2SO4 (1.14 mL, 12.02 mmol) in CH3CN (25 mL). After
refluxing for 24 hours, workup was carried out according to the general procedure to give the
target compound 115g as a yellow solid (1.47 g, 96%).

mp: 69-70 °C.
IR (ATR): ν 3145, 3095, 3048, 2945, 1676, 1522, 1218, 999, 734 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 9.87 (d, J = 1.6 Hz, 1H, H-2), 9.63 (d, J = 1.6 Hz, 1H,

H-4), 8.50 (d, J = 8.9 Hz, 1H, H-8), 8.39 (dd, J = 8.3 Hz, 1.2 Hz, 1H, H-5), 8.31-8.27 (m, 1H,
H-7), 8.09-8.06 (m, 1H, H-6), 4.63 (s, 3H, NCH3).

13C NMR (100 MHz, DMSO-d6): δ 151.4 (C-2), 148.1 (C-4), 137.2 (C-8a), 135.6 (C-4a),
130.8 (C-6), 129.6 (C-5), 129.5 (C-7), 119.3 (C-8), 114.4 (C-3), 45.3 (NCH3).

HRMS (ESI): sample sent to UiB for analysis.

3-Bromo-N-methylquinolinium triflate (115k)

Following the general procedure, the title compound was prepared from 3-bromoquinoline
(67b) (0.33 mL, 2.40 mmol), MeOTf (0.29 mL, 2.60 mmol) in anhydrous CH2Cl2 (10 mL).
After 19 hours at rt, workup was carried out according to the general procedure to give the
target compound 115k as a white solid (1.16 g, quant.).

mp: 215-218 °C.
IR (ATR): νmax 3150, 3100, 3054, 1523, 1258, 1028, 775 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 9.88 (d, J = 1.6 Hz, 1H, H-2), 9.63 (d, J = 1.7 Hz, 1H,

H-4), 8.50 (dd, J = 8.9 Hz, 0.5 Hz, 1H, H-8), 8.39 (dd, J = 8.2 Hz, 1.3 Hz, 1H, H-5), 8.32-8.28
(m, 1H, H-7), 8.11-8.07 (m, 1H, H-6), 4.63 (s, 3H, NCH3).

195



Chapter 7. Experimental 7.2. Methods

13C NMR (100 MHz, DMSO-d6): δ 151.4 (C-2), 148.1 (C-4), 137.2 (C-8a), 135.6 (C-4a),
130.8 (C-6), 129.6 (C-7), 120.6 (q, JCF = 322.9 Hz, OCF3), 119.2 (C-8), 114.4 (C-3), 45.3
(NCH3).

19F NMR (376 MHz, DMSO-d6): δ -77.5.
HRMS (ESI): sample sent to UiB for analysis.

3-Bromo-N-ethylquinolinium iodide (115a)

Following the general procedure, the title compound was prepared from 3-bromoquinoline
(67b) (0.65 mL, 4.81 mmol), EtI (3.85 mL, 48.10 mmol) in CH3CN (50 mL). After reflux-
ing for 42 hours, workup was carried out according to the general procedure to give the target
compound 115a as a yellow solid (1.47 g, 84%).

mp: 235-237 °C.
IR (ATR): νmax 2998, 2965, 2928, 1571, 1516, 781 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 9.91 (d, J = 2.1 Hz, 1H, H-2), 9.64 (d, J = 1.8 Hz, 1H,

H-4), 8.61 (d, J = 9.0 Hz, 1H, H-8), 8.40 (dd, J = 8.2 Hz, 1.3 Hz, 1H, H-5), 8.31-8.27 (m, 1H,
H-7), 8.10-8.06 (m, 1H, H-6), 5.09 (q, J = 7.2 Hz, 2H, H-1’), 1.62 (t, J = 7.2 Hz, 3H, H-2’).

13C NMR (100 MHz, DMSO-d6): δ 150.7 (C-2), 148.3 (C-4), 136.1 (C-8a), 135.7 (C-7),
130.6 (C-6), 130.1 (C-4a), 129.9 (C-5), 118.9 (C-8), 114.9 (C-3), 53.4 (C-1’), 15.1 (C-2’).

HRMS (ESI): calcd. for C11H11NBr [M - I-] 236.0069; 238.0049, found 236.0070; 238.0044.

3-Bromo-N-benzylquinolinium bromide (115b)

Following the general procedure, the title compound was prepared from 3-bromoquinoline
(67b) (0.065 mL, 0.48 mmol), BnBr (0.57 mL, 4.80 mmol) in CH3CN (5 mL). After refluxing
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for 24 hours, workup was carried out according to the general procedure to give the target com-
pound 115b as an off-white powder (200.0 mg, quant.).

mp: 236 °C.
IR (ATR): νmax 3043, 2922, 2879, 2817, 1522, 1373, 767, 725, 693 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 10.23 (d, J = 2.0 Hz, 1H, H-2), 9.77 (d, J = 1.8 Hz,

1H, H-4), 8.46-8.42 (m, 2H, H-5 and H-8), 8.23-8.18 (m, 1H, H-7), 8.05-8.02 (m, 1H, H-6),
7.46-7.44 (m, 2H, H-3’ and H-7’), 7.41-7.35 (m, 3H, H-4’, H-5’ and H-6’), 6.40 (s, 2H, H-1’).

13C NMR (100 MHz, DMSO-d6): δ 151.5 (C-2), 149.4 (C-4), 136.3 (C-8a), 135.8 (C-
7), 133.6 (C-2’), 130.8 (C-6), 130.4 (C-4a), 130.1 (C-5), 128.9 (C-4’ and C-6’), 128.7 (C-5’),
127.3 (C-3’ and C-7’), 119.4 (C-8), 115.2 (C-3), 60.1 (C-1’).

HRMS (ESI): calcd. for C16H13NBr [M - Br-] 298.0226; 300.0205, found 298.0229;
300.0210.

7-Nitro-N-methylquinolinium iodide (119)

Following the general procedure, the title compound was prepared from 3-bromo-7-nitroquino-
line (67bc) (100.0 mg, 0.39 mmol), CH3I (2.50 mL, 39.0 mmol) in CH3CN (5 mL). After re-
fluxing for 17 hours, workup was carried out according to the general procedure to give com-
pound 119 as a red powder (181.5 mg, quant.).

mp: 213-216 °C.
IR (ATR): νmax 3116, 3047, 2993, 1516, 1335, 812 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 9.68 (d, J = 5.7 Hz, 1H, H-2), 9.53 (d, J = 8.9 Hz, 1H,

H-4), 8.92 (d, J = 9.0 Hz, 1H, H-8), 8.79-8.77 (m, 1H, H-6), 8.43 (dd, J = 8.9 Hz, 7.9 Hz, 1H,
H-3), 8.38 (dd, J = 9.0 Hz, 5.7 Hz, 1H, H-5), 4.72 (s, 3H, NCH3).

13C NMR (100 MHz, DMSO-d6): δ 151.8 (C-2), 146.3 (C-7), 142.3 (C-4), 138.4 (C-8a),
133.8 (C-5), 127.0 (C-6), 125.5 (C-8), 124.5 (C-3), 121.7 (C-4a), 46.7 (NCH3).

HRMS (ESI): sample sent to UiB for analysis.
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3-Bromo-N-methyl-5-nitroquinolinium methyl sulfate (115h)

Following the general procedure, the title compound was prepared from 3-bromo-5-nitroquino-
line (67ba) (500.0 mg, 1.98 mmol), Me2SO4 (0.94 mL, 9.92 mmol) in CH3CN (12 mL). After
refluxing for 68 hours, workup was carried out according to the general procedure to give the
target compound 115h as an off-white solid (875.9 mg, quant.).

mp: 200-203 °C.
IR (ATR): νmax 3034, 1670, 1221, 1030 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 10.07 (d, J = 1.5 Hz, 1H, H-2), 9.67 (d, J = 0.9 Hz,

1H, H-4), 8.92-8.90 (m, 1H, H-6), 8.78 (dd, J = 7.7 Hz, 0.4 Hz, 1H, H-8), 8.42 (dd, J = 9.0 Hz,
7.8 Hz, 1H, H-7), 4.71 (s, 3H, NCH3).

13C NMR (100 MHz, DMSO-d6): δ 153.4 (C-2), 145.3 (C-5), 143.3 (C-4), 137.4 (C-8a),
133.9 (C-7), 127.9 (C-8), 125.7 (C-6), 121.9 (C-4a), 117.7 (C-3), 46.7 (NCH3).

HRMS (ESI): sample sent to UiB for analysis.

3-Bromo-N-methyl-5-nitroquinolinium triflate (115l))

Following the general procedure, the title compound was prepared from 3-bromo-5-nitroquin-
oline (67ba) (200.0 mg, 0.79 mmol), MeOTf (0.10 mL, 0.95 mmol) in anhydrous CH2Cl2 (5
mL). After stirring at rt for 22 hours, workup was carried out according to the general proce-
dure to give the target compound 115l as an off-white solid (349.1 mg, quant.).

mp: 104-107 °C.
IR (ATR): νmax 3080, 1529, 1247, 1141, 1025, 815, 737 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 10.09 (d, J = 1.5 Hz, 1H, H-2), 9.70 (d, J = 1.1 Hz,

1H, H-4), 8.90-8.88 (m, 1H, H-6), 8.79 (dd, J = 7.7 Hz, 0.6 Hz, 1H, H-8), 8.43 (dd, J = 8.9 Hz,
7.8 Hz, 1H, H-7), 4.70 (s, 3H, NCH3).
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13C NMR (100 MHz, DMSO-d6): δ 153.4 (C-2), 145.4 (C-5), 143.4 (C-4), 137.3 (C-8a),
133.9 (C-7), 127.9 (C-8), 125.5 (C-6), 121.9 (C-4a), 120.6 (q, JCF = 322.2 Hz, OCF3), 117.6
(C-3), 46.6 (NCH3).

19F NMR (376 MHz, DMSO-d6): δ -76.9.
HRMS (ESI): calcd. for C10H8N2BrO2 [M - OTf-] 266.9764; 268.9743, found 266.9764;

268.9868.

3-Bromo-N-methyl-7-nitroquinolinium methyl sulfate (115i)

Following the general procedure, the title compound was prepared from 3-bromo-7-nitroquino-
line (67bc) (1.00 g, 3.95 mmol), Me2SO4 (1.86 mL, 19.76 mmol) in CH3CN (20 mL). After
refluxing for 25 hours, workup was carried out according to the general procedure to give the
target compound 115i as a white solid (1.47 g, quant.).

mp: 199-203 °C.
IR (ATR): νmax 3084, 3037, 2955, 1551, 1212, 734 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 10.09 (d, J = 1.5 Hz, 1H, H-2), 9.77 (d, J = 1.4 Hz,

1H, H-4), 9.24 (d, J = 1.8 Hz, 1H, H-8), 8.75 (dd, J = 9.0 Hz, 2.0 Hz, 1H, H-6), 8.63 (d, J =
9.1 Hz, 1H, H-5), 4.76 (s, 3H, NCH3).

13C NMR (100 MHz, DMSO-d6): δ 154.7 (C-2), 150.0 (C-7), 148.1 (C-4), 136.7 (C-8a),
132.0 (C-5), 131.9 (C-4a), 124.3 (C-6), 118.2 (C-3), 115.9 (C-8).

HRMS (ESI): calcd. for C10H8N2BrO2 [M - MeSO4-] 266.9764; 268.9743, found 266.9762;
268.9748.

3-Bromo-N-methyl-7-nitroquinolinium triflate (115m)

Following the general procedure, the title compound was prepared from 3-bromo-7-nitroquin-
oline (67bc) (500.0 mg, 1.97 mmol), MeOTf (0.24 mL, 2.17 mmol) in anhydrous CH2Cl2 (10
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mL). After stirring at rt for five days, workup was carried out according to the general proce-
dure to give the target compound 115m as an off-white solid (768.0 mg, 94%).

mp: 235-236 °C.
IR (ATR): νmax 3137, 3084, 3056, 1551, 1249, 1148, 1025, 823, 734 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 10.10 (d, J = 1.4 Hz, 1H, H-2), 9.77 (d, J = 1.4 Hz,

1H, H-4), 9.25 (d, J = 1.9 Hz, 1H, H-8), 8.76 (dd, J = 9.0 Hz, 2.0 Hz, 1H, H-6), 8.61 (d, J =
9.0 Hz, 1H, H-5), 4.75 (s, 3H, NCH3).

13C NMR (100 MHz, DMSO-d6): δ 154.7 (C-2), 150.1 (C-7), 148.0 (C-4), 136.6 (C-8a),
131.9 (C-5), 131.8 (C-4a), 124.3 (C-6), 118.2 (C-3), 115.8 (C-8), 45.9 (NCH3).

HRMS (ESI): sample sent to UiB for analysis.

6-Acetyl-3-bromo-N-methylquinolinium iodide (115d)

Following the general procedure, the title compound was prepared 6-acetyl-3-bromoquinoline
(100.0 mg, 0.40 mmol), CH3I in CH3CN (5 mL). After refluxing for 23 hours, workup was
carried out according to the general procedure to give the target compound 115d as a yellow
powder (195.1 mg, quant.).

mp: 244-245 °C.
IR (ATR): νmax 3060, 3009, 2917, 1684 (C=O), 1360, 828 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 10.00 (d, J = 1.8 Hz, 1H, H-2), 9.75 (d, J = 1.8 Hz,

1H, H-4), 9.04 (d, J = 1.8 Hz, 1H, H-5), 8.65 (dd, J = 9.2 Hz, 1.9 Hz, 1H, H-7), 8.59 (d, J =
9.2 Hz, 1H, H-8), 4.65 (s, 3H, NCH3), 2.79 (s, 3H, CH3).

13C NMR (100 MHz, DMSO-d6): δ 196.6 (C=O), 153.1 (C-2), 149.2 (C-4), 138.8 (C-8a),
137.1 (C-6), 133.1 (C-5), 130.6 (C-7), 129.4 (C-8), 120.0 (C-4a), 115.4 (C-3), 45.6 (NCH3),
27.1 (CH3).

HRMS (ESI): sample sent to UiB for analysis.
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6-Acetyl-3-bromo-N-methylquinolinium triflate (115n)

Following the general procedure, the title compound was prepared from 6-acetyl-3-bromoqui-
noline (500.0 mg, 2.00 mmol), MeOTf (0.26 mL, 2.40 mmol) in anhydrous CH2Cl2 (20 mL).
After stirring at rt for four days, workup was carried out according to the general procedure to
give the target compound 115n as an off-white powder (836.0 mg, quant.).

mp: 182-185 °C.
IR (ATR): νmax 3083, 3052, 1690 (C=O), 1251, 1154, 1025, 827 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 9.98 (d, J = 1.7 Hz, 1H, H-2), 9.73 (d, J = 1.5 Hz, 1H,

H-4), 9.01 (d, J = 1.7 Hz, 1H, H-5), 8.65 (dd, J = 9.2 Hz, 1.9 Hz, 1H, H-7), 8.58 (d, J = 9.3 Hz,
1H, H-8), 4.64 (s, 3H, NCH3), 2.78 (s, 3H, CH3).

13C NMR (100 MHz, DMSO-d6): δ 196.6 (C=O), 153.2 (C-2), 149.3 (C-4), 138.9 (C-8a),
137.1 (C-6), 133.1 (C-5), 130.6 (C-7), 129.4 (C-8), 120.0 (C-4a), 115.4 (C-3), 45.5 (NCH3),
27.0 (CH3) (OCF3 was obscured or overlapping).

19F NMR (376 MHz, DMSO-d6): δ -77.5.
HRMS (ESI): calcd. for C12H11NBrO [M - OTf-] 264.0019; 265.9998, found 264.0019;

265.9985.

6-Acetamido-3-bromo-8-fluoro-N-methylquinolinium iodide (115e)

Following the general procedure, the title compound was prepared from N-(3-bromo-8-fluoro-
quinolin-6-yl)acetamide (67bb) (#) (200.0 mg, 0.71 mmol), CH3I (0.88 mL, 14.18 mmol) in
CH3CN (15 mL). After refluxing for 3 days, workup was carried out according to the general
procedure to give the target compound 115e as an orange solid (265.7 mg, 88%).

mp: 215-217 °C.
IR (ATR): νmax 3149, 3090, 3035, 1691 (C=O), 1549, 1255, 878 cm−1.
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1H NMR (400 MHz, DMSO-d6): δ 10.83 (bs, 1H, NH), 9.71 (d, J = 1.2 Hz, 1H, H-2),
9.62-9.61 (m, 1H, H-4), 8.37 (d, J = 1.8 Hz, 1H, H-5), 8.15 (dd, J = 16.2 Hz, 2.1 Hz, 1H, H-7)
4.69 (d, J = 8.3 Hz, 1H, NCH3), 2.17 (s, 3H, CH3).

13C NMR (100 MHz, DMSO-d6): δ 169.7 (C=O), 152.2 (d, JCF = 254.1 Hz, C-8), 150.9
(C-2), 147.0 (d, JCF = 2.2 Hz, C-4), 140.7 (d, JCF = 10.9 Hz, C-6), 132.4 (C-8a), 123.9 (d, JCF

= 8.7 Hz, C-4a), 115.8 (C-3), 113.5 (d, JCF = 26.6 Hz, C-7), 111.4 (d, JCF = 3.6 Hz, C-5), 49.6
(d, JCF = 16.0 Hz, NCH3), 24.2 (CH3).

19F NMR (376 MHz, DMSO-d6): δ -111.9.
HRMS (ESI): calcd. for C12H11BrFN2O [M - I-] 297.0033; 299.0013, found 297.0034;

299.0011.

3-Bromo-6-methoxy-N-quinolinium iodide (115f)

Following the general procedure, the title compound was prepared from 3-bromo-6-methoxyq-
uinoline (200.0 mg, 0.84 mmol), CH3I (2.62 mL, 42.19 mmol) in CH3CN (10 mL). After re-
fluxing for 21 hours, workup was carried out according to the general procedure to give the
target compound 115f as an orange solid (309.2 mg, 97%).

mp: 159-162 °C.
IR (ATR): νmax 2979, 2935, 1614, 1522, 892, 824 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 9.70 (d, J = 1.6 Hz, 1H, H-2), 9.43 (d, J = 1.3 Hz, 1H,

H-4), 8.42 (d, J = 9.4 Hz, 1H, H-8), 7.92 (dd, J = 9.6 Hz, 2.8 Hz, 1H, H-7), 7.82 (d, J = 2.8 Hz,
1H, H-5), 4.59 (s, 3H, NCH3), 4.00 (s, 3H, OCH3).

13C NMR (100 MHz, DMSO-d6): δ 159.8 (C-6), 148.0 (C-2), 145.9 (C-4), 133.0 (C-8a),
131.7 (C-4a), 127.6 (C-7), 120.9 (C-8), 114.9 (C-3), 107.1 (C-5), 56.4 (OCH3), 45.4 (NCH3).

HRMS (ESI): calcd. for C11H11NBrO [M - I-] 252.0019; 253.9998, found 252.0020;
254.0025.

7.2.8 Cascade Suzuki-Miyaura cross coupling and cyclization reactions

General procedure

To a solution of pyridinium halide or quinolinium halide 115 (1 equiv.) in an appropriate
amount of DME under an argom atmosphere was added boronic acid (1.2-1.3 equiv.), an aq.
solution of Cs2CO3 (3.2-4.2 equiv.) and Pd(PPh3)4 (5 mol%). The resulting reaction mixture
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was stirred at 80 °C until completion as indicated by TLC analysis. The crude mixture was
then allowed to cool to rt and the volatiles were removed under reduced pressure. The con-
centrate was evaporated onto celite and purified by column chromatography using the eluent as
indicated in the specific descriptions to give target compounds.

(E)-3-(1H-Indol-3-yl)acrylaldehyde (122)

Following the general procedure, the title compound was prepared from 3-bromo-N-methylpy-
ridinium iodide (121) (200.0 mg, 0.67 mmol), 2-aminophenylboronic acid hydrochloride (68)
(139.2 mg, 0.80 mmol), an aq. solution of Cs2CO3 (916.8 mg, 2.81 mmol in 2 mL H2O) and
Pd(PPh3)4 (38.7 mg, 0.033 mmol) in DME (10 mL). After a reaction time of 27 hours, the
crude was purified by silica gel column chromatography (pet. ether/EtOAc/CH2Cl2, 6:2:2 v/v)
and concentration of the relevant fractions [Rf = 0.16 (pet. ether/EtOAc/CH2Cl2, 6:2:2 v/v)]
gave compound 122 as a dark red solid (29.7 mg, 24%).

mp: 145-146 °C.
IR (ATR): νmax 3260, 2955, 2925, 2855, 1608, 1123, 741 cm−1.
1H NMR (400 MHz, CD3OD): δ 9.50 (d, J = 8.1 Hz, 1H, H-3’), 7.90 (d, J = 15.7 Hz, 1H,

H-1’), 7.87-7.82 (m, 2H, H-2 and H-4), 7.47-7.45 (m, 1H, H-7), 7.27-7.21 (m, 2H, H-5 and
H-6), 6.72 (dd, J = 15.7 Hz, 8.1 Hz, 1H, H-2’).

13C NMR (100 MHz, CD3OD): δ 196.6 (C-3’), 150.8 (C-1’), 139.4 (C-7a), 133.8 (C-2),
126.5 (C-3a), 124.3 (C-6), 124.0 (C-2’), 122.7 (C-5), 121.0 (C-4), 114.5 (C-3), 113.4 (C-7).

In accordance with previously reported data. [287]

Neocryptolepine (24)

203



Chapter 7. Experimental 7.2. Methods

Following the general procedure, the title compound was prepared from 3-bromo-N-methylqu-
inolinium iodide (115) (200.0 mg, 0.57 mmol), 2-aminophenylboronic acid hydrochloride (68)
(119.3 mg, 0.69 mmol), an aq. solution of Cs2CO3 (780.0 mg, 2.39 mmol in 2 mL H2O) and
Pd(PPh3)4 (32.9 mg, 0.028 mmol) in DME (10 mL). After a reaction time of 24 hours, the crude
was purified by silica gel column chromatography (EtOAc/CH2Cl2, 8:2 v/v) and concentration
of the relevant fractions [Rf = 0.23 (EtOAc/CH2Cl2, 8:2 v/v)] gave the target compound 24 as
a pale red solid (106.6 mg, 80%).

Following the general procedure outlined in Section 7.2.6, neocryptolepine (24) was pre-
pared from 6H-indolo[2,3-b]quinoline (26) (23.0 mg, 0.10 mmol), iodomethane (0.66 mL, 10.0
mmol) in THF (2 mL). After a reaction time of 24 hours, the crude was purified by silica gel
column chromatography (CH2Cl2/MeOH, 95:5 v/v) and concentration of the relevant fractions
[Rf = 0.18 (CH2Cl2/MeOH, 95:5 v/v)] gave the hydroiodide salt of neocryptolepine. The free
base was obtained according to the general procedure to give the target compound 24 as dark
yellow crystals (19.5 mg, 84%). [153]

mp: 85-86 °C (lit. [153] 104-105 °C).
IR (ATR): νmax 3051, 2961, 2923, 2852, 1494, 1012, 741 cm−1.
1H NMR (400 MHz, CD3OD): δ 8.67 (s, 1H, H-11), 8.05-8.02 (m, 2H, H-1 and H-10),

7.90 (d, J = 8.6 Hz, 1H, H-4), 7.83-7.78 (m, 1H, H-7), 7.59-7.57 (m, 1H, H-2), 7.50-7.45 (m,
2H, H-3 and H-8), 7.19 (td, J = 7.5 Hz, 1.0 Hz, 1H, H-9), 4.23 (s, 3H, NCH3).

13C NMR (100 MHz, CD3OD): δ 156.9 (C-5a), 155.4 (C-4a), 138.1 (C-6a), 132.0 (C-
7), 131.2 (C-1), 130.4 (C-11), 130.1 (C-8), 128.4 (C-10a), 124.9 (C-11a), 123.6 (C-3), 122.4
(C-10b), 122.2 (C-10), 121.2 (C-9), 117.7 (C-2), 115.7 (C-4), 33.7 (NCH3).

In accordance with previously reported data. [153]

5-Methyl-3-nitro-5Hindolo[2,3-b]quinoline (24a)

Following the general procedure, the title compound was prepared from 3-bromo-N-methyl-
7-nitroquinolinium methyl sulfate (115i) (100.0 mg, 0.27 mmol), 2-aminophenylboronic acid
hydrochloride (68) (71.5 mg, 0.41 mmol), an aq. solution of K2CO3 (130.6 mg, 0.94 mmmol
in 1 mL H2O) and PdCl2(dppf) (9.9 mg, 0.013 mmol) in EtOH (5 mL). After a reaction time of
22 hours, the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 1:1
v/v) and concentration of the relevant fractions [Rf = 0.31 (pet. ether/EtOAc, 1:1 v/v)] gave the
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target compound 24a as a dark red gel (10.8 mg, 14%).

IR (ATR): νmax 2924, 2854, 1513, 1334 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.67 (d, J = 1.5 Hz, 1H, H-4), 8.56 (s, 1H, H-11), 8.27

(dd, J = 8.7 Hz, 1.7 Hz, 1H, H-2), 8.13 (d, J = 8.7 Hz, 1H, H-1), 8.06 (d, J = 7.6 Hz, 1H, H-7),
7.76 (d, J = 8.0 Hz, 1H, H-8), 7.61 (t, J = 7.6 Hz, 1H, H-9), 7.30-7.26 (m, 1H, H-10), 4.47 (s,
3H, NCH3).

13C NMR (100 MHz, CDCl3): δ 156.3 (C-5a), 156.3 (C-6a), 148.0 (C-3), 136.5 (C-4a),
132.1 (C-10b), 131.1 (C-9), 130.9 (C-1), 126.2 (C-11), 124.8 (C-11a), 123.7 (C-10a), 121.9
(C-7), 121.1 (C-10), 118.5 (C-8), 116.1 (C-2), 110.2 (C-4), 33.6 (NCH3).

HRMS (ESI): calcd. for C16H12N2O [M + H+] 278.0924, found 278.0921.

5-Methyl-1-nitro-5H-indolo[2,3-b]quinoline (24b)

Following the general procedure, the title compound was prepared from 3-bromo-N-methyl-
5-nitroquinolinium methyl sulfate (115h) (100.0 mg, 0.27 mmol), 2-aminophenylboronic acid
hydrochloride (68) (61.9 mg, 0.36 mmol), an aq. solution of Cs2CO3 (290.3 mg, 0.89 mmol in
1 mL H2O) and Pd(PPh3)4 (15.6 mg, 0.013 mmol) in DME (5 mL). After a reaction time of 24
hours, the crude was purified by silica gel column chromatography (EtOAc) and concentration
of the relevant fractions [Rf = 0.14 (EtOAc)] gave the target compound 24b as a red solid (10.0
mg, 13%).

mp: 241-242 °C.
IR (ATR): νmax 2923, 2852, 1520, 732 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.03 (s, 1H, H-11), 8.03 (d, J = 7.7 Hz, 1H, H-10) 8.02-

7.98 (m, 2H, H-2 and H-7), 7.79 (t, J = 8.2 Hz, 1H, H-9), 7.69 (d, J = 7.9 Hz, 1H, H-8),
7.58-7.55 (m, 1H, H-3), 7.27-7.24 (m, 1H, H-4), 4.40 (s, 3H, NCH3).

13C NMR (100 MHz, CDCl3): δ 155.7 (C-5a), 155.0 (C-4a), 148.3 (C-1), 137.6 (C-11a),
131.0 (C-6a), 130.8 (C-3), 128.8 (C-9), 123.9 (C-10a), 122.0 (C-10), 121.5 (C-11), 121.0 (C-4),
119.2 (C-7), 118.6 (C-2), 118.1 (C-8), 113.8 (C-10b), 34.1 (NCH3).

HRMS (ESI): sample sent to UiB for analysis.
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2-Acetyl-5-methyl-5H-indolo[2,3-b]quinoline (24c)

Following the general procedure, the title compound was prepared from 6-acetyl-3-bromo-
N-methylquinolinium iodide (115d) (100.0 mg, 0.24 mmol), 2-aminophenylboronic acid hy-
drochloride (68) (54.1 mg, 0.31 mmol), an aq. solution of Cs2CO3 (258.0 mg, 0.79 mmol in 1
mL H2O) and Pd(PPh3)4 (13.9 mg, 0.012 mmol) in DME (5 mL). After a reaction time of 24
hours, the crude was purified by silica gel column chromatography (EtOAc) and concentration
of the relevant fractions [Rf = 0.20 (EtOAc)] gave the target compound 24c as bright orange
crystals (41.4 mg, 62%).

mp: 185-187 °C.
IR (ATR): νmax 3051, 2925, 2854, 1676 (C=O), 1613, 1518, 1184 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.74 (d, J = 2.0 Hz, 1H, H-1), 8.40 (s, 1H, H-11), 8.25

(dd, J = 9.0 Hz, 2.1 Hz, 1H, H-3), 7.98-7.96 (m, 1H, H-10), 7.72-7.70 (m, 1H, H-7), 7.67 (d,
J = 9.0 Hz, 1H, H-4), 7.56-7.52 (m, 1H, H-8), 7.23 (td, J = 7.4 Hz, 0.9 Hz, 1H, H-9), 4.28 (s,
3H, NCH3), 2.69 (s, 3H, CH3).

13C NMR (100 MHz, CDCl3): δ 196.5 (C=O), 156.2 (C-5a), 155.4 (C-6a), 139.5 (C-4a),
131.1 (C-1), 130.7 (C-2), 129.9 (C-8), 129.6 (C-3), 129.1 (C-11a), 128.1 (C-11), 123.9 (C-10a),
121.3 (C-10), 120.7 (C-9), 120.0 (C-10b), 118.2 (C-7), 114.3 (C-4), 33.3 (NCH3), 26.6 (CH3).

HRMS (ESI): calcd. for C18H14N2O [M + H+] 275.1179, found 275.1179.

N-(4-Fluoro-5-methyl-5H-indolo[2,3-b]quinolin-2-yl)acetamide (24d)

Following the general procedure, the title compound was prepared from 6-acetamido-3-bromo-
8-fluoro-N-methylquinolinium iodide (115e) (100.0 mg, 0.23 mmol), 2-aminophenylboronic
acid hydrochloride (68) (53.2 mg, 0.31 mmol), an aq. solution of Cs2CO3 (262.3 mg, 0.80
mmol in 1 mL H2O) and Pd(PPh3)4 (13.3 mg, 0.011 mmol) in DME (5 mL). After a reaction
time of 21 hours, the crude was purified by silica gel column chromatography (EtOAC/MeOH,
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99:1 v/v) and concentration of the relevant fractions [Rf = 0.17 (EtOAc/MeOH, 99:1 v/v)] gave
the target compound 24d as a bright red solid (48.5 mg, 69%).

mp: 299-300 °C.
IR (ATR): νmax 3297, 3056, 2960, 2928, 2856, 1654 (C=O), 1582, 1489, 1205, 761 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 10.34 (bs, 1H, NH), 8.92 (d, J = 1.0 Hz, 1H, H-11),

8.14-8.12 (m, 2H, H-1 and H-10), 7.87 (dd, J = 17.1 Hz, 2.1 Hz, 1H, H-3), 7.55 (d, J = 7.9 Hz,
1H, H-7), 7.50-7.46 (m, 1H, H-8), 7.19-7.15 (m, 1H, H-9), 4.45 (d, J = 8.2 Hz, 3H, NCH3),
2.11 (s, 3H, CH3).

13C NMR (100 MHz, DMSO-d6): δ 168.6 (C=O), 155.7 (C-5a), 155.2 (C-6a), 150.5 (d,
JCF = 245.2 Hz, C-4), 133.6 (d, JCF = 10.4 Hz, C-2), 129.2 (C-8), 128.6 (d, JCF = 2.8 Hz, C-
11), 128.0 (C-10a), 123.5 (C-11a), 122.9 (d, JCF = 3.5 Hz, C-4a), 121.9 (C-10b), 121.8 (C-10),
119.4 (C-9), 117.1 (C-7), 114.2 (d, JCF = 3.1 Hz, C-1), 109.5 (d, JCF = 27.3 Hz, C-3), 36.5 (d,
JCF = 15.1 Hz, NCH3), 23.9 (CH3).

19F NMR (376 MHz, DMSO-d6): δ -120.7.
HRMS (ESI): calcd. for C18H14FN3O [M + H+] 308.1194, found 308.1205.

2-Methoxy-5-methyl-5H-indolo[2,3-b]quinoline (24e)

Following the general procedure, the title compound was prepared from 3-bromo-6-methoxy-
N-methylquinolinium iodide (115f) (100.0 mg, 0.26 mmol), 2-aminophenylboronic acid hy-
drochloride (68) (59.5 mg, 0.34 mmol), an aq. solution of Cs2CO3 (279.5 mg, 0.86 mmol) and
Pd(PPh3)4 (15.0 mg, 0.013 mmol) in DME (5 mL). After a reaction time of 23 hours, the crude
was purified by silica gel column chromatography (EtOAc) and concentration of the relevant
fractions [Rf = 0.10 (EtOAc)] gave the target compound 24e as a bright red wax (33.3 mg, 49%).

IR (ATR): 2925, 2854, 1576, 1492, 1234 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.44 (s, 1H, H-11), 8.01 (d, J = 7.3 Hz, 1H, H-10), 7.73

(d, J = 7.9 Hz, 1H, H-4), 7.66 (d, J = 9.2 Hz, 1H, H-7), 7.55-7.52 (m, 1H, H-8), 7.39 (dd, J =
9.2 Hz, 2.8 Hz, 1H, H-3), 7.35 (d, J = 2.7 Hz, 1H, H-1), 7.20 (t, J = 7.4 Hz, 1H, H-9), 4.33 (s,
3H, NCH3), 3.94 (s, 3H, OCH3).
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13C NMR (100 MHz, CDCl3): δ 155.9 (C-5a), 155.6 (C-6a), 154.7 (C-2), 131.9 (C-4a),
129.5 (C-8), 128.6 (C-11a), 127.6 (C-11), 123.8 (C-10a), 121.7 (C-10b), 121.1 (C-10), 120.4
(C-3), 119.6 (C-9), 117.6 (C-4), 115.5 (C-7), 110.4 (C-1), 55.9 (OCH3), 33.9 (NCH3).

In accordance with previously reported data. [186]

5-Methyl-9-nitro-5H-indolo[2,3-b]quinoline (24f)

Following the general procedure, the title compound was prepared from 3-bromo-N-methylqui-
nolinium iodide (115) (100.0 mg, 0.29 mmol), 4-nitro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborol-
an-2-yl)aniline (83b) (98.4 mg, 0.37 mmol), an aq. solution of Cs2CO3 (330.7 mg, 1.01 mmol
in 1 mL H2O) and Pd(PPh3)4 (16.7 mg, 0.014 mmol) in DME (5 mL). After a reaction time
of 21 hours, the crude was purified by silica gel column chromatography (EtOAc) and concen-
tration of the relevant fractions [Rf = 0.24 (EtOAc)] gave the target compound 24f as a yellow
solid (28.9 mg, 36%).

mp: 292-293 °C.
IR (ATR): νmax 2955, 2922, 2854, 1611, 1282, 1074, 738, 737 cm−1.
1H6 NMR (400 MHz, DMSO-d6): δ 9.29 (s, 1H, H-11), 9.06 (d, J = 2.2 Hz, 1H, H-10),

8.30 (dd, J = 8.8 Hz, 2.3 Hz, 1H, H-8), 8.17 (d, J = 7.7 Hz, 1H, H-1), 8.07 (d, J = 8.7 Hz, 1H,
H-4), 7.95-7.91 (m, 1H, H-3), 7.63-7.58 (m, 2H, H-2 and H-7), 4.36 (s, 3H, NCH3).

13C NMR (100 MHz, DMSO-d6): δ 132.7, 131.9, 131.5, 130.5, 128.8, 125.4, 124.2,
123.6, 123.2, 120.9, 118.2, 116.7, 115.9, 33.5. The presence of two signals at roughly 156 and
155 ppm, respectively, determined by 1H-13C HMBC. Sample decomposed before more scans
could be run.

HRMS (ESI): sample sent to UiB for analysis.

5-Methyl-5H-indolo[2,3-b]quinoline-9-carbonitrile (24g)
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Following the general procedure, the title compound was prepared from 3-bromo-N-methylqu-
inolinium iodide (115) (100.0 mg, 0.29 mmol), 4-amino-3-(4,4,5,5-tetramethyl-1,3,2-dioxabor-
olan-2-yl)benzonitrile (83c) (90.9 mg, 0.37 mmol), an aq. solution of Cs2CO3 (312.8 mg, 0.96
mmol in 1 mL H2O) and Pd(PPh3)4 (16.7 mg, 0.014 mmol) in DME (5 mL). After a reaction
time of 22 hours, the crude was purified by silica gel column chromatography (EtOAc) and
concentration of the relevant fractions [Rf = 0.12 (EtOAc)] gave the target compound 24g as a
bright yellow solid (51.6 mg, 69%).

mp: 257-258 °C (lit. [260] 258.4 °C).
IR (ATR): νmax 3038, 2922, 2853, 2208 (CN), 1573, 1483, 1249, 831, 738 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 9.17 (s, 1H, H-11), 8.64 (d, J = 1.3 Hz, 1H, H-10),

8.21 (dd, J = 7.9 Hz, 1.0 Hz, 1H, H-1), 8.09 (d, J = 8.7 Hz, 1H, H-4), 7.96-7.92 (m, 1H, H-3),
7.83 (dd, J = 8.3 Hz, 1.6 Hz, 1H, H-8), 7.69 (d, J = 8.3 Hz, 1H, H-7), 7.61-7.58 (m, 1H, H-2),
4.38 (s, 3H, NCH3).

13C NMR (100 MHz, DMSO-d6): δ 157.9 (C-6a), 157.0 (C-5a), 136.8 (C-4a), 131.8 (C-
8), 131.7 (C-3), 131.7 (C-11), 130.3 (C-1), 126.0 (C-10), 125.0 (C-10b), 124.2 (C-11a), 122.8
(C-2), 120.6 (C-10a), 120.5 (CN), 117.8 (C-7), 115.6 (C-4), 100.1 (C-9), 33.3 (NCH3).

In accordance with previously reported data. [260]

5-Methyl-9-(trifluoromethyl)-5H-indolo[2,3-b]quinoline (24h)

Following the general procedure, the title compound was prepared from 3-bromo-N-methylqu-
inolinium iodide (115) (100.0 mg, 0.29 mmol), 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-4-(trifluoromethyl)aniline (83d) (106.2 mg, 0.37 mmol), an aq. solution of Cs2CO3 (311.8
mg, 0.96 mmol in 1 mL H2O) and Pd(PPh3)4 (16.7 mg, 0.014 mmol) in DME (5 mL). Af-
ter a reaction time of 23 hours, the crude was purified by silica gel column chromatography
(EtOAc/CH2Cl2, 1:1→ 1:0 v/v) and concentration of the relevant fractions [Rf = 0.17 (EtOAc/
CH2Cl2, 1:1 v/v)] gave the target compound 24h as yellow crystals (50.5 mg, 58%).

mp: 202-205 °C.
IR (ATR): νmax 2920, 2851, 1654, 1617, 1491, 1281, 1046, 749 cm−1.
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1H NMR (400 MHz, CDCl3): δ 8.67 (s, 1H, H-11), 8.32 (s, 1H, H-10) 8.05 (d, J = 7.8 Hz,
1H, H-1), 7.87-7.83 (m, 2H, H-3 and H-4), 7.82-7.79 (m, 1H, H-7 and H-8), 7.54-7.50 (m, 1H,
H-2), 4.42 (s, 3H, NCH3).

13C NRM (100 MHz, CDCl3): δ 157.5 (C-5a), 157.3 (C-6a), 137.1 (C-4a), 131.2 (C-3),
130.3 (C-1), 129.6 (C-11), 127.1 (C-10a), 126.1 (q, JCF = 3.5 Hz, C-8), 124.1 (C-9), 123.6
(C-10b), 122.7 (C-2), 121.7 (q, JCF = 32.5 Hz, CF3), 120.9 (C-11a), 118.4 (q, JCF = 3.8 Hz,
C-10), 117.6 (C-7), 114.5 (C-4), 33.4 (NCH3).

19F NMR (376 MHz, CDCl3): δ -60.0.
HRMS (ESI): calcd. for C17H11F3N2 [M + H+] 301.0947, found 301.0946.

5-Methyl-9-(trifluoromethoxy)-5H-indolo[2,3-b]quinoline (24i)

Following the general procedure, the title compound was prepared from 3-bromo-N-methylqu-
inolinium iodide (115) (100.0 mg, 0.29 mmol), 2-(3,3,4,4-tetramethyl-1,3,2-dioxaborolan-1-
yl)-4-(trifluoromethoxy)aniline (83e) (112.9 mg, 0.37 mmol), an aq. solution of Cs2CO3 (290.3
mg, 0.89 mmol in 1 mL H2O) and Pd(PPh3)4 (15.6 mg, 0.013 mmol) in DME (5 mL). Af-
ter a reaction time of 21 hours, the crude was purified by silica gel column chromatogra-
phy (EtOAc/CH2Cl2, 1:1 → 1:0 v/v) and concentration of the relevant fractions [Rf = 0.19
(EtOAc/CH2Cl2, 1:1 v/v)] gave the target compound 24i as an orange solid (57.4 mg, 67%).

mp: 170-172 °C.
IR (ATR): νmax 2922, 2851, 1645, 1490, 1215, 1150, 761 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.52 (s, 1H, H-11), 7.97 (dd, J = 8.0 Hz, 1.1 Hz, 1H, H-1),

7.86 (d, J = 1.1 Hz, 1H, H-10), 7.81-7.73 (m, 2H, H-3 and H-4), 7.68 (d, J = 8.6 Hz, 1H, H-7),
7.48-7.44 (m, 1H, H-2), 7.39 (dd, J = 8.6 Hz, 1.5 Hz, 1H, H-8), 4.34 (s, 3H, NCH3).

13C NMR (100 MHz, CDCl3): δ 156.8 (C-5a), 142.7 (q, JCF = 2.4 Hz, C-9), 137.2 (C-4a),
131.1 (C-3), 130.3 (C-1), 129.6 (C-11), 127.5 (C-10a), 124.3 (C-11a), 122.7 (C-8), 122.3 (C-
2), 121.1 (q, JCF = 255.0 Hz, OCF3), 120.7 (C-10b), 118.2 (C-7), 114.4 (C-4), 114.1 (C-10),
33.2 (NCH3).

19F NMR (376 MHz, CDCl3): δ -57.9.
HRMS (ESI): sample sent to UiB for analysis.
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9-Chloro-5-methyl-5H-indolo[2,3-b]quinoline (24j)

Following the general procedure, the title compound was prepared from 3-bromo-N-methylqu-
inolinium iodide (115) (100.0 mg, 0.29 mmol), 4-chloro-2-(4,4,5,5-tetramethyl-1,3,2-dioxabor-
olan-2-yl)benzeneamine (83f) (94.3 mg, 0.37 mmol), an aq. solution of Cs2CO3 (311.8 mg,
0.96 mmol in 1 mL H2O) and Pd(PPh3)4 (16.7 mg, 0.014 mmol) in DME (5 mL). After a re-
action time of 19 hours, the crude was purified by silica gel column chromatography (EtOAc)
and concentration of the relevant fractions [Rf = 0.19 (EtOAc)] gave the target compound 24j
as an orange solid (50.0 mg, 65%).

mp: 226-228 °C.
IR (ATR): νmax 3026, 2924, 2852, 1648, 1489, 810, 749 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.47 (s, 1H, H-11), 7.96 (d, J = 7.9 Hz, 1H, H-1), 7.94

(d, J = 2.0 Hz, 1H, H-10), 7.80-7.72 (m, 2H, H-3 and H-4), 7.62 (d, J = 8.4 Hz, 1H, H-8),
7.47-7.44 (m, 2H, H-2 and H-7), 4.33 (s, 3H, NCH3).

13C NMR (100 MHz, CDCl3): δ 156.4 (C-5a), 153.7 (C-6a), 137.2 (C-4a), 131.0 (C-3),
130.3 (C-1), 129.3 (C-11), 129.2 (C-7), 127.2 (C-10a), 125.1 (C-11a), 122.3 (C-2), 120.9 (C-
10), 120.8 (C-10b), 118.6 (C-8), 114.3 (C-4), 33.2 (NCH3). C-9 was obscured or overlapping.

In accordance with previously reported data. [151]

9-Fluoro-5-methyl-5H-indolo[2,3-b]quinoline (24k)

Following the general procedure, the title compound was prepared from 3-bromo-N-methylqu-
inolinium iodide (115) (100.0 mg, 0.29 mmol), 4-fluoro-2-(4,4,5,5-tetramethyl-1,3,2-dioxabo-
rolan-2-yl)aniline (83a) (81.5 mg, 0.34 mmol), an aq. solution of Cs2CO3 (302.4 mg, 0.93
mmol in 1 mL H2O) and Pd(PPh3)4 (16.7 mg, 0.014 mmol) in DME (5 mL). After a reaction
time of 20 hours, the crude was purified by silica gel column chromatography (EtOAc) and
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concentration of the relevant fractions [Rf = 0.20 (EtOAc)] gave the target compound 24k as
bright orange crystals (44.2 mg, 61%).

mp: 161-164 °C (lit. [288] 162.3-165.1 °C).
IR (ATR): νmax 3065, 2920, 1455, 1239, 1117, 740 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.53 (s, 1H, H-11), 7.99 (d, J = 8.0 Hz, 1H, H-1), 7.82-

7.77 (m, 2H, H-2 and H-3), 7.70 (dd, J = 8.3 Hz, 2.6 Hz, 1H, H-10), 7.66 (dd, J = 8.7 Hz, 4.5
Hz, 1H, H-7), 7.48-7.44 (m, 1H, H-4), 7.29-7.24 (m, 1H, H-9), 4.36 (s, 3H, NCH3).

13C NMR (100 MHz, CDCl3): δ 157.8 (d, JCF = 236.3 Hz, C-9), 156.4 (d, JCF = 1.7 Hz,
C-5a), 151.5 (C-6a), 137.3 (C-4a), 131.0 (C-3), 130.3 (C-1), 129.3 (C-11), 128.0 (d, JCF = 4.4
Hz, C-10b), 124.4 (d, JCF = 9.8 Hz, C-10a), 122.1 (C-4), 120.6 (C-11a), 118.2 (d, JCF = 8.7
Hz, C-7), 116.6 (d, JCF = 24.5 Hz, C-8), 114.3 (C-2), 107.3 (d, JCF = 24.6 Hz, C-10), 33.2
(NCH3).

19F NMR (376 MHz, CDCl3): δ -123.7.
In accordance with previously reported data. [288]

5,9-Dimethyl-5H-indolo[2,3-b]quinoline (24l)

Following the general procedure, the title compound was prepared from 3-bromo-N-methylqu-
inolinium iodide (115) (100.0 mg, 0.29 mmol), 4-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxabo-
rolan-2-yl)aniline (83g) (86.9 mg, 0.37 mmol), an aq. solution of Cs2CO3 (311.8 mg, 0.96
mmol in 1 mL H2O) and Pd(PPh3)4 (16.7 mg, 0.014 mmol) in DME (5 mL). After a reaction
time of 24 hours, the crude was purified by silica gel column chromatography (EtOAc) and
concentration of the relevant fractions [Rf = 0.17 (EtOAc)] gave the target compound 24l as a
red oily solid (41.5 mg, 58%).

IR (ATR): νmax 3010, 2971, 2919, 2860, 1562, 1493, 1198, 746 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.42 (s, 1H, H-11), 7.93 (dd, J = 7.9 Hz, 1.3 Hz, 1H,

H-1), 7.82-7.81 (m, 1H, H-10), 7.75-7.68 (m, 2H, H-2 and H-4), 7.63 (d, J = 8.0 Hz, 1H, H-7),
7.43-7.39 (m, 1H, H-3), 7.37-7.35 (m, 1H, H-8), 4.31 (s, 3H, NCH3), 2.52 (s, 3H, CH3).

13C NMR (100 MHz, CDCl3): δ 156.1 (C-5a), 153.4 (C-6a), 137.0 (C-4a), 130.5 (C-8),
130.3 (C-2), 130.0 (C-1), 129.3 (C-10a), 128.3 (C-9), 127.9 (C-11), 124.1 (C-11a), 121.8 (C-3),
121.3 (C-10), 120.8 (C-10b), 117.3 (C-7), 114.1 (C-4), 33.0 (NCH3), 21.6 (CH3).

In accordance with previously reported data. [289]
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5,8-Dimethyl-5H-indolo[2,3-b]quinoline (24m)

Following the general procedure, the title compound was prepared from 3-bromo-N-methylqu-
inolinium iodide (115) (100.0 mg, 0.29 mmol), 5-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxabo-
rolan-2-yl)aniline (83h) (86.9 mg, 0.37 mmol), an aq. solution of Cs2CO3 (406.3 mg, 1.25
mmol in 1 mL H2O) and Pd(PPh3)4 (16.7 mg, 0.014 mmol) in DME (5 mL). After a reaction
time of 23 hours, the crude was purified by silica gel column chromatography (EtOAc) and
concentration of the relevant fractions [Rf = 0.22 (EtOAc)] gave the target compound 24m as a
bright orange solid (45.9 mg, 64%).

mp: 147-150 °C (lit. [288] 155-156 °C).
IR (ATR): νmax 3028, 2919, 2850, 1491, 1238, 795, 747 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.38 (s, 1H, H-11), 7.92 (d, J = 7.8 Hz, 1H, H-10), 7.89

(d, J = 7.7 Hz, 1H, H-1), 7.74-7.68 (m, 2H, H-3 and H-4), 7.54 (s, 1H, H-7), 7.42-7.38 (m, 1H,
H-9), 7.04 (d, J = 7.6 Hz, 1H, H-2), 4.31 (s, 3H, NCH3), 2.55 (s, 3H, CH3).

13C NMR (100 MHz, CDCl3): δ 156.6 (C-5a), 156.0 (C-6a), 139.8 (C-8), 136.8 (C-4a),
130.1 (C-3), 129.9 (C-1), 128.3 (C-10b), 127.1 (C-11), 121.9 (C-9), 121.6 (C-11a), 121.2 (C-2),
120.7 (C-10), 118.3 (C-7), 114.1 (C-4), 33.0 (NCH3), 22.6 (CH3).

In accordance with previously reported data. [288]

9-Methoxy-5-methyl-5H-indolo[2,3-b]quinoline (24n)

Following the general procedure, the title compound was prepared from 3-bromo-N-methylqu-
inolinium iodide (115) (100.0 mg, 0.29 mmol), 4-methoxy-2-(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)aniline (83i) (92.8 mg, 0.37 mmol), an aq. solution of Cs2CO3 (311.8 mg, 0.96
mmol in 1 mL H2O) and Pd(PPh3)4 (16.7 mg, 0.014 mmol) in DME (5 mL). After a reaction
time of 24 hours, the crude was purified by silica gel column chromatography (EtOAc) and
concentration of the relevant fractions [Rf = 0.13 (EtOAc)] gave the target compound 24n as a
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bright red solid (48.6 mg, 64%).

mp: 103-105 °C (lit. [288] 106.85-108.85 °C).
IR (ATR): νmax 3125, 2984, 2922, 2824, 1459, 1193, 744 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.44 (s, 1H), 7.94-7.92 (m, 1H), 7.76-7.68 (m, 2H), 7.63

(d, J = 8.6 Hz, 1H), 7.53 (d, J = 2.5 Hz, 1H), 7.43-7.39 (m, 1H), 7.16 (dd, J = 8.6 Hz, 2.6 Hz,
1H), 4.29 (s, 3H), 3.91 (s, 3H).

13C NMR (100 MHz, CDCl3): δ 155.6, 154.2, 149.6, 137.0, 130.5, 130.0, 128.3, 128.3,
124.3, 121.7, 120.5, 118.0, 117.0, 114.0, 105.4, 56.1, 32.9.

In accordance with previously reported data. [288]

9-Methoxy-5-methyl-3-nitro-5H-indolo[2,3-b]quinoline (24o)

Following the general procedure, the title compound was prepared from 3-bromo-N-methyl-
7-nitroquinolinium triflate (115m) (163.7 mg, 0.39 mmol), 4-methoxy-2-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)aniline (83i) (127.5 mg, 0.51 mmol), an aq. solution of Cs2CO3 (419.3
mg, 1.29 mmol in 5 mL H2O) and Pd(PPh3)4 (22.5 mg, 0.019 mmol) in DME (5 mL). Af-
ter a reaction time of 24 hours, the crude was purified by silica gel column chromatography
(pet. ether/EtOAc, 1:1→ 0:1 v/v) and concentration of the relevant fractions [Rf = 0.25 (pet.
ether/EtOAc, 1:1 v/v)] gave the target compound 240 as a purple solid (60.0 mg, 50%).

mp: 223-224 °C.
IR (ATR): νmax 3004, 2935, 2830, 1509, 1476, 1340, 733 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 8.95 (s, 1H, H-11), 8.59 (d, J = 1.8 Hz, 1H, H-4), 8.28

(d, J = 8.7 Hz, 1H, H-1), 8.18 (dd, J = 8.7 Hz, 2.1 Hz, 1H, H-2), 7.72 (d, J = 2.5 Hz, 1H, H-10),
7.49 (d, J = 8.6 Hz, 1H, H-7), 7.14 (dd, J = 8.6 Hz, 2.6 Hz, 1H, H-8), 4.30 (s, 3H, NCH3), 3.85
(s, 3H, OCH3).

13C NMR (100 MHz, DMSO-d6): δ 154.7 (C-5a), 153.9 (C-6a), 150.0 (C-9), 147.4 (C-3),
136.1 (C-4a), 131.3 (C-1), 128.8 (C-11a), 127.6 (C-11), 123.9 (C-10b), 123.8 (C-10a), 118.1
(C-7), 117.9 (C-8), 115.2 (C-2), 110.4 (C-4), 106.1 (C-10), 55.6 (OCH3), 32.9 (NCH3).

HRMS (ESI): sample sent to UiB for analysis.
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2-Acetyl-9-fluoro-5-methyl-5H-indolo[2,3-b]quinoline (24q)

Following the general procedure, the title compound was prepared from 6-acetyl-3-bromo-
N-methylquinolinium iodide (115d) (100.0 mg, 0.24 mmol), 4-fluoro-2-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)aniline (83a) (75.7 mg, 0.32 mmol), an aq. solution of Cs2CO3 (258.0
mg, 0.79 mmol in 1 mL H2O) and Pd(PPh3)4 (13.9 mg, 0.012 mmol) in DME (5 mL). After a
reaction time of 22 hours, the crude was purified by silica gel column chromatography (EtOAC)
and concentration of the relevant fractions [Rf = 0.10 (EtOAc)] gave the target compound 24q
as a bright orange solid (44.6 mg, 64%).

mp: 254-256 °C.
IR (ATR): νmax 3048, 3005, 2922, 1672, 1647, 1492, 1179, 807 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 9.08 (s, 1H, H-4), 8.75 (d, J = 1.7 Hz, 1H, H-1), 8.32

(dd, J = 8.9 Hz, 1.9 Hz, 1H, H-3), 8.04 (d, J = 9.0 Hz, 1H, H-4), 7.98 (dd, J = 8.6 Hz, 2.5 Hz,
1H, H-10), 7.59 (dd, J = 8.6 Hz, 4.5 Hz, 1H, H-7), 7.37-7.32 (m, 1H, H-8), 4.30 (s, 3H, NCH3),
2.71 (s, 3H, CH3).

13C NMR (100 MHz, DMSO-d6): δ 196.5 (C=O), 157.0 (d, JCF = 233.2 Hz, C-9), 155.5
(C-5a), 139.4 (C-4a), 131.6 (C-1), 130.9 (C-11), 130.3 (C-6a), 129.7 (C-3), 127.3 (C-10b),
124.2 (d, JCF = 10.0 Hz, C-10a), 122.3 (C-11a), 119.3 (C-2), 118.1 (d, JCF = 8.4 Hz, C-7),
116.2 (d, JCF = 24.1 Hz, C-8), 115.4 (C-4), 107.8 (d, JCF = 24.3 Hz, C-10), 33.1 (NCH3), 26.6
(CH3).

19F NMR (376 MHz, DMSO-d6): δ -77.3.
HRMS (ESI): sample sent to UiB for analysis.

2-Acetyl-5,8-dimethyl-5H-indolo[2,3-b]quinoline (24r)

Following the general procedure, the title compound was prepared from 6-acetyl-3-bromo-
N-methylquinolinium triflate (115n) (100.0 mg, 0.24 mmol), 5-methyl-2-(4,4,5,5-tetramethyl-
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1,3,2-dioxaborolan-2-yl)aniline (83h) (74.5 mg, 0.32 mmol), an aq. solution of Cs2CO3 (273.7
mg, 0.84 mmol in 1 mL H2O) and Pd(PPh3)4 (13.9 mg, 0.012 mmol) in DME (5 mL). After a
reaction time of 21 hours, the crude was purified by silica gel column chromatography (EtOAc)
and concentration of the relevant fractions [Rf = 0.11 (EtOAc)] gave the target compound 24r
as a yellow solid (32.0 mg, 46%).

mp: 273-275 °C.
IR (ATR): νmax 2920, 2851, 1685, 1604, 1256, 1169, 1033, 804 cm−1.
1H NMR (400 MHz, DMSO-d6): δ 8.94 (s, 1H, H-11), 8.76 (d, J = 1.7 Hz, 1H, H-1), 8.29

(dd, J = 9.0 Hz, 1.9 Hz, 1H, H-3), 8.04-7.99 (m, 2H, H-4 and H-10), 7.42 (s, 1H, H-7), 7.05 (d,
J = 7.7 Hz, 1H, H-9), 4.31 (s, 3H, NCH3), 2.70 (s, 3H, CO-CH3), 2.48 (s, 3H, CH3).

13C NMR (100 MHz, DMSO-d6): δ 196.5 (C=O), 139.1 (C-4a), 138.9 (C-8), 131.2 (C-
1), 130.2 (C-11a), 129.1 (C-3), 128.4 (C-11), 127.6 (C-2), 121.2 (C-4), 121.2 (C-7), 119.7
(C-10a), 119.1 (C-10b), 117.8 (C-9), 115.2 (C-10), 33.1 (NCH3), 26.6 (CO-CH3), 22.0 (CH3).
The presence of C-5a and C-6a were confirmed by 1H-13C HMBC. The presence of two carbons
at 121.2 ppm was confirmed by 1H-13C HSQC.

HRMS (ESI): sample sent to UiB for analysis.

5-Ethyl-5H-indolo[2,3-b]quinoline (24s)

Following the general procedure, the title compound was prepared from 3-bromo-N-ethylquin-
olinium iodide (115a) (100.0 mg, 0.27 mmol), 2-aminophenylboronic acid hydrochloride (68)
(57.3 mg, 0.33 mmol), an aq. solution of Cs2CO3 (369.5 mg, 1.13 mmol in 1 mL H2O) and
Pd(PPh3)4 (15.6 mg, 0.013) in DME (5 mL). After a reaction time of 22 hours, the crude was
purified by silica gel column chromatography (pet. ether/EtOAc, 1:1→ 0:1 v/v) and concentra-
tion of the relevant fractions [Rf = 0.01 (pet. ether/EtOAc, 1:1 v/v)] gave the target compound
24s as a red oily solid (46.2 mg, 69%).

IR (ATR): νmax 3056, 2923, 2852, 1562, 1514, 1495, 1441, 1201, 730 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.53 (s, 1H, H-11), 8.05 (d, J = 7.6 Hz, 1H, H-1), 7.99 (d,

J = 7.7 Hz, 1H, H-10), 7.80-7.74 (m, 3H, H-2, H-4 and H-7), 7.57-7.53 (m, 1H, H-9), 7.45-7.41
(m, 1H, H-8), 7.23 (t, J = 7.4 Hz, 1H, H-3), 5.02 (q, J = 7.2 Hz, 2H, H-1’), 1.62 (t, J = 7.2 Hz,
3H, H-2’).
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13C NMR (100 MHz, CDCl3): δ 155.6 (C-5a), 155.4 (C-6a), 135.9 (C-4a), 130.4 (C-
10), 130.3 (C-7), 129.4 (C-9), 128.3 (C-11), 128.2 (C-10b), 124.1 (C-11a), 121.8 (C-8), 121.2
(C-10a), 121.1 (C-1), 119.9 (C-3), 117.8 (C-2), 114.2 (C-4), 40.9 (C-1’), 13.0 (C-2’).

In accordance with previously reported data. [186]

5-Benzyl-5H-indolo[2,3-b]quinoline (24t)

Following the general procedure, the title compound was prepared from 3-bromo-N-benzylqu-
inolinium bromide (115b) (100.0 mg, 0.26 mmol), 2-aminophenylboronic acid hydrochloride
(68) (59.8 mg, 0.34 mmol), an aq. solution of Cs2CO3 (279.5 mg, 0.86 mmol in 1 mL H2O)
and Pd(PPh3)4 (15.0 mg, 0.013 mmol) in DME (5 mL). After a reaction time of 23 hours,
the crude was purified by silica gel column chromatography (pet. ether/EtOAc, 7:3 v/v) and
concentration of the relevant fractions [Rf = 0.25 (pet. ether/EtOAc, 7:3 v/v))] gave the target
compound 24t as a red crystalline solid (40.1 mg, 50%).

mp: 215-219 °C (lit. [186] 184-187 °C).
IR (ATR): νmax 3055, 3033, 2926, 2855, 1562, 1497, 1202, 745 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.60 (s, 1H, H-11), 8.10 (ddd, J = 7.7 Hz, 1.2 Hz, 0.7

Hz, 1H, H-10), 8.06-7.98 (m, 1H, H-1), 7.77-7.75 (m, 1H, H-7), 7.65-7.60 (m, 2H, H-8 and
H-9), 7.59-7.54 (m, 1H, H-4), 7.41-7.37 (m, 1H, H-2), 7.29-7.20 (m, 7H, H-3, H-2’-H-7’ and
residual chloroform), 6.22 (bs, 2H, H’1).

13C NMR (100 MHz, CDCl3): δ 156.7 (C-5a), 155.7 (C-6a), 136.5 (C-4a), 135.9 (C-2’),
130.5 (C-9), 130.1 (C-1), 129.5 (C-8), 129.0 (C-4’ and C-6’), 128.6 (C-11), 128.5 (C-10a),
127.7 (C-3), 126.8 (C-3’ and C-7’), 124.4 (C-11a), 122.1 (C-10), 121.2 (C-7), 121.1 (C-10b),
120.1 (C-5’), 118.1 (C-2), 115.3 (C-4), 49.6 (C-1’).

In accordance with previously reported data. [186]
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5-Benzyl-9-methyl-5H-indolo[2,3-b]quinoline (24u)

Following the general procedure, the title compound was prepared from 3-bromo-N-benzylqu-
inolinium bromide (115b) (100.0 mg, 0.26 mmol), 4-methyl-2-(4,4,5,5-tetramethyl-1,3,2-diox-
aborolan-2-yl)aniline (83g) (80.4 mg, 0.34 mmol), an aq. solution of Cs2CO3 (296.5 mg,
0.91 mmol in 1 mL H2O) and Pd(PPh3)4 (15.0 mg, 0.013 mmol) in DME (5 mL). After
a reaction time of 23 hours, the crude was purified by silica gel column chromatography
(pet. ether/EtOAc, 7:3→ 1:1 v/v) and concentration of the relevant fractions [Rf = 0.31 (pet.
ether/EtOAc, 7:3 v/v)] gave the target compound 24u as a dark red solid (43.8 mg, 52%).

mp: 223-225 °C.
IR (ATR): νmax 3057, 3001, 2915, 2856, 1497, 1453, 1199, 750, 732 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.54 (s, 1H, H-11), 7.97 (d, J = 7.6 Hz, 1H, H-1), 7.89 (s,

1H, H-10), 7.65 (d, J = 8.1 Hz, 1H, H-3), 7.62-7.56 (m, 2H, H-4 and H-7), 7.39-7.35 (m, 2H,
H-2 and H-8), 7.25-7.21 (m, 5H, H-3’-H-7’), 6.19 (bs, 2H, H-1’), 2.55 (s, 3H, CH3).

13C NMR (100 MHz, CDCl3): δ 156.3 (C-5a), 153.4 (C-6a), 136.5 (C-4a), 135.9 (C-2’),
130.6 (C-8), 130.4 (C-7), 130.1 (C-1), 129.6 (C-9), 129.0 (C-4’ and C-6’), 128.5 (C-10b), 128.4
(C-11), 127.6 (C-5’), 126.8 (C-3’ and C-7’), 124.3 (C-11a), 121.9 (C-2), 121.4 (C-10), 121.2
(C-10a), 117.6 (C-3), 115.2 (C-4), 49.6 (C-1’), 21.6 (CH3).

HRMS (ESI): calcd. for C23H18N2 [M + H+] 323.1543, found 323.1543.

5-Benzyl-9-(trifluoromethoxy)-5H-indolo[2,3-b]quinoline (24v)
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Following the general procedure, the title compound was prepared from 3-bromo-N-benzylqu-
inolinium bromide (115b) (100.0 mg, 0.26 mmol), 2-(3,3,4,4-tetramethyl-1,3,2-dioxaborolan-
1-yl)-4-(trifluoromethoxy)aniline (83e) (104.5 mg, 0.34 mmol), an aq. solution of Cs2CO3

(279.5 mg, 0.86 mmol in 1 mL H2O) and Pd(PPh3)4 (15.0 mg, 0.013 mmol) in DME (5 mL).
After a reaction time of 20 hours, the crude was purified by silica gel column chromatography
(pet. ether/EtOAc, 8:2→ 7:3 v/v) and concentration of the relevant fractions [Rf = 0.21 (pet.
ether/EtOAc, 8:2 v/v)] gave the target compound 24v as a bright orange solid (58.9 mg, 58%).

mp: 206-209 °C.
IR (ATR): νmax 3065, 3029, 2924, 2852, 1494, 1228, 1128, 747 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.64 (s, 1H, H-11), 8.01 (d, J = 7.8 Hz, 1H, H-1), 7.93

(d, J = 1.1 Hz, 1H, H-10), 7.71 (d, J = 8.6 Hz, 1H, H-3), 7.66-7.64 (m, 2H, H-4 and H-7),
7.44-7.40 (m, 2H, H-2 and H-8), 7.28-7.20 (m, 5H, H-3’-H-7’), 6.20 (bs, 2H, H-1’).

13C NMR (100 MHz, CDCl3): δ 157.1 (C-5a), 153.9 (C-6a), 142.9 (q, JCF = 2.0 Hz, C-
9), 136.7 (C-4a), 135.6 (C-2’), 131.1 (C-7), 130.4 (C-1), 130.1 (C-11), 129.1 (C-4’ and C-6’),
127.8 (C-5’), 127.7 (C-10a), 126.7 (C-3’ and C-7’), 124.6 (C-11a), 122.8 (C-8), 122.4 (C-2),
121.0 (C-10b), 120.0 (q, JCF = 255.6 Hz, OCF3), 118.4 (C-3), 115.4 (C-4), 114.2 (C-10), 49.8
(C-1’).

19F NMR (376 MHz, CDCl3): δ -57.9.
HRMS (ESI): sample sent to UiB for analysis.

5-Benzyl-5H-indolo[2,3-b]quinoline-9-carbonitrile (24w)

Following the general procedure, the title compound was prepared from 3-bromo-N-benzylqu-
inolinium bromide (115b) (100.0 mg, 0.26 mmol), 4-amino-3-(4,4,5,5-tetramethyl-1,3,2-diox-
aborolan-2-yl)benzonitrile (83c) (84.2 mg, 0.34 mmol), an aq. solution of Cs2CO3 (279.5 mg,
0.86 mmol in 2 mL H2O) and Pd(PPh3)4 (15.0 mg, 0.013 mmol) in DME (10 mL). After
a reaction time of 24 hours, the crude was purified by silica gel column chromatography (pet.
ether/EtOAc, 7:3→ 1:1 v/v) and concentration of the relevant fractions [Rf = 0.33 (pet. ether/E-
tOAc, 7:3 v/v)] gave the target compound 24w as a dark orange solid (16.4 mg, 19%).
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mp: 307-310 °C.
IR (ATR): νmax 2949, 2919, 2217, 1485, 1246, 757 cm−1.
1H NMR (400 MHz, CDCl3): δ 8.75 (s, 1H, H-11), 8.39 (d, J = 0.9 Hz, 1H, H-10),

8.09-8.07 (m, 1H, H-1), 7.81-7.69 (m, 4H, H-3, H-4, H-7 and H-8), 7.51-7.47 (m, 1H, H-2),
7.31-7.21 (m, 6H, H-3’-H-7’), 6.26 (bs, 2H, H-1’).

13C NMR (100 MHz, CDCl3): δ 158.5 (C-5a), 158.2 (C-6a), 136.7 (C-4a), 135.2 (C-2’),
132.7 (C-7), 131.7 (C-8), 130.9 (C-11), 130.6 (C-1), 129.2 (C-4’ and C-6’), 128.0 (C-5’), 126.7
(C-3’ and C-7’), 126.6 (C-10b), 125.6 (C-10), 124.6 (C-11a), 123.1 (C-2), 121.5 (C-10a), 120.8
(CN), 118.7 (C-3), 115.7 (C-4), 102.3 (C-9), 50.1 (C-1’).

HRMS (ESI): sample sent to UiB for analysis.

7.2.9 Buchwald-Hartwig aminations

General procedure

A suitable round-bottom flask was charged with 2-(quinolin-2-yl)aniline (70) (1000.0 mg, 4.54
mmol), the appropriate coupling partner (4.99 mmol), Cs2CO3 (2958.4 mg, 9.08 mmol) fol-
lowed by anhydrous THF (8 mL) and the mixture was thoroughly flushed with argon. Pd2(dba)3

(207.9 mg, 0.23 mmol, 5 mol%) and XantPhos (288.9 mg, 0.49 mmol, 11 mol%) were added
to the mixture and the flask was then flushed with argon for 5 minutes. The resulting reaction
mixture was heated to reflux and stirred until completion as indicated by TLC analysis. The
crude mixture was then allowed to cool to rt and the volatiles were removed under reduced
pressure. The concentrate was evaporated onto celite and purified by column chromatography
using the eluent as indicated in the specific descriptions to give target compounds L.

N-(2-(Quinolin-2-yl)phenyl)quinolin-2-amine (L1)

Following the general procedure, the title compound was prepared from 2-(quinolin-2-yl)anili-
ne (70), 2-bromoquinoline (67a) (1.04 g, 4.99 mmol), Cs2CO3, Pd2(dba)3, XantPhos and THF.
After a reaction time of 4 hours, the crude was purified by silica gel column chromatography
(pet. ether/diethyl ether, 8:2 v/v) and concentration of the relevant fractions [Rf = 0.24 (pet.
ether/diethyl ether, 8:2 v/v)] and further recrystallized using a mixture of pet. ether, diethyl
ether and CH2Cl2 gave the target compound L1 as a bright yellow solid (0.81 g, 52%).
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mp: 156-158 °C.
IR (NaCl): νmax 3460, 3261, 3186, 3052, 2928, 1592, 1443, 1319, 762 cm−1.
1H NMR (400 MHz, CDCl3): δ 12.63 (bs, 1H), 9.18 (bs, 1H), 8.26 (d, J = 8.8 Hz, 1H),

8.22 (d, J = 8.2 Hz, 1H), 7.94-7.91 (m, 2H), 7.88-7.85 (m, 3H), 7.83-7.79 (m, 1H), 7.63 (dd, J

= 7.9 Hz, 1.1 Hz, 1H), 7.61-7.57 (m, 2H), 7.55-7.51 (m, 1H), 7.31-7.27 (m, 1H), 7.17-7.13 (m,
1H), 7.02 (d, J = 8.9 Hz, 1H).

13C NMR (100 MHz, CDCl3): δ 158.8, 153.9, 147.6, 146.3, 140.9, 137.3, 130.5, 130.2,
129.8, 129.7, 129.6, 128.6, 127.7, 127.4, 127.3, 126.7, 126.5, 124.2, 123.2, 121.2, 121.1, 120.6,
114.8. One carbon was obscured or overlapping.

HRMS (ESI): calcd. for C24H17N3 [M + H+] 348.1495, found 348.1502.

N-(2-(Quinolin-3-yl)phenyl)quinolin-3-amine (L2)

Following the general procedure, the title compound was prepared from 2-(quinolin-3-yl)aniline
(69), 3-bromoquinoline (67b) (0.68 mL, 4.99 mmol), Cs2CO3, Pd2(dba)3, XantPhos and THF.
After a reaction time of 23 hours, the crude was purified by silica gel column chromatography
(diethyl ether/MeOH, 100:0→ 95:5 v/v) and concentration of the relevant fractions [Rf = 0.11
(diethyl ether)] gave the target compound L2 as a puffy yellow solid (1.48 g, 94%).

mp: 97-99 °C.
IR (ATR): νmax 3228, 3037, 2974, 1578, 1490, 694 cm−1.
1H NMR (400 MHz, CDCl3): δ 9.00 (d, J = 2.2 Hz, 1H), 8.63 (d, J = 2.7 Hz, 1H), 8.22

(d, J = 1.8 Hz, 1H), 8.08 (d, J = 8.5 Hz, 1H), 7.98 (dd, J = 8.4 Hz, 0.8 Hz, 1H), 7.78 (dd, J =
8.2 Hz, 1.0 Hz, 1H), 7.74-7.71 (m, 1H), 7.67 (d, J = 2.6 Hz, 1H), 7.63-7.60 (m, 1H), 7.57-7.39
(m, 6H), 7.21 (dt, J = 7.7 Hz, 1.2 Hz, 1H), 5.96 (bs, 1H).

13C NMR (100 MHz, CDCl3): δ 151.3, 147.3, 144.7, 143.5, 139.6, 137.3, 136.0, 131.9,
131.8, 130.0, 129.9, 129.7, 129.3, 128.9, 128.8, 128.1, 128.0, 127.5, 127.3, 127.0, 126.6, 123.6,
119.6, 118.4.

HRMS (ESI): calcd. for C24H17N3 [M + H+] 348.1495, found 348.1503.
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N-(2-(Quinolin-2-yl)phenyl)pyridine-2-amine (L3)

Following the general procedure, the title compound was prepared from 2-(quinolin-2-yl)aniline
(70), 2-bromopyridine (93) (0.49 mL, 4.99 mmol), Cs2CO3, Pd2(dba)3, XantPhos and THF.
After a reaction time of 17 hours, the crude was purified by silica gel column chromatography
(pet. ether/diethyl ether, 8:2 v/v) and concentration of the relevant fractions [Rf = 0.21 (pet.
ether/diethyl ether, 8:2 v/v)] gave the target compound L3 as a bright yellow crystalline solid
(0.66 g, 49%).

mp: 136-138 °C.
IR (ATR): νmax 3176, 3055, 3012, 2924, 1590, 1441, 763 cm−1.
1H NMR (400 MHz, (CD3)2CO): δ 8.74-8.72 (m, 1H), 8.46 (d, J = 8.6 Hz, 1H), 8.26 (d, J

= 8.4 Hz, 1H), 8.22 (ddd, J = 5.0 Hz, 1.9 Hz, 0.8 Hz, 1H), 8.09 (d, J = 8.8 Hz, 1H), 7.99 (dd, J

= 8.0 Hz, 1.3 Hz, 2H), 7.87-7.83 (m, 1H), 7.66-7.59 (m, 2H), 7.46-7.41 (m, 1H), 7.12-7.07 (m,
1H), 7.06-7.04 (m, 1H), 6.79 (ddd, J = 7.1 Hz, 5.0 Hz, 0.9 Hz, 1H).

13C NMR (100 MHz, (CD3)2CO): δ 159.4, 156.4, 148.3, 147.0, 142.1, 138.4, 138.3,
131.1, 130.9, 130.7, 129.3, 128.6, 127.6, 127.4, 124.8, 121.7, 121.4, 120.6, 115.9, 112.3.

HRMS (ESI): calcd. for C20H15N3 [M + H+] 298.1339, found 298.1348.

7.2.10 Reductive aminations

N-(Quinolin-2-yl methyl)-2-(quinolin-2-yl)aniline (L4)

2-Quinolinecarboxaldehyde (94) (400.0 mg, 2.54 mmol), 2-(quinolin-2-yl)aniline (70) (616.2
mg, 2.80 mmol) and 4 Å MS were mixed in MeOH (20 mL) under an argon atmosphere and
stirred at rt for 3 hours until formation of the imine was completed as indicated by TLC and
LRMS. The imine was then added AcOH (0.16 mL, 2.80 mmol) and NaBH3CN (255.4 mg,
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4.06 mmol) and stirred at 0 °C for 20 minutes. The crude mixture was then quenched by ad-
dition of suitable amounts of 1 M NaOH and the MS were filtered off. The aq. phase was
extracted by CH2Cl2 (4 x 20 mL). The combined organic phases were washed with water (2
x 20 mL), brine (1 x 20 mL), dried (MgSO4), filtered and evaporated onto celite. Purification
by silica gel column chromatography (pet. ether/EtOAc, 9:1→ 7:3 v/v) and concentration of
the relevant fractions [Rf = 0.13 (pet. ether/EtOAc, 9:1 v/v)] gave the target compound L4 as a
pale yellow fused mass (720.5 mg, 78%).

mp: 124-126 °C.
IR (ATR): νmax 3057, 2926, 2850, 1605, 1505, 1228, 762, 745 cm−1.
1H NMR (400 MHz, CDCl3): δ 10.13 (bs, 1H), 8.22 (d, J = 8.7 Hz, 1H), 8.16-8.14 (m,

1H), 8.13-8.09 (m, 2H), 7.93 (d, J = 8.8 Hz, 1H), 7.84-7.79 (m, 3H), 7.74-7.70 (m, 2H), 7.57
(d, J = 8.6 Hz, 1H), 7.55-7.51 (m, 2H), 7.29-7.24 (m, 1H), 6.83-6.78 (m, 2H), 4.87 (d, J = 2.4
Hz, 2H).

13C NMR (100 MHz, CDCl3): δ 159.9, 159.5, 148.2, 147.9, 146.7, 136.8, 136.7, 130.9,
130.1, 129.7, 129.6, 129.1 (2C), 127.8, 127.5, 126.4, 126.3, 126.2, 121.2, 120.7, 119.7, 116.1,
112.2, 50.0. One carbon not visible.

HRMS (ESI): calcd. for C25H19N3 [M + H+] 362.1652, found 362.1659.

N-(Pyridin-2-yl methyl)-2-(quinolin-2-yl)aniline (L5)

2-Pyridinecarboxaldehyde (95) (0.35 mL, 3.74 mmol) and 2-(quinolin-2-yl)aniline (70) (905.1
mg, 4.11 mmol) were mixed in MeOH (10 mL) under an argon atmosphere and stirred at rt
for 4 hours until formation of the aldimine was complete as determined by TLC and LRMS.
The imine was then added NaBH4 (226.4 mg, 5.98 mmol) portionwise and the mixture stirred
at rt for 15 minutes. The crude mixture was then quenched by addition of suitable amounts
of 1 M NaOH and the aq. phase was extracted by CHCl3 (4 x 20 mL). The combined organic
phases were washed with water (1 x 20 mL), brine (1 x 20 mL), dried (MgSO4), filtered and
evaporated onto celite. Purification by silica gel column chromatography (pet. ether/EtOAc,
8:2 → 7:3 v/v) and concentration of the relevant fractions [Rf = 0.26 (pet. ether/EtOAc, 8:2
v/v)] gave the target compound L5 as a bright yellow fused mass (788.6 mg, 68%).

mp: 93-95 °C.
IR (ATR): νmax 3213, 3055, 3009, 2923, 2851, 1606, 1509, 1225, 759 cm−1.
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1H NMR (400 MHz, CDCl3): δ 8.66 (d, J = 4.3 Hz, 1H), 8.20 (d, J = 8.8 Hz, 1H), 8.10 (d,
J = 8.4 Hz, 1H), 7.92 (d, J = 8.8 Hz, 1H), 7.83-7.79 (m, 2H), 7.73-7.69 (m, 1H), 7.64 (dt, J =
7.7 Hz, 1.7 Hz, 1H), 7.54-7.50 (m, 1H), 7.44 (d, J = 7.8 Hz, 1H), 7.29-7.25 (m, 1H), 7.19 (dd,
J = 7.1 Hz, 5.6 Hz, 1H), 6.81-6.77 (m, 1H), 6.75 (dd, J = 8.3 Hz, 0.7 Hz, 1H), 4.71 (s, 2H).

13C NMR (100 MHz, CDCl3): δ 159.4, 149.3, 148.3, 146.6, 136.8, 136.6, 130.9, 129.9,
129.7, 128.8, 127.5, 126.3, 126.2, 122.1, 121.4, 120.8, 120.5, 116.0, 112.1, 49.3. One carbon
was obscured or overlapping.

HRMS (ESI): calcd. for C21H17N3 [M + H+] 312.1495, found 312.1503.
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[86] Shaban, E.; Świtalska, M.; Wang, L.; Xiu, F.; Hayashi, I.; Ngoc, T. A.; Nagae, S.; El-
Ghlban, S.; Shimoda, S.; Gokha, A. A. A. E.; Sayed, I. E. T. E.; Wietrzyk, J.; Inokuchi, T.
Molecules 2017, 22, 1–11.
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a b s t r a c t

Bromoquinolines (2-bromoquinoline e 8-bromoquinoline and 5-bromo-3-methoxyquinoline) and 2-
aminophenylboronic acid hydrochloride were subjected to Suzuki-Miyaura cross-coupling conditions
resulting in formation of the desired biaryl systems in good yields. The resulting biaryls were then
subjected to palladium catalyzed CeH activation/CeN bond formation utilizing PdCl2(dppf). The re-
actions revealed large differences in reactivity depending on the attachment point for the 2-aminophenyl
group on the quinoline. The variation in the reactivity was rationalized based on the electron distribution
around the quinoline ring-system.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Nitrogen containing heterocycles are immensely important
appearing in 59% of the Food and Drug Administration (FDA)
approved small-molecule drugs [1]. Heterocycles containing one or
more nitrogen atoms are also commonly found in nature [2], with
many of these compounds being based on the quinoline core
[2c,2d]. Cryptolepine, neocryptolepine, and isocryptolepine
belonging to the indoloquinoline family of natural products rep-
resents examples of such compounds (Fig. 1) [3]. The antimalarial
activity of these three compounds has made them attractive syn-
thetic targets [4]. In particular isocryptolepine has been the focus of
studies in several research groups throughout the world resulting
in a range of total syntheses [5,6], including our own synthesis [7].
Lately it has also been found that neocryptolepine has activity to-
wards neglected topical diseases caused by trypanosomatid para-
sites, increasing the interest for this natural product amongst
medicinal chemists [8]. The three mentioned natural products have
also been targeted for analogue synthesis with the aim to enhance
the antimalarial and anticancer activity [9].

As a continuation of our own synthesis of isocryptolepine [7],
we became interested in mapping the reactivity around the quin-
oline ring-system in terms of the ability to engage in the Suzuki-
nes).
Miyaura cross-coupling and the following CeH activation/CeN
bond formation leading up to the formation of the core structure of
the natural products neocryptolepine and isocryptolepine and
regioisomers thereof. Although several of these compounds have
been prepared previously (compounds 4a [10,11], 4b [7,11], 4c
[10,11], 4d [12], 4e [13], 4f [14], and 4g15), in particular the natural
product precursors (compound 4a and 4b), it is the first time that
the same reaction conditions have been utilized in order to study
the reactivity around the quinoline ring-system. Herein, we present
the results of these studies highlighting the difference in reactivity
around the quinoline ring-system in particular towards ring
formation.

2. Result and discussion

In our reported synthesis of isocryptolepine, PdCl2(dppf) was
utilized as catalyst in order to facilitate the Suzuki-Miyaura cross-
coupling reaction [7]. Naturally, this catalyst was an obvious
starting point for our further studies. Treating 2-bromoquinoline
(1a) and boronic acid 2 with PdCl2(dppf) under our previously
used reaction conditions gave quick conversion (1 h) to the desired
product 3a in 65% isolated yield (Table 1, Entry 1). Prolonging the
reaction time only resulted in the formation of unwanted byprod-
ucts. The drop in yield compared to the yield obtained for the cross-
coupling in C3,7a which gave compound 3b in 84% yield, prompted
us to try Pd(PPh3)4 as catalyst. Switching catalyst to Pd(PPh3)4
resulted in formation of compound 3a in 94% yield (Table 1, Entry

mailto:magne.o.sydnes@uis.no
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Fig. 1. The structure of cryptolepine, neocryptolepine, and isocryptolepine.

Fig. 2. (a) Electron densities of the quinoline ring-system [18]; (b) Energies of acti-
vation (DE) for reactions of haloquinolines with piperidine [17].
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1). The great difference in yields obtained with the two catalysts in
these two reactions prompted us to utilize both reaction conditions
in the continuation of the work.

The remaining bromoquinolines were subjected to Suzuki-
Miyaura cross-coupling reaction using PdCl2(dppf) (Method A)
and Pd(PPh3)4 (Method B). Both methods successfully yielded all
the desired Suzuki-Miyaura cross-coupling products 3b-g in pre-
dominantly good yields (Table 1). Overall, tetrakis(-
triphenylphosphine)palladium(0) (Method B) generally resulted in
the best yields and the reaction timesweremostly shorter (Table 1).
In particular, the coupling reaction with 4-bromoquinoline worked
remarkably well resulting in the formation of the desired cross-
coupling product 3c in close to quantitative yield (96%) in less
than 2 h (Table 1, Entry 3).

Based on the results obtained for the Suzuki-Miyaura cross-
coupling reactions it is obvious that the reactivity around the
quinoline ring varies. It has been known for some time that the two
least electron dense positions of the quinoline ring-system are the
C2 and C4 [16,17]. This is clearly demonstrated by electron density
calculations by Coulson and Longuet-Higgins (Fig. 2a) [18], how-
ever, other calculations suggest that the data for the C2 and C4
should be reversed [10,18]. Indeed, Brower et al. [17] observed
lower activation energies at the C2 of quinoline in the aromatic
substitution with piperidine (Fig. 2b) and PM3 calculations carried
out by Hostyn et al. [10] revealed a significantly higher electron
density at the C4 of quinoline.

It was noted by Brower et al. that this deviation in electron
density could be the result of the chosen model employed by
Table 1
Suzuki-Miyaura cross-coupling of bromoquinoline 1 with 2-aminophenylboronic acid hy

Entry Substrate Catalyst PdCl

1 2-bromoquinoline (1a) 3a 65% (1 h)
2 3-bromoquinoline (1b) 3b 84%c (20 h
3 4-bromoquinoline (1c) 3c 91% (21 h)
4 5-bromoquinoline (1d) 3d 54% (over
5 6-bromoquinoline (1e) 3e 81% (overn
6 7-bromoquinoline (1f) 3f 30% (29 h)
7 8-bromoquinoline (1g) 3g 45% (22 h)

a Method A: PdCl2(dppf) (dppf¼ 1,10-bis(diphenylphosphino)ferrocene) (5mol%), K2C
b Method B: Pd(PPh3)4 (5mol%), Cs2CO3, DME/H2O (5:1), 80 �C.
c Slightly increased yield compared to our previously reported yield is due to optimiz
Coulson and Longuet-Higgins, as the calculations are based on the
occurrence of a certain substitution reaction being made [17,18].
While there seems to be an agreement that C3 is the least active of
the pyridyl carbons [17,19], there is some debate regarding which
position is the most active between C2 and C4, as evident by the
preceding discussion. Schr€oter et al. argue that the annelated
benzol ring in quinoline makes C2 the only carbon with any sig-
nificant electrophilicity [20], while Almond-Thynne et al. claims
that in dihalogenated quinolines, the electrophilicity is highest at
C2, C4 and C3, in decreasing order [19].

In the Suzuki-Miyaura cross-coupling reactions of heteroaryl
halides it has been remarked that the oxidative addition step pro-
ceeds in a similar mechanistic fashion to SNAr reactions [19]. From
this, it can be inferred that the reaction occurs at the most elec-
trophilic carbon given the choice between multiple reaction sites
[19e21]. This trend was not quite representative for our cross-
couplings, with the reactions at C5 and C8 performing better than
at C3 when Pd(PPh3)4 was used as catalyst (Table 1, Entries 2, 4, and
7). As can be seen from Table 1 the reactivity was not only deter-
mined by the relative electron density, but also by the employed
catalyst.

Keeping the previous discussion in mind, when it came to
testing the reactivity of our Suzuki-Miyaura cross-coupling prod-
ucts towards cyclization, we expected that when two positions
were available to form a CeN bond it would selectively occur at the
most electron deficient carbon. This is based on the assumption
that the cyclization proceeds via an oxidative addition-type
mechanism with the palladium species, which was proposed by
Bjørsvik and Elumalai as a likely reaction pathway for the cycliza-
tion of 2-aminobiphenyl to form the carbazole scaffold under
conditions similar to the ones used in this work [22].

Rerunning the cyclization of compound 3b using our previously
reported chemistry [7a], proceeded regiospecific to give indolo-
quinoline 4b in 73% yield (Table 2, Entry 2). The increased yield
(62% / 73%) for the cyclization reaction compared to our previous
drochloride (2).

2(dppf)a (Reaction time) Catalyst Pd(PPh3)4b (Reaction time)

3a 94% (16 h)
) 3b 53% (20 h)

3c 96% (1.75 h)
night) 3d 90% (overnight)
ight) 3e 82% (overnight)

3f 82% (20 h)
3g 87% (16 h)

O3, EtOH/H2O (5:1), 60 �C.

ation of the purification of the crude material.
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report [7a] is due to the discovery of a better solvent combination
for purification of the crude product by flash chromatography.

Upon cyclization of substrate 3b no trace of its regioisomer 6H-
indolo[2,3-b]quinoline was observed in the crude reaction mixture
despite the resonance forms of compound 3b bearing a negative
charge at both the C2 and C4 as outlined in Scheme 3a. The
observed regioselectivity towards CeN bond formation at the C4
over C2 is presumably governed by favorable relative electrostatic
effects. Similar observations has also been reported for CeC bond
formations, although in those examples small amounts of the
product resulting from reaction at C2 was also isolated [10,17].

Much to our disappointment, subjecting biaryls 3a and 3c to our
standard cyclization conditions did not yield the expected products
7H-indolo[2,3-c]quinoline (4a) and 10H-indolo[3,2-b]quinoline
(4c), respectively. Instead, these reactions resulted in acetylation of
the starting materials to give 5a and 5c in 55% and 54% yield,
respectively (Table 2, Entries 1 and 3). The resonance structures of
3a and 3c show that the C3 of the quinoline moiety can bear a
negative charge and additional inductive effects exhibited by the
nuclear nitrogen may make this position particularly unreactive
[17]. With the aid of ESI-MS, traces of a mass corresponding to the
expected mass of protonated species 4c was detected, however, 1H
NMR analysis on a minute amount of compound post purification
by silica gel column chromatography failed to provide evidence of
its formation.

Acetic acid is known to act as an acetylating agent when
employed in microwave-assisted syntheses [23]. Efforts were
thereforemade to avoid the formation of the acetylation product by
replacing acetic acid with a more sterically hindered acid, viz.
pivalic acid. Attempts to carry out the cyclization of 3a in pivalic
acid unfortunately only lead to the formation of N-(2-(quinolin-2-
yl)phenyl)pivalamide (7a) in 65% yield, thus no further experi-
ments were conducted using this solvent (Scheme 1).

Cyclization of compound 3d gave only phenanthridine 6d in 73%
yield with no trace of cyclization into C6 (Table 2, Entry 4). It can be
seen from the resonance structures of compound 3d that C6 of
quinoline can have a negative charge while C4 cannot (Scheme 3b).
Formation of compound 6d is in agreement with cyclization into
the most electron deficient position.

Despite the resonance structures for compound 3d favoring
cyclization into C4 (Scheme 3b), the kinetic preference is to form 5-
over 6-membered rings [24] and the regioselective formation of
phenanthridine 6d warranted further exploration. We became
interested in altering the electron distribution of biaryl 3d by
introducing a methoxy group at C3 to examine if the electron
donating properties of the alkoxide would affect the regiose-
lectivity (Scheme 3b). Following the procedure outlined by Land-
agaray et al. [25] 5-bromo-3-methoxyquinoline (1h) was
synthesized starting from 3-bromoquinoline (1b) (Scheme 2).
Subsequent Suzuki-Miyaura cross-coupling of quinoline 1h with
boronic acid 2 using methods A and B yielded 2-(3-
methoxyquinolin-5-yl)aniline (3h) in poor yields (method A: 47%;
method B: 34%). Unreacted starting material (1h) (29%) and 19% of
2,20-biphenyldiamine was also isolated when method A was used.
Method A could be further optimized by adjusting the equivalents
of boronic acid 2 from 1.5 eq. to 3 eq., which increased the yield of
the desired coupling product 3h from 47% / 88%. Finally, cycli-
zation of biaryl 3h surprisingly yielded phenanthridine 6h in 39%
yield in addition to a small quantity of the acetylated product 5h
(<5%) together with several unidentified impurities. Analyzing the
crude mixture by ESI-MS, traces of a mass corresponding to the
protonated mass of the 5-membered ring product 4h was detected
but this was not verifiable by 1H NMR. Consequently, it is clear that
the inductive effect exhibited by the methoxy moiety affects the
system, however, it is not sufficient to completely reverse the
regioselectivity observed for the cyclization of biaryl 3d.
A literature search revealed no synthetic strategies for the

synthesis of systems such as phenanthridines 6d and 6h at present
time. Hostyn et al. [10] describes the synthesis of 7H-indolo[2,3-c]
quinoline (4a) and 7H-pyrido[2,3,4-kl]acridine by thermal collapse
of 4-(2-azidophenyl)quinoline, where the indoloquinoline was the
major product and only traces of the acridine was observed. The
authors rationalize the selectivity in terms of kinetics, moreover,
the cyclization is thought to be the result of a nitrene insertion
which presumably plays a role in determining the regioselectivity.

Turning to the cyclization of compounds 3e and 3f (Table 2,
Entries 5 and 6), it did not seem immediately obvious where the
CeN bond would be formed. Unlike the resonance form of com-
pound 3b, there is no adjacent heteroatom to delocalize the
negative charge in these cases (Scheme 3c). Instead, we examined
the chemical shifts for the protons adjacent to the tethered aniline
to see which of the two protons experienced the most deshielding,
a method advocated for by Handy and Zhang for the prediction of
regioselectivity in cross-coupling reactions [21]. However, it is
noted that when DdH< 0.03 ppm this technique should be used
with caution as they demonstrated that it failed to accurately
predict the selectivity in such cases. In compound 3e, H-5 has a shift
of 7.91 ppm while H-7 is at 7.85 ppm (DdH¼ 0.06 ppm), favoring
cyclization into C5, which in fact was the outfall of the reaction
resulting in a 65% isolated yield of compound 4e (Table 2, Entry 5).
No trace of the H-7 regioisomer, 10H-pyrido[2,3-b]carbazole, was
observed.

Similarly, cyclization of compound 3f occurred at H-8, which
displayed a higher chemical shift than H-6, to furnish 4f in 25%
yield (Table 2, Entry 6). This reaction was also regioselective to-
wards cyclization at H-8, however, undesired acetylation product 5f
was also formed in 61% yield. The cyclization of biaryl 3g returned a
similar outcome, with target compound 4g formed in 29% yield
while the acetylation product was furnished in 69% yield (Table 2,
Entry 7). It seems that acetylation of biaryls 3 is the outcome when
the electron flow of the quinoline ring-system is congested, i.e. it is
energetically unfavorable to form the tetracyclic ring-system due to
high electron densities at the adjacent protons.

3. Conclusion

In conclusion, the reactivity of the quinoline ring-system has
been mapped by subjecting bromoquinolines 1a-h to a Suzuki-
Miyaura cross-coupling reaction with 2-aminophenylboronic acid
hydrochloride (2). The resulting cross-coupling products were then
subjected to an intramolecular cyclization via tandem CeH acti-
vation and CeN bond formation to furnish tetracyclic ring-systems
4b and 4e-4g and 6d and 6h. Our findings were congruent with
earlier reports that C2 and C4 of the quinoline scaffold is the most
active and it appears that the electron densities at the various
carbons determined the regioselectivity of the cyclization. Our
synthetic efforts also resulted in an improved yield for the forma-
tion of the tetracyclic ring-system required for the formation of
isocryptolepine.

4. Experimental

4.1. General experimental

Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker Ascend™ 400 series, operating at 400MHz for 1H and
100MHz for 13C, respectively. Chemical shifts (d) are expressed in
ppm relative to residual chloroform (1H, 7.26 ppm; 13C, 77.16 ppm),
DMSO‑d6 (1H, 2.50 ppm; 13C, 39.52 ppm) or methanol (1H,
3.31 ppm; 13C, 49.00 ppm). The assignments of signals in various



Table 2
Summary of the CeH activation/CeN bond formation resulting in the formation of the tetracyclic ring-systems 4b, 4e, 4f, 4g and 6c.a
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Scheme 1. Attempted formation of compound 4a utilizing pivalic acid as solvent.

Scheme 2. Synthesis of 2-(3-methoxyquinolin-5-yl)aniline (3h) and subsequent ring closure to yield 6-methoxy-7H-pyrido[4,3,2-gh]phenanthridine (6h). Conditions: a) (i) NaOMe
(30%), CuI (5mol%), DMF, reflux, overnight; (ii) NBS, H2SO4 (conc.), 0 �C to rt, overnight; b) cMethod A: 2 (0.48mmol), PdCl2(dppf) (5mol%), K2CO3, EtOH/H2O (5:1), 60 �C, overnight;
dMethod B: 2 (0.24mmol), Pd(PPh3)4 (5mol%), Cs2CO3, DME/H2O (5:1), 80 �C, overnight; e) PdCl2(dppf) (20mol%), IMes (5mol%), H2O2 (35wt%, 29mol%), AcOH, MW 118 �C 1 h.

Scheme 3. Resonance structures for compounds 3b, 3d/3h and 3e.
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NMR spectra was often assisted by conducting correlation spec-
troscopy (COSY), heteronuclear single-quantum correlation spec-
troscopy (HSQC) and/or heteronuclear multiple bond correlation
spectroscopy (HMBC).

Reactions were monitored by thin-layer chromatography (TLC)
carried out on 0.25mm silica gel 60 F254 coated aluminium sheets
using UV light as visualizing agent. Silica gel 60 (particle size
40e63 mm) was used for silica flash chromatography and alumina
gel (particle size 30e48 mm) was used for alumina flash chroma-
tography. Automated flash chromatography was carried out using
an Interchim puriFlash® 215 chromatography system. The sample
was evaporated onto celite and then dry-loaded onto a specialized
column which was attached to an SI-HP Interchim column filled
with silica gel (particle size 40e50 mm). The appropriate eluent was
flushed through the columns using an applied pressure of
22e26 bar.

In addition to TLC, low resolution mass spectrometry (LRMS)
was routinely used tomonitor and identify the various components
of reactionmixtures. The LRMS spectrawere obtained on an Advion
expressions CMS mass spectrometer operating at 3.5 kV in
electrospray ionization (ESI) mode.
Infrared spectroscopy (IR) was performed on a Cary 360 FTIR

spectrophotometer. Solids were dissolved in CHCl3 or DCM and
absorbed on a NaCl plate, or by placing the sample directly onto the
crystal of an attenuated total reflectance (ATR) module. Melting
points were measured using a Stuart Scientific SMP3 melting point
apparatus and are uncorrected. High resolution mass spectroscopy
(HRMS) were conducted externally at the University of Bergen or
the University of Tromsø, using electron spray ionization (ESI). The
microwave-assisted experiments were performed in a CEM
Focused Microwave™ Synthesis System, model type Discover,
operating at 0e300Wat a temperature of 118 �C, a pressure range
of 0e290 psi, with reactor vial volumes of either 10 or 35mL.
Commercially chemicals were used as delivered from the supplier
unless otherwise noted.

4.2. 5-Bromo-3-methoxyquinoline (1h) [25]

Following the procedure reported by Landagaray et al. the title
compound 1h was obtained as off-white crystals (52%), mp
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76e77 �C (lit [25]. 81e83 �C); IR (ATR): ѵmax 3067, 3004, 2995, 2964,
2853, 1599, 1407, 1161, 859 cm�1; 1H NMR (400MHz, CD3OD):
d 8.61 (d, J¼ 2.8 Hz, 1H), 7.99e7.96 (m, 1H), 7.87 (dd, J¼ 7.6 Hz,
1.0 Hz, 1H), 7.84 (d, J¼ 2.6 Hz, 1H), 7.48 (dd, J¼ 8.4 Hz, 7.6 Hz, 1H),
4.02 (s, 3H); 13C NMR (100MHz, CD3OD): d 155.9, 146.2, 144.6,
132.3, 129.7, 129.3, 128.3, 121.5, 113.2, 56.3. In accordance with
previously reported data [25].

4.3. Method A: general method for Suzuki-Miyaura cross-coupling
using [PdCl2(dppf)] as catalyst

2-Aminophenylboronic acid hydrochloride (2) (62.5mg,
0.36mmol), an aqueous solution of potassium carbonate (116.1mg,
0.84mmol in 0.2mLH2O), and PdCl2(dppf) (8.9mg, 0.012mmol,
5mol%) was added to a stirred solution of bromoquinoline 1a-h
(0.24mmol) in EtOH (1mL) under an argon atmosphere and the
reaction mixture was stirred at 60 �C until completion of the re-
action as indicated by TLC analysis. The reaction mixture was then
allowed to cool to room temperature and the volatiles were
removed under reduced pressure. The concentrate was evaporated
onto celite and purified by silica gel column chromatography using
the chromatographic technique and eluent as indicated for each
compound in order to give compound 3a-h.

4.4. Method B: general method for Suzuki-Miyaura cross-coupling
using Pd(PPh3)4 as catalyst

To a solution of bromoquinoline 1a-h (0.24mmol) in dime-
thoxyethane (2mL) under an argon atmosphere was added 2-
aminophenylboronic acid hydrochloride (2) (62.5mg, 0.36mmol),
an aqueous solution of cesium carbonate (273.7mg, 0.84mmol in
0.4mLH2O), and tetrakis(triphenylphosphine)palladium(0)
(13.9mg, 0.012mmol, 5mol%). The resulting reaction mixture was
stirred at 80 �C until completion as indicated by TLC. The reaction
mixture was then allowed to cool to room temperature and the
volatiles were removed under reduced pressure. The concentrate
was evaporated onto celite and purified by silica gel column chro-
matography using the chromatographic technique and eluent as
indicated for each compound in order to give compound 3a-h.

4.5. 2-(Quinolin-2-yl)aniline (3a)

Following methods A and B; the crude was purified by silica gel
column chromatography (pet. ether/EtOAc, 9:1 v/v) and concen-
tration of the relevant fractions [Rf¼ 0.17 (pet. ether/EtOAc, 9:1 v/
v)] gave the title compound 3a as bright yellow crystals (method A:
65%; method B: 94%), mp 152e155 �C; IR (ATR): ѵmax 2922, 2852,
1718, 1465, 759 cm�1; 1H NMR (400MHz, CDCl3): d 8.20 (d,
J¼ 8.7 Hz, 1H), 8.06 (d, J¼ 8.4 Hz, 1H), 7.84 (d, J¼ 8.7 Hz, 1H),
7.82e7.80 (m, 1H), 7.73e7.69 (m, 2H), 7.54e7.49 (m, 1H), 7.24e7.19
(m, 1H), 6.85e6.82 (m, 2H); 13C NMR (100MHz, CDCl3): d 159.2,
147.2, 146.9, 136.9, 130.5, 129.9, 129.8, 128.9, 127.5, 126.4, 126.3,
121.8, 120.6, 117.9, 117.7. In accordance with previously reported
data [26].

Utilizing method A, the desired product 3a had to undergo
recrystallization (n-heptane/EtOAc, 9:1 v/v) to remove overlapping
impurities.

4.6. 2-(Quinolin-3-yl)aniline (3b)

Following methods A and B; the crude was purified by silica gel
column chromatography (pet. ether/EtOAc, 7:3 / 1:1 v/v) and
concentration of the relevant fractions [Rf¼ 0.27 (pet. ether/EtOAc,
7:3 v/v)] gave the title compound 3b as a yellow crystalline solid
(method A: 84%; method B: 53%), mp 132e135 �C (lit [7a].
130e132 �C). IR (NaCl): ѵmax 3438, 3331, 3208, 3061, 1619, 1575,
1497, 1452 cm�1; 1H NMR (400MHz, CDCl3) d 9.03 (d, J¼ 2.0 Hz,
1H), 8.25 (d, J¼ 2.0 Hz, 1H), 8.14 (d, J¼ 8.4 Hz, 1H), 7.83e7.81 (m,
1H), 7.75-7-71 (m, 1H), 7.59e7.55 (m, 1H), 7.25e7.19 (m, 2H),
6.92e6.88 (m, 1H), 6.84e6.82 (m, 1H), 3.80 (bs, 2H); 13C NMR
(100MHz, CDCl3): d 151.5, 147.1, 144.1, 135.5, 132.5, 130.9, 129.6,
129.5,129.2,127.9,127.8,127.1,123.7,119.1,116.0. In accordancewith
previously reported data [7a].

4.7. 2-(Quinolin-4-yl)aniline (3c)

Following methods A and B; the crude was purified by an
Interchim puriFlash chromatography system (pet. ether/EtOAc,
95:5 / 55:45 v/v) and concentration of the relevant fractions
[Rf¼ 0.29 (pet. ether/EtOAc, 1:1 v/v)] gave the title compound 3c as
a yellow solid (method A: 91%; method B: 96%), mp 128e129 �C (lit
[13]. 119 �C). IR (NaCl): ѵmax 3454, 3328, 3210, 3061, 3033, 1617,
1494, 1451, 752 cm�1; 1H NMR (400MHz, CDCl3) d 8.94 (d,
J¼ 4.4 Hz, 1H), 8.18e8.15 (m, 1H), 7.74e7.69 (m, 2H), 7.50e7.46 (m,
1H), 7.37 (d, J¼ 4.4 Hz, 1H), 7.28 (ddd, J¼ 7.5 Hz, 1.6 Hz, 0.6 Hz, 1H),
7.12 (dd, J¼ 7.5 Hz, 1.5 Hz, 1H), 6.88 (td, J¼ 7.4 Hz, 1.0 Hz, 1H), 6.83
(dd, J¼ 8.1 Hz, 0.8 Hz, 1H), 3.83 (bs, 2H); 13C NMR (100MHz, CDCl3)
d 150.4, 148.7, 146.2, 143.9, 130.6, 129.9, 129.8, 129.7, 126.9, 126.9,
126.1, 122.9, 122.3, 118.5, 115.8. In accordance with previously re-
ported data [13].

4.8. 2-(Quinolin-5-yl)aniline (3d)

Following methods A and B; the crude was purified by silica gel
column chromatography (pet. ether/EtOAc, 7:3 / 6:4 v/v) and
concentration of the relevant fractions [Rf¼ 0.23 (pet. ether/EtOAc,
1:1 v/v)] gave the title compound 3d as light brown crystals
(method A: 54%; method B: 90%), mp 163e166 �C. IR (ATR) ѵmax
3410, 3318, 3209, 2924, 1618, 1491, 959, 803, 754 cm�1; 1H NMR
(400MHz, CDCl3): d 8.93 (dd, J¼ 4.1 Hz, 1.7 Hz, 1H), 8.16e8.14 (m,
1H), 8.02e7.99 (m, 1H), 7.81e7.77 (m, 1H), 7.53 (dd, J¼ 6.9 Hz,
0.9 Hz, 1H), 7.35 (dd, J¼ 8.5 Hz, 4.2 Hz, 1H), 7.30e7.25 (m, 1H), 7.13
(dd, J¼ 7.5 Hz, 1.5 Hz, 1H), 6.88 (td, J¼ 7.5 Hz, 1.1 Hz, 1H), 6.84 (dd,
J¼ 8.0 Hz, 0.7 Hz, 1H), 3.44 (bs, 2H); 13C NMR (100MHz, CDCl3):
d 150.6, 148.7, 144.4, 137.5, 134.9, 131.4, 129.6, 129.5, 129.3, 128.2,
127.1, 124.4, 121.4, 118.56, 115.6; HRMS (ESI): calcd. for C15H12N2Hþ

221.1073, found 221.1071.

4.9. 2-(Quinolin-6-yl)aniline (3e)

Following methods A and B; the crude was purified by silica gel
column chromatography (pet. ether/EtOAc, 4:6 v/v) and concen-
tration of the relevant fractions [Rf¼ 0.16 (pet. ether/EtOAc, 6:4 v/
v)] gave the title compound 3e as an off-white solid (method A:
81%; method B: 82%), mp 130e132 �C. IR (NaCl) ѵmax 3462, 3327,
3203, 3020, 2925, 2854, 1618, 1570, 1490 cm�1; 1H NMR (400MHz,
CDCl3): d 8.93 (d, J¼ 2.4 Hz,1H), 8.20e8.18 (m, 2H), 7.91 (s, 1H), 7.85
(d, J¼ 8.1 Hz, 1H), 7.45e7.42 (m, 1H), 7.26e7.19 (m, 2H), 6.88e6.81
(m, 1H), 6.82 (d, J¼ 8.3 Hz, 1H), 3.62 (bs, 2H); 13C NMR (100MHz,
CDCl3) d 150.5, 147.4, 143.8, 138.1, 136.3, 131.3, 130.8, 129.9, 129.1,
128.6, 127.8, 126.7, 121.6, 119.0, 115.9; HRMS (ESI): calcd. for
C15H12N2Hþ 221.1073, found 221.1072.

4.10. 2-(Quinolin-7-yl)aniline (3f)

Following methods A and B; the crude was purified by silica gel
column chromatography (pet. ether/EtOAc, 6:4 v/v) and concen-
tration of the relevant fractions [Rf¼ 0.21 (pet. ether/EtOAc, 6:4 v/
v)] gave the title compound 3f as a pale yellow oil (method A: 30%;
method B: 82%). IR (ATR): ѵmax 3453, 3330, 3200, 3050, 3019, 2923,
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2858, 1618, 1488, 1301, 839, 749 cm�1; 1H NMR (400MHz, CDCl3):
d 8.93 (d, J¼ 3.1 Hz, 1H), 8.22 (s, 1H), 8.17 (d, J¼ 8.3 Hz, 1H), 7.87 (d,
J¼ 8.4 Hz, 1H), 7.68 (dd, J¼ 8.4 Hz, 1.6 Hz, 1H), 7.40 (dd, J¼ 8.2 Hz,
4.2 Hz,1H), 7.24 (dd, J¼ 7.6 Hz,1.5 Hz,1H), 7.20 (td, J¼ 7.9 Hz,1.5 Hz,
1H), 6.87 (td, J¼ 7.4 Hz, 1.0 Hz, 1H), 6.80 (dd, J¼ 8.0 Hz, 0.8 Hz, 1H),
3.73 (bs, 2H); 13C NMR (100MHz, CDCl3): d 150.8, 148.5, 143.7, 141.2,
135.9, 130.7, 129.1, 129.0, 128.4, 128.3, 127.3, 126.6, 121.2, 118.9,
115.9; HRMS (ESI): calcd. for C15H12N2Hþ 221.1073, found 221.1073.

4.11. 2-(Quinolin-8-yl)aniline (3g)

Following methods A and B; the crude was purified by silica gel
column chromatography (pet. ether/EtOAc, 9:1 v/) and concentra-
tion of the relevant fractions [Rf¼ 0.30 (pet. ether/EtOAc, 7:3 v/v)]
gave the title compound 3g as an off-white solid (method A: 45%;
method B: 87%), mp 103e105 �C (lit [27]. 100e102 �C). IR (ATR):
ѵmax 3424, 3330, 3206, 3026, 1615, 1491, 793, 743 cm�1; 1H NMR
(400MHz, CDCl3): d 8.93 (dd, J¼ 4.1 Hz, 1.8 Hz, 1H), 8.19 (dd,
J¼ 8.3 Hz, 1.9 Hz, 1H), 7.83 (dd, J¼ 8.1 Hz, 1.5 Hz, 1H), 7.70 (dd,
J¼ 7.1 Hz, 1.5 Hz, 1H), 7.62e7.58 (m, 1H), 7.39 (dd, J¼ 8.3 Hz, 4.2 Hz,
1H), 7.25e7.21 (m, 2H), 6.90 (td, J¼ 7.5 Hz, 1.1 Hz, 1H), 6.85e6.82
(m, 1H), 3.67 (bs, 2H); 13C NMR (100MHz, CDCl3): d 150.6, 146.2,
144.8, 139.4, 136.7, 131.7, 131.6, 128.9, 127.9, 126.8, 121.1, 118.8, 116.4.
In accordance with previously reported data [27].

4.12. 2-(3-Methoxyquinolin-5-yl)aniline (3h)

Following methods A and B; the crude was purified by silica gel
column chromatography (pet. ether/EtOAc, 1:1 v/v) followed by
alumina gel column chromatography (CH2Cl2/pet. ether, 8:2 v/v)
and concentration of the relevant fractions [Rf¼ 0.33 (CH2Cl2/pet.
ether, 8:2 v/v)] gave the title compound 3h as an orange solid
(method A: 88%; method B: 34%) along with recovered starting
material (1h) (method B: 18%), mp 142e144 �C. IR (ATR): ѵmax 3059,
3018, 2957, 2933, 2857, 1604, 1249, 819 cm�1; 1H NMR (400MHz,
CDCl3) d 8.68 (d, J¼ 2.9 Hz, 1H), 8.11e8.08 (m, 1H), 7.62 (dd,
J¼ 8.4 Hz, 7.1 Hz, 1H), 7.49 (dd, J¼ 7.0 Hz, 1.2 Hz, 1H), 7.27 (ddd,
J¼ 7.9 Hz, 7.5 Hz, 1.6 Hz, 1H), 7.21 (d, J¼ 2.8 Hz, 1H), 7.14 (dd,
J¼ 7.5 Hz, 1.5 Hz, 1H), 6.88 (dt, J¼ 7.4 Hz, 1.1 Hz, 1H), 6.84 (dd,
J¼ 8.0 Hz, 0.8 Hz,1H), 3.79 (s, 3H), 3.58 (bs, 2H); 13C NMR (100MHz,
CDCl3): d153.4, 144.3, 143.6, 136.2, 131.3, 129.3, 128.9, 128.8, 127.6,
126.8, 124.6, 118.5, 115.6, 111.4, 55.6; HRMS (ESI): calcd. for
C16H15N2OHþ 251.1179, found 251.1188.

4.13. Method C: general method for palladium-initiated
intramolecular CeH activation/CeN bond formation

The appropriate biaryl (3a-h) (0.23mmol) in acetic acid (0.8mL)
was added to a premixed solution of PdCl2(dppf) (33.6mg,
0.046mmol), 1,3-bis(2,4,6-trimethylphenyl)-imidazolium (IMes)
(3.5mg, 0.011mmol), H2O2 (35wt%, 5.6 mL, 0.067mmol) and acetic
acid (0.2mL). The reaction mixture was placed in a sealed reactor
tube and immersed into the cavity of the microwave oven and
heated at 118 �C until completion as indicated by TLC. The reaction
mixture was then transferred to a 25mL round bottom flask with
the aid of EtOAc/CHCl3 and the volatiles were removed under
reduced pressure. The reaction mixture was evaporated onto celite
and purified by silica gel column chromatography, with the chro-
matographic technique and eluent gradient as indicated.

4.14. 5H-Indolo[3,2-c]quinoline (4b)

Followingmethod C; the crude was purified by silica gel column
chromatography (CH2Cl2/EtOAc 8:2/ 6:4 v/v) to give the title
compound 4b (Rf¼ 0.25 (CH2Cl2/EtOAc, 1:1 v/v)) as an off-white
solid (73%), mp 333e336 �C (lit [7a]. 340e341 �C). IR (NaCl): lmax
3060, 2958, 2854, 1682,1582, 1515, 1493 cm�1; 1H NMR (400MHz,
DMSO‑d6) d 12.71 (bs, 1H), 9.59 (s, 1H), 8.52 (dd, J¼ 7.9 Hz, 1.1 Hz,
1H), 8.32 (d, J¼ 7.9 Hz, 1H), 8.13 (dd, J¼ 8.0 Hz, 1.1 Hz, 1H), 7.77-7-
67 (m, 3H), 7.52e7.48 (m, 1H), 7.36e7.33 (m, 1H); 13C NMR
(100MHz, DMSO‑d6) d 145.4, 144.8, 139.7, 138.7, 129.4, 128.0, 125.7,
125.5, 122.1, 121.8, 120.6, 120.1, 117.1, 114.3, 111.8. In accordance with
previously reported data [7a].

4.15. 11H-Pyrido[3,2-a]carbazole (4e)

Following method C; the crude was purified by silica gel column
chromatography (CH2Cl2/EtOAc, 8:2 þ 5% Et3N v/v) and concen-
tration of the relevant fractions [Rf¼ 0.06 (pet. ether/EtOAc, 6:4 v/
v)] gave the title compound 4e as an off-white solid (65%) along
with recovered starting material (3e) (12%), mp 135e139 �C. IR
(NaCl): lmax 3133, 3075, 2923, 2852, 1731, 1574, 1372, 808,
776 cm�1; 1H NMR (400MHz, DMSO‑d6): d 12.48 (bs, 1H), 8.94
(ddd, J¼ 8.3 Hz, 1.6 Hz, 0.6 Hz, 1H), 8.91 (dd, J¼ 4.3 Hz, 1.7 Hz, 1H),
8.46 (d, J¼ 8.7 Hz, 1H), 8.22 (d, J¼ 7.8 Hz, 1H), 7.74 (dd, J¼ 8.7 Hz,
0.5 Hz, 1H), 7.68e7.63 (m, 2H), 7.46e7.42 (m, 1H), 7.29e7.25 (m,
1H); 13C NMR (100MHz, DMSO‑d6): d 148.9, 147.2, 139.1, 134.6,
130.1, 124.9, 122.9, 122.7, 120.5, 119.9, 119.5, 117.3, 116.4, 111.5. In
accordance with previously reported data [24].

4.16. 11H-Pyrido[2,3-a]carbazole (4f)

Following method C; the crude was purified by silica gel column
chromatography (pet. ether/EtOAc, 1:1 þ 0.2% Et3N / 2/8 v/v) and
concentration of the relevant fractions [Rf¼ 0.27 (pet. ether/CH2Cl2,
1:1 v/v)] gave the title compound 4f as pale yellow crystals (25%),
mp 165e167 �C (lit [14]. 164e165 �C). IR (ATR): ѵmax 3263, 3043,
2923, 2854, 1523, 1369, 820, 734 cm�1; 1H NMR (400MHz, CDCl3):
d 10.20 (bs, 1H), 8.92 (dd, J¼ 4.4 Hz, 1.5 Hz, 1H), 8.35 (dd, J¼ 8.3 Hz,
1.5 Hz, 1H), 8.24 (d, J¼ 8.5 Hz, 1H), 8.19e8.17 (m, 1H), 7.62e7.60 (m,
2H), 7.51e7.47 (m, 2H), 7.35e7.31 (m, 1H); 13C NMR (100MHz,
CDCl3): d 147.8, 139.2, 137.4, 136.8, 134.9, 127.3, 125.9, 123.8, 121.7,
120.8, 120.5, 120.4, 120.2, 118.8, 111.8. In accordance with previously
reported data [14].

4.17. 7H-Pyrido[3,2-c]carbazole (4g)

Following method C; the crude was purified by silica gel column
chromatography (pet. ether/EtOAc, 1:1 þ 0.2% Et3N v/v) and con-
centration of the relevant fractions [Rf¼ 0.06 (pet. ether/EtOAc, 6:4
v/v)] gave the title compound 4g as a pale yellow solid (29%), mp
150e152 �C (lit [15]. 173e174 �C). IR (ATR): ѵmax 3207, 2976, 2919,
2850, 2740, 2605, 2499 cm�1; 1H NMR (400MHz, DMSO‑d6): d 11.92
(bs,1H), 9.02 (dd, J¼ 4.4 Hz,1.8 Hz,1H), 8.90e8.88 (m,1H), 8.46 (dd,
J¼ 8.1 Hz, 1.4 Hz, 1H), 7.92 (d, J¼ 8.8 Hz, 1H), 7.84 (d, J¼ 8.8 Hz, 1H),
7.66e7.64 (m, 1H), 7.49 (dd, J¼ 8.0 Hz, 4.3 Hz, 1H), 7.46e7.42 (m,
1H), 7.33e7.29 (m, 1H); 13C NMR (100MHz, DMSO‑d6): d 149.8,
145.3, 139.6, 138.5, 136.5, 126.0, 124.5, 123.1, 122.9, 122.8, 119.7,
118.3, 115.3, 114.2, 111.4.

4.18. N-(2-(Quinolin-2-yl)phenyl)acetamide (5a)

Following method C; the crude was purified by silica gel column
chromatography (pet. ether/EtOAc, 9:1 / 7:3 v/v) and concentra-
tion of the relevant fractions [Rf¼ 0.24 (pet. ether/EtOAc, 7:3 v/v)]
gave the title compound 5a as orange crystals (55%), mp
124e125 �C. IR (NaCl): ѵmax cm�1; 1H NMR (400MHz, CDCl3):
d 12.97 (bs, 1H), 8.65 (d, J¼ 8.2 Hz, 1H), 8.28 (d, J¼ 8.7 Hz, 1H),
8.06e8.04 (m, 1H), 7.89 (d, J¼ 8.7 Hz, 1H), 7.86 (dd, J¼ 8.2 Hz,
1.0 Hz, 1H), 7.83 (dd, J¼ 7.9 Hz, 1.5 Hz, 1H), 7.80e7.76 (m, 1H),
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7.48e7.43 (m, 1H), 7.20 (td, J¼ 7.9 Hz, 1.2 Hz, 1H), 2.26 (s, 3H); 13C
NMR (100MHz, CDCl3): d 168.8, 158.2, 146.2, 138.6, 137.7, 130.7,
130.5, 129.4, 128.4, 127.8, 127.1, 126.6,124.9, 123.4,121.8, 120.9, 25.5;
HRMS (ESI): calcd. for C17H14N2OHþ 263.1179, found 263.1182.

4.19. N-(2-(Quinolin-4-yl)phenyl)acetamide (5c)

Following method C; the crude was purified by silica gel column
chromatography (pet. ether/EtOAc, 6:4 / 3:7 v/v) and concentra-
tion of the relevant fractions [Rf¼ 0.44 (pet. ether/EtOAc, 3:7 v/v)]
gave the title compound 5c as a dark yellow solid (54%), mp
183e185 �C. IR (NaCl): ѵmax 3253, 3033, 2925, 2853, 1685, 1526,
1295, 850 cm�1; 1H NMR (400MHz, DMSO‑d6): d 9.08 (bs, 1H), 8.95
(d, J¼ 4.4 Hz, 1H), 8.09e8.07 (m, 1H), 7.78e7.74 (m, 1H), 7.68 (d,
J¼ 8.0 Hz, 1H), 7.52e7.49 (m, 3H), 7.38 (d, J¼ 4.4 Hz, 1H), 7.35e7.33
(m, 2H), 1.64 (s, 3H); 13C NMR (100MHz, DMSO‑d6): d 168.5, 150.1,
148.0, 145.0, 135.8, 131.4, 130.7, 129.4, 129.2, 128.8, 126.4, 126.3,
126.2, 125.6, 125.2, 122.3, 22.3; HRMS (ESI): calcd. for C17H14N2OHþ

263.1179, found 263.1187.

4.20. N-(2-(Quinolin-7-yl)phenyl)acetamide (5f)

Following method C; the crude was purified by silica gel column
chromatography (pet. ether/EtOAc, 1:1 þ 0.2% Et3N v/v) and con-
centration of the relevant fractions [Rf¼ 0.16 (pet. ether/EtOAc, 8:2
v/v)] gave the title compound 5f as a red oil (61%). IR (NaCl): ѵmax
3418, 3249, 3051, 2966, 2924, 2852, 1676, 1526, 1301, 840,
758 cm�1; 1H NMR (400MHz, CD3OD/CDCl3): d 8.85 (d, J¼ 3.3 Hz,
1H), 8.36 (d, J¼ 8.2 Hz, 1H), 8.04 (s, 1H), 7.97 (d, J¼ 8.5 Hz, 1H), 7.63
(d, J¼ 8.4 Hz,1H), 7.55e7.53 (m, 2H), 7.48e7.35 (m, 3H),1.94 (s, 3H);
13C NMR (100MHz, CD3OD/CDCl3): d 172.1, 151.2, 148.4, 142.4, 138.0,
137.6, 135.3, 131.5, 129.5, 129.2, 128.9, 128.7, 128.5, 128.0, 127.7,
122.4, 22.9; HRMS (ESI): calcd. for C17H14N2OHþ 263.1179, found
263.1181.

4.21. N-(2-(Quinolin-8-yl)phenyl)acetamide (5g)

Following method C; the crude was purified by silica gel column
chromatography (pet. ether/EtOAc, 9:1 / 4:6 þ 1% Et3N) and
concentration of the relevant fractions [Rf¼ 0.21 (pet. ether/EtOAc,
1:1 v/v)] gave the title compound 5f as dark yellow crystals (69%),
mp 128e130 �C. IR (ATR): ѵmax 3247, 3195, 3059, 3026, 2926, 2854,
1678, 1522, 1439, 1295, 789, 748 cm�1; 1H NMR (400MHz, CDCl3):
d 8.97 (dd, J¼ 3.9 Hz, 1.4 Hz, 1H), 8.48 (bs, 1H), 8.31 (dd, J¼ 8.2 Hz,
1.3 Hz, 1H), 8.00 (d, J¼ 8.1 Hz, 1H), 7.92 (dd, J¼ 7.9 Hz, 1.3 Hz, 1H),
7.74e7.66 (m, 2H), 7.52e7.45 (m, 2H), 7.35 (dd, J¼ 7.7 Hz, 1.3 Hz,
1H), 7.29e7.25 (m, 1H), 1.77 (s, 3H); 13C NMR (100MHz, CDCl3):
d 168.3, 150.7, 145.8, 138.8, 137.7, 135.7, 133.1, 132.9, 131.9, 128.9,
128.6, 128.6, 127.2, 125.3, 124.4, 121.4, 24.4; HRMS (ESI): calcd. for
C17H14N2OHþ 263.1179, found 263.1183.

4.22. 7H-Pyrido[4,3,2-gh]phenanthridine (6d)

Following method C; the crude was purified by silica gel column
chromatography (EtOH/MeOH,100:0/ 8:2 v/v) and concentration
of the relevant fractions [Rf¼ 0.19 (EtOH)] gave the title compound
6d as a yellow gel (73%). IR (NaCl): ѵmax 3274, 3167, 3112, 3049,
2919, 2851, 2762, 1614, 1576, 1460, 669 cm�1; 1H NMR (400MHz,
DMSO‑d6): d 8.33 (dd, J¼ 8.2 Hz, 0.8 Hz, 1H), 8.27 (d, J¼ 6.6 Hz, 1H),
8.16 (d, J¼ 7.8 Hz, 1H), 7.96 (t, J¼ 8.0 Hz, 1H), 7.66 (dd, J¼ 8.4 Hz,
0.6 Hz, 1H), 7.59e7.55 (m, 1H), 6.78e6.76 (m, 1H); 13C NMR
(100MHz, DMSO‑d6): d 149.2, 143.3, 141.1, 135.5, 134.1, 131.6, 130.9,
124.9, 123.8, 120.4, 118.1, 117.2, 115.9, 115.0, 99.7; HRMS (ESI): calcd.
for C15H10N2Hþ 219.0917, found 219.0917.
4.23. 6-Methoxy-7H-pyrido[4,3,2-gh]phenanthridine (6h)

Following method C; the crude was purified by silica gel column
chromatography (CH2Cl2/EtOAc/EtOH, 1:1:0 / 1:0:1 / 0:0:1 v/v)
followed by a second purification by silica gel (CH2Cl2/EtOH, 7:3 /

1:1 v/v) and concentration of the relevant fractions [Rf¼ 0.33
(CH2Cl2/EtOH, 7:3 v/v)] gave the title compound 6h as a bright
yellow gel (39%). IR (ATR): ѵmax 2958, 2926, 2860, 1609, 1464, 1278,
764 cm�1; 1H NMR (400MHz, DMSO‑d6): d 8.42 (bs, 1H), 8.30 (dd,
J¼ 8.4 Hz, 1.0 Hz, 1H), 8.08 (d, J¼ 7.7 Hz, 1H), 7.88 (t, J¼ 8.0 Hz, 1H),
7.80 (dd, J¼ 8.2 Hz, 0.8 Hz,1H), 7.71 (d, J¼ 8.4 Hz,1H), 7.56e7.52 (m,
1H), 7.38e7.34 (m, 1H), 4.07 (s, 3H); 13C NMR (100MHz, DMSO‑d6):
d 140.2, 138.3, 135.5, 132.8, 131.0, 130.8, 127.0 (2C), 125.2, 123.6,
120.7, 118.8, 116.5, 115.7, 113.8, 57.8; HRMS (ESI): calcd. for
C16H13N2OHþ 249.1028, found 249.1029.

4.24. N-(2-(Quinolin-2-yl)phenyl)pivalamide (7a)

Following method C, take for the solvent being pivalic acid; the
crudewas purified by silica gel column chromatography (pet. ether/
EtOAc, 9/1 v/v) and concentration of the relevant fractions
[Rf¼ 0.25 (pet. ether/EtOAc, 9:1 v/v)] gave the title compound 7a as
white crystals (65%), mp 107e108 �C (lit [28]. 99e100 �C). IR (ATR):
ѵmax 3181, 2954, 2928, 2865, 1676, 1582, 1501, 1297, 1158, 829,
757 cm�1; 1H NMR (400MHz, CDCl3): d 12.28 (bs, 1H), 8.64 (dd,
J¼ 8.4 Hz, 1.0 Hz, 1H), 8.28 (d, J¼ 8.6 Hz, 1H), 8.11 (d, J¼ 8.5 Hz, 1H),
7.86 (dd, J¼ 8.2 Hz, 1.1 Hz,1H), 7.82 (d, J¼ 8.8 Hz,1H), 7.79e7.75 (m,
1H), 7.73 (dd, J¼ 7.9 Hz, 1.5 Hz, 1H), 7.60e7.56 (m, 1H), 7.47e7.43
(m, 1H), 7.20 (td, J¼ 7.8 Hz, 1.2 Hz, 1H), 1.34 (s, 9H); 13C NMR
(100MHz, CDCl3): d 177.7, 158.5, 146.4, 138.1, 137.8, 130.4, 130.3,
129.9, 128.4, 127.9, 126.9, 126.8, 126.7, 123.4, 122.3, 121.5, 40.2, 27.9.
In accordance with previously reported data [28].
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Abstract: A series of novel quinoline-based tetracyclic ring-systems were synthesized and evaluated
in vitro for their antiplasmodial, antiproliferative and antimicrobial activities. The novel hydroiodide
salts 10 and 21 showed the most promising antiplasmodial inhibition, with compound 10 displaying
higher selectivity than the employed standards. The antiproliferative assay revealed novel pyri-
dophenanthridine 4b to be significantly more active against human prostate cancer (IC50 = 24 nM)
than Puromycin (IC50 = 270 nM) and Doxorubicin (IC50 = 830 nM), which are used for clinical
treatment. Pyridocarbazoles 9 was also moderately effective against all the employed cancer cell
lines and moreover showed excellent biofilm inhibition (9a: MBIC = 100 µM; 9b: MBIC = 100 µM).

Keywords: indoloquinoline; antiplasmodial activity; antiproliferative activity; antimicrobial activity;
biofilm inhibition

1. Introduction

Malaria and cancer are two major health issues affecting millions of lives annually.
Malaria is a parasitic blood disease caused by protozoans of the Plasmodium genus. Al-
though five Plasmodium strains are known to infect humans, namely P. falciparum, P. vivax,
P. ovale, P. knowlesi and P. malariae, infections by P. falciparum are responsible for the ma-
jority of malaria-related deaths [1,2]. The World Health Organization (WHO) estimated
the number of malaria cases to be 229 million in 2019, claiming approximately 409,000
lives [1], despite considerable global efforts to combat the disease. A major obstacle in
the battle against malaria has been the rapid appearance and spread of resistant strains
across endemic areas [3]. An excess of 90% of all malaria incidents occur in sub-Saharan
Africa [1], a region sorely dependent on the availability of affordable treatments. Originally,
malaria-endemic regions were primarily limited to the immediate areas surrounding the
tropics. The increasing surface air temperatures as a consequence of global warming is
predicted to change this, leaving also temperate climates susceptible to the disease, and
with it, a larger part of the human population [4]. Following the widespread appearance
of chloroquine (CQ)-resistant strains of P. falciparum, artemisinin-based therapies have
been the gold standard of malaria treatment [5]. However, in 2008, the first reports of
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artemisinin-based resistance were observed in Cambodia [6] and ten years later, over
30 independent cases had been documented throughout southeast Asia [7]. Therefore, the
development of novel and affordable treatments remains of paramount importance.

Contrary to malaria, which is an infectious disease, cancer is a noncommunicable
disease, ranking as the second leading cause of death globally, responsible for approx-
imately 1 in 6 deaths. Estimates from WHO put the number of cancer cases in 2018 at
18.1 million, accompanied by 9.6 million fatalities [8]. The five most diagnosed cancers
are lung, breast, colorectal, prostate and stomach. A variety of anti-cancer therapies are
currently available, however, those treated suffer from the unwanted side effect of being
highly immunosuppressed. Patients suffering from a compromised immune system follow-
ing cancer treatments are therefore more likely to contract nosocomial infections [9], such
as infection caused by drug-resistant Staphylococcus aureus, increasing the overall burden of
nosocomial infectious diseases [10]. This is further complicated by the increased likelihood
of formations of multidrug-resistant biofilms, which are notoriously hard to treat [11,12].
Bacterial infections are also known to be a cause of cancer on their own, and according to
the WHO, roughly 13% of all cancers globally occur as a result of chronic infections [8].
Additionally, research in recent years has started to uncover a direct link between the
formation of microbial biofilms in the body and the growth of certain cancers [13–15]. The
availability of anticancer drugs with the dual capability of inhibiting biofilm growth is
severely limited, making the development of such drugs greatly needed.

Natural products have proven to be an invaluable source of lead compounds for
medicinal research in the past and present due to their wide array of structural
diversity [16–18]. As of 2020, roughly 40% of all Food and Drugs Administration (FDA)
approved drugs have natural origins [19], further demonstrating the importance of nat-
ural products in drug discovery. Accordingly, discovery and characterization of natural
products and their semi-synthetic derivatives remain pivotal in the search for novel drug
candidates [20]. The quinoline core represents a versatile structural motif, possessing
applications in the fields of material science, the dye industry and moreover constitute an
important building block in the design of pharmaceutical compounds [21]. In particular,
due to the presence of the quinoline skeleton in numerous natural products displaying a
vast array of biological activities, quinoline-based natural products and their derivatives
are attractive medicinal targets [22–25].

Almost exclusively found in the West African climbing shrub Cryptolepis sanguino-
lenta [26,27], the indoloquinoline natural products cryptolepine (1), neocryptolepine (2),
and isocryptolepine (3a) (Figure 1) represent a unique class of bioactive compounds. These
alkaloids are characterized by a fused quinoline and indole moiety [28] and long before the
constituents of C. sanguinolenta were identified, the extracts were used in herbal remedies
to treat malarial fevers among other ailments [29]. The major bioactive component of the
shrub was eventually determined to be cryptolepine (1), which has subsequently received
the most attention in the literature of the three regioisomeric indoloquinolines 1, 2, and
3a. A host of biological properties have been observed in cryptolepine (1) assays, such as
antiplasmodial, antimalarial [30–35], anti-inflammatory [33], antifungal [36–38], antimi-
crobial [39–42], antiproliferative [43–46] and antiviral [40]. The linearly arranged planar
structure of cryptolepine (1) is believed to be related to its high level of undesired cytotoxic-
ity, resulting in its ability to non-specifically intercalate into DNA, inhibiting topoisomerase
II [44,47–49]. Neocryptolepine (2) and isocryptolepine (3a) have also been demonstrated
to possess similar biological profiles, although inferior to cryptolepine (1) [28,50]. Despite
the lower potency, both neocryptolepine (2) and isocryptolepine (3a) were revealed to
be significantly less cytotoxic than cryptolepine (1), allowing for the possibility of their
derivatives to be developed into new lead compounds [49,51].
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Figure 1. Structures of the major bioactive compounds isolated from Cryptolepis Sanguinolenta;
cryptolepine (1), neocryptolepine (2) and isocryptolepine (3a).

The biological activities for the core structures of C. sanguinolenta have been extensively
studied while their regioisomers have been largely undescribed. In particular, the novel
pyridophenanthridine scaffold 4a (Figure 2) unveiled in our previous study [52], represents
an interesting target for biological evaluation. The pyridophenanthridine skeleton may be
regarded as a regioisomer to the pyridoacridines (the core structure of which is illustrated
in compound 5 in Figure 2), a well-studied class of marine alkaloids most notably known
for exhibiting potent antiproliferative qualities [53–57]. Similarly, to cryptolepine (1), nearly
all naturally occurring pyridoacridines have been shown to act as DNA intercalating agents,
resulting in cytotoxic effects in cultured tumor cells [54,55,58]. They also possess the ability
to inhibit topoisomerase II [53,58] and further contain biological profiles such as antibacte-
rial, antifungal, antiviral, antiparasitic and insecticidal [53,56,57,59–61]. Consequently, it
is postulated that the pyridoacridines and their synthetic derivatives are pivotal for the
future generation of medicinal compounds [58].
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Figure 2. Structures of pyridophenanthridines 4a and 4aa along with pyridoacridine 5.

Recently, we described the preparation of several isocryptolepine regioisomers and
certain chemoisomers [52]. In this paper, we present modifications to our previous synthetic
strategies which allowed for the realization of novel tetracyclic ring-systems (compounds
4b, 8, and 9) along with the N-alkylation of several compounds to furnish new analogues
(compounds 3b, 3c, 10, and 21). Moreover, the newly synthesized compounds, along with
our existing library of natural products and analogues, were evaluated for their in vitro
antiplasmodial activity against Plasmodium falciparum 3D7 parasites; cytotoxicity against
normal mammalian cell line (HEK293), and three cancer cell lines (HCT116, MDA-MB-231
and PC-3). The compounds were also evaluated as antimicrobial agents against common
pathogenic bacteria as well as their ability to inhibit biofilm growth.
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2. Results and Discussion
2.1. Chemistry

We recently reported a concise synthesis of isocryptolepine (3a) and some regioisomers
in which the two key synthetic steps were a Suzuki-Miyaura cross-coupling reaction
followed by a palladium-catalyzed intramolecular cyclization [52,62]. The most unexpected
result of our previous endeavor was the formation of a pyridophenanthridine scaffold 4a,
when biaryl 7a was treated with palladium under our intramolecular cyclization conditions
(Path A, Scheme 1). Shortly after our report, Kumar and co-workers reported the formation
of compound 4a by a palladium-catalyzed arylation technique utilizing diaryliodinium
salts [63]. To the best of our knowledge, these two preparations of pyridophenanthridine
4a remain the only descriptions in the literature. However, Beauchard and coworkers
describe the accidental synthesis of the functionalized pyridophenanthridine 4aa in 2006
(Figure 2) [64]. This was the result of attempting to synthesize isocryptolepine analogues
by a microwave-induced thermal decomposition of a benzotriazole-coupled quinoline.
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Scheme 1. Synthesis of pyridophenanthridines 8 and pyridocarbazoles 9 from a common starting material. Conditions:
(i) coupling partner 6, Cs2CO3, Pd(PPh3)4 (5 mol%), DME/H2O, 80 ◦C; Path A: (ii) PdCl2 (dppf) (20 mol%), IMes (5 mol%),
H2O2 (35 wt%, 29 mol%), AcOH, 118 ◦C, MW; (iii) CH3I, CH3CN, reflux; Path B: (iv) 1) HCl (37%), NaNO2 (0.4 M), 0 ◦C,
1.5 h; 2) NaN3/NaOAc, 0 ◦C, 1 h; (v) 1,2-dichlorobenzene, 180 ◦C, 3 h; (vi) CH3I, CH3CN, reflux.

Intrigued by these results, we decided to investigate further and wondered if the
regioselectivity would be the same utilizing a different synthetic strategy. Drawing inspira-
tion from Timári et al. [65] in the synthesis of isocryptolepine and further expanded on by
Hostyn et al. [66] for the synthesis of isoneocryptolepine, a Suzuki-Miyaura cross-coupling
reaction and nitrene insertion approach was undertaken. Standard azidation of biaryl
7a via installation of a diazonium salt yielded the aryl azide 7I, which upon thermal de-
composition in refluxing 1,2-dichlorobenzene interestingly gave pyridocarbazole 9a as the
only product without any traces of its regioisomer 4a (Scheme 1, Path B). Thereby, it was
concluded that 4a and 9a can be achieved from a common starting material by following
reaction pathway A and B, respectively, in Scheme 1. A fluoro-substituted analogue of
compound 9a, namely 9b, was further possible to construct starting from boronic acid 6b.
To conclude the synthetic pathways, compounds 4 and 9a were finally regioselectively
N-methylated using excess iodomethane in refluxing acetonitrile [49] to realize tetracycles
8 and 10.

In Timári et al.’s original synthesis of isocryptolepine (3a) by means of a thermally
induced nitrene insertion, only one regioisomeric product was observed, namely isocryp-
tolepine precursor 14 [65]. Following the same conditions in our laboratories, the approach
primarily resulted in the construction of indoloquinoline 14 but its regioisomer 13 was
also formed in minor quantities (Scheme 2). Applying the nitrene insertion approach to
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biaryls 15, 17, and 19, we were able to significantly improve the yields of tetracycles 18
and 20 compared to our previous endeavors (Scheme 3, previous yields in brackets) [52].
Following a literature procedure, neocryptolepine (2) was obtained in good yield starting
from its precursor 13 (Scheme 4) [67].

Modification of our previously reported conditions for the N-methylation of tetracycle
14 to furnish isocryptolepine (3a) [62], allowed the formation of two novel isocryptolepine
analogues 3b and 3c, albeit in lower yields than the parent alkaloid (Scheme 4). Of the re-
maining tetracycles, namely compounds 16, 18, and 20, only compound 16 was successfully
N-methylated using the same conditions as reported in our previous work [62]. Efforts to
explain the failure of tetracycles 18 and 20 to undergo N-alkylation at the most reactive
ring-nitrogen, presumably the quinoline moiety, is currently under way in our laboratories.
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Scheme 2. Synthesis of 6H-indolo[2,3-b] quinoline (13) and 11H-indolo[3,2-c] quinoline (14) via a Suzuki-Miyaura cross-
coupling and thermally induced nitrene insertion approach. Conditions: (i) boronic acid 6a, K2CO3, PdCl2 (dppf)
(5 mol%), EtOH/H2O (5:1), 60 ◦C [52,62]; (ii) 1) HCl (37%), NaNO2 (0.4 M), 0 ◦C, 1.5 h; 2) NaN3/NaOAc, 0 ◦C, 1 h;
(iii) 1,2-dichlorobenzene, 180 ◦C, 3 h.
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Scheme 3. Synthesis of 11H-pyrido[3,2-a] carbazole (16), 11H-pyrido[2,3-c] carbazole (18) and 7H-
pyrido[3,2-c] carbazole (20) using a diazotization-azidation-nitrene insertion approach. In brackets:
yields from our previous endeavors [52]. Conditions: (i) HCl (37%), NaNO2 (0.4 M), 0 ◦C, 1.5 h;
(ii) 1,2-dichlorobenzene, 180 ◦C, 3 h. For the synthesis of compounds 15, 17, and 19, refer to our
previous work [52].
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Scheme 4. Regioselective N-alkylations to synthesize neocryptolepine (2), isocryptolepine (3a), N-
alkyl isocryptolepine derivatives (3b and 3c) and 4-methyl-11H-pyrido[3,2-a]carbazolium iodide (21).
Conditions: (i) CH3CN, THF, reflux, 24 h [67]; (ii) a: CH3I, PhMe, reflux, 3 h [62]; b: CH3CH2I, PhMe,
reflux, 3 h; c: CH2=CHCH2Br, PhMe, reflux, 22 h; (iii) CH3I, CH3CN, reflux, 20 h.

2.2. Antiplasmodial Assay

The prepared natural products and their derivatives were evaluated for their in vitro
antiplasmodial activities against the Plasmodium falciparum 3D7 strain. The compounds
were further tested for their in vitro cytotoxicity against HEK293 cells (human embryonic
kidney cells) for the determination of their selectivity indices. Furthermore, to serve
as positive controls for our analyses, chloroquine (CQ), dihydroartemisinin (DHA) and
puromycin were employed. Results from these studies are summarized in Table 1.

The tested compounds were found to possess diverse activities against the Pf 3D7
cell line. Albeit being well documented to have antiplasmodial activity in the literature,
the parent alkaloid neocryptolepine (2) has thus far not been evaluated for in vitro an-
timalarial activity against Pf 3D7 (IC50 = 7249 nM), showing a lower potency compared
to isocryptolepine (3a) (IC50 = 1211 nM). Out of the two novel isocryptolepine deriva-
tives, allyl variant 3c showed a marginal improvement compared to the natural product
(IC50 = 1198 nM), while ethyl variant 3b showed a lower activity (IC50 = 1318 nM). Both
derivatives were revealed to be notably more cytotoxic than the parent alkaloid 3a.

The neocryptolepine precursor 13 was revealed to display no antiplasmodial inhibi-
tion, which is in accordance with a previous study conducted by Jonckers et al., where
they highlighted the importance of the N-5 methyl group for activity in certain halogen-
substituted indolo[3,2-b]quinolines [68]. The regioisomer 15 was also shown to be inactive
against Pf 3D7. Contrary to this, the isocryptolepine precursor 14 displayed more potent
antimalarial activities (IC50 = 977 nM) compared to the parent alkaloid 3a. For the isocryp-
tolepine precursor 14, it has been shown through previous work that by introduction of
certain basic side chains at C-9, the in vitro antimalarial activity against the K-1 strain of
P. falciparum was dramatically increased compared to isocryptolepine (3a). The authors
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argued that these observations could be attributed to the basic properties allowing the
compound to experience a lower degree of hydrophobicity [69], a quality also observed for
CQ [28].

Table 1. In vitro antiplasmodial activities of tetracyclic ring-systems 2–3, 4, 8–10, 13–14, 16, 18, 20, and 21 against the 3D7
P. falciparium strain, cytotxicity against HEK293 cells and selectivity indices.

Entry Compound 3D7 IC50 (nM) Cytotoxicity IC50 (nM) SI a

1 Neocryptolepine (2) 7249 ± 6 >20,000 2.8
2 Isocryptolepine (3a) 1211 ± 84 2074 ± 70 1.7
3 3b 1318 ± 5 3078 ± 49 2.3
4 3c 1198 ± 32 3152 ± 40 2.6
5 4a 548 ± 3 2834 ± 92 5.2
6 4b 866 ± 2 3657 ± 2 4.2
7 8a 1698 ± 5 7410 ± 207 4.4
8 8b 1546 ± 27 5057 ± 45 3.3
9 9a 6825 ± 61 >80,000 11.7

10 9b NT b NT b -
11 10 128 ± 2 NA c 213.9
12 13 NA c NA c -
13 14 977 ± 11 18460 ± 183 18.9
14 16 NA c NA c -
15 18 NA c NA c -
16 20 2414 ± 42 NA c 16.6
17 21 380 ± 0.5 NA c 105.4
18 Chloroquine 24 ± 1 >4000 165
19 DHA 1 ± 0.07 NA c 74
20 Puromycin 93 ± 2 3 ± 3 0.03

Data are presented as the mean ± standard deviation from two separate experiments. IC50 values were calculated using non-linear dose-
response curves in GraphPad Prism. a SI = selectivity index = cytotoxicity in HEK293/activity in 3D7; b NT = not tested; c NA = not active.

Pyridophenanthridines 4 (a: IC50 = 548 nM; b: IC50 = 866 nM) outperformed both
neocryptolepine (2) and isocryptolepine (3a) in terms of activity and selectivity; however, it
displayed an unfavorable increase in cytotoxicity. Keeping in mind the effects observed by
Jonckers et al. [68] for the functionalization of the isocryptolepine precursor 14, addition of
appropriate substituents to pyridophenanthridine 4a could potentially result in increased
antiplasmodial activity. Evidently, the presence of the methoxy substituent in compound
4b negatively impacted both the antiplasmodial activity and cytotoxicity compared to
the naked pyridophenanthridine 4a. Interestingly, the addition of an N-methyl group to
pyridophenanthridines 4 to furnish compounds 8 (a: IC50 = 1698 nM; b: IC50 = 1546 nM)
negatively impacts the antiplasmodial activity. For the indoloquinoline natural products,
the N-methyl group is considered an instrumental aspect for their parasitic inhibition [28],
this is evidently not the case for the pyridophenanthridines, possibly suggesting the
presence of a novel mode of action against the parasitic life cycle. As this represents the
first case in the literature of the antiplasmodial evaluation of a pyridophenanthridine, other
functionalizations of the core scaffold should nonetheless be further researched.

The two most prominent results of our studies were the novel hydroiodide salts 10
(IC50 = 128 nM) and 21 (IC50 = 380 nM), where the latter showed improved selectivity
compared to the standards. Their precursors 9a and 15 showed little to no activity, high-
lighting the importance of the N-methyl functionality. These results are possibly aided
by the fact that the salt structure likely promotes increased solubility in aqueous media,
further increasing the biological availability of the compounds, a fact which should be
carefully considered when exploring new lead compounds.

2.3. Antiproliferative Assay

All prepared samples were evaluated in vitro against a panel of three cancer cell lines,
including HCT116 (human colon cancer), MDA-MB-231 (human breast adenocarcinoma)
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and PC-3 (human prostate cancer) using a resazurin assay. Puromycin and Doxorubicin
were employed as positive controls for the obtained IC50 results, which are summarized in
Table 2.

Table 2. In vitro antiproliferative activities and cytotoxicities of tetracyclic ring-systems 2–3, 4, 8–10, 13–14, 16, 18, 20 and 21
against three cancer cell lines.

Entry Compound HCT116 IC50 (nM) MDA-MB-231 IC50 (nM) PC-3 IC50 (nM)

13 Neocryptolepine (2) 6218 ± 90 10,435 ± 375 27% at 80 µM
14 Isocryptolepine (3a) 667 ± 45 695 ± 130 1821 ± 7
15 3b 742 ± 11 998 ± 300 2440 ± 94
16 3c 1243 ± 80 3064 ± 467 1296 ± 51
1 4a 721 ± 27 594 ± 140 1630 ± 173
2 4b 166 ± 16 a 1002 ± 297 24 ± 3 b

3 8a 444 ± 52 360 ± 51 2571 ± 114
4 8b 871 ± 172 814 ± 162 4539 ± 361
5 9a 20,015 ± 1665 21,540 ± 2480 17,790 ± 1640
6 9b NT c NT c NT c

7 10 38% at 40 µM 24% at 40 µM 36% at 40 µM
8 13 NA d NA d NA d

9 14 3573 ± 309 36% at 80 µM e 30% at 80 µM f

10 16 82% at 80 µM 80% at 80 µM NA d

11 18 NT c NT c NT c

12 20 17,030 g 16,415 ± 2305 47% at 40 µM
17 21 NA d NA d NA d

18 Puromycin 85 300 270
19 Doxorubicin 150 590 830

Data are presented as the mean ± sem (standard error of the mean) from two separate experiments. IC50 values were calculated using
non-linear dose-response curves in GraphPad Prism. a 89% metabolic activity at 40 nM; b 45% metabolic activity at 40 nM; c NT = not
tested; d NA = not active; e 55% metabolic activity at 40 µM; f 50% metabolic activity at 40 µM; g 12% metabolic activity at 40 µM.

Both parent alkaloids neocryptolepine (2) and isocryptolepine (3a) performed best
against the HCT116 cell line (2: 6218 nM; 3a: 667 nM) (Table 2). It is evident that isocryp-
tolepine (3a) had an overall better performance against the tested cancer cell lines than
neocryptolepine (2). The same was observed for the isocryptolepine derivatives 3b and
3c; however, the potency was less than for the parent isocryptolepine (3a). Derivatives
3b and 3c were revealed to become less potent with increasing alkyl chain length for the
human colon cancer (3b: IC50 = 742 nM; 3c: 1243 nM) and human breast adenocarcinoma
(3b: IC50 = 998 nM; 3c: 3064 nM) cell lines. Interestingly, for the human prostate cancer cell
line, a different trend was observed (3b: IC50 = 2440 nM; 3c: 1296 nM). The N-allyl group
outperformed both the methyl and ethyl groups in terms of activity, suggesting that the
alkene functionality is somehow important to the mechanism of cell growth inhibition. It
is believed that the indoloquinolines inhibit cell growth by direct interactions with DNA,
although the exact mechanism(s) remain uncertain [28,44,47,50,70].

Several of the tested compounds were found to display no activity against the panel
of cancer cell lines, including novel compounds 10 and 21. Another compound which was
observed to be inactive was neocryptolepine precursor 13, being inactive against all three
cell lines. The isocryptolepine precursor 14 showed poor activity against all cancer cell
lines and further highlights the necessity of the N-methyl group for cell growth inhibition.

The importance of incorporating an N-methyl is further demonstrated in compounds
4a and its corresponding N-methylated product 8a, showing an increase in activity against
the HCT116 and MDA-MB-231 cell lines, favoring the inclusion of an N-methyl group. In
the PC-3 cell lines, the pyridophenanthridines 4 showed a decrease in activity with the
addition of an N-methyl substituent to give the corresponding compound 8. However, the
assay revealed the methoxy pyridophenanthridine 4b to contain potent anticarcinogenic
properties (IC50 = 24 nM) against the PC-3 cell line. Compound 4b showed a 10-fold and
35-fold increase in activity compared to the positive controls Puromycin (IC50 = 270 nM)



Molecules 2021, 26, 3268 9 of 22

and Doxorubicin (IC50 = 830 nM), respectively. The positioning of the methoxy substituent
at C-6 of the pyridophenanthridine scaffold appears to be key to the observed increase in
activity, as the naked pyridophenanthridine 4a showed only modest activity against the
PC-3 cell line (IC50 = 1630 nM). A previous study by Lu and coworkers demonstrated the
potential of the strategic installation of appropriate ring-substituents to obtain increased
antiproliferative activity in various indolo[3,2-b]quinolines [71]. Similar to the observations
made in this work, Lu et al. noted the potency of C-9 ester substituted indoloquinolines
in their screening of several cancer cell lines [71], despite the parent neocryptolepine (2)
displaying only minor inhibition of cell growth. The N-methylated pyridophenanthridine
8a evaluated in this work was further shown to be more potent against the MDA-MB-
231 (IC50 = 360 nM) cell line than Doxorubicin (IC50 = 590 nM). Being novel compounds,
the mode of action of the pyridophenanthridines against proliferative cancer is naturally
unknown. Thus, proceeding studies have the potential to unveil a new mode of action.
The discovery of new modes of action is regarded as highly important in the field of drug
discovery [72], further illustrating the potential for the novel pyridophenanthridine scaffold
as a lead for subsequent development into a new anticancer therapy.

2.4. Antimicrobial and Biofilm Iinhibition Assay

The prepared samples were tested for in vitro antimicrobial activity against E. faecalis,
E. coli, P. aeruginosa, S. aureus, Streptococcus agalactiae and S. epidermis using gentamycin
as a reference compound. The compounds were tested at 100, 75, 50, 25, 12.5, 10, 6.3,
3.1 and 1.6 µM and the obtained minimal inhibitory concentrations (MIC) and minimal
bacterial inhibition concentrations (MBIC) can be seen in Table 3. Several of the screened
compounds contained no antibacterial properties against the tested panel of bacteria,
including tetracycles 8a, 10, 13-14, 16, 18, and 20-21, while compounds 3b, 3c, and 21 were
not tested.

Table 3. In vitro antimicrobial activities of tetracyclic ring-systems 2–3, 4, and 8–9 against five bacterial cell lines and
inhibition of biofilm formation.

Tested Strain MIC (µM)

2 3a 4a a 4b a 8a a 9a 9b Gentamycin

E. faecalis (ATCC 29122) NA b 100 100 NA b 75 NA b NA b 8
E. coli (ATCC 259233) NA b 100 NA b 50 NA b NA b NA b 0.13

P. aeruginosa (ATCC 27853) NA b NA b NA b NA b NA b NA b NA b 0.25
S. aureus (ATCC 25923) NA b 100 100 NA b 75 NA b NA b 0.06

Streptococcus agalactiae (ATCC 12386) 100 100 NA b 75 NA b 100 NA b 4

MBIC (µM)

S. epidermis (ATCC 35984) NA b 100 NA b NA b NA b 100 100 NT c

a Also tested at concentrations of 100, 75, 50, 25, 12.5, 10, 6.3, 3.1 and 1.6 µM. Compounds 8b, 10, 13–14, 16, 18, and 20 showed no activity
against any of the tested strains; b NA = not active; c NT = not tested. Compounds 3b, 3c, and 21 were not tested.

Neocryptolepine (2) showed only modest activity against Streptococcus agalactiae
(MIC = 100 µM), while its precursor 13 was inactive against all bacterial strains. It has been
shown previously that neocryptolepine (2) only possesses bacteriostatic properties against
Gram-positive bacteria and displays no activity whatsoever against Gram-negative bacte-
ria [40,72–74], which fits well with our observations. With the exception of P. aeruginosa,
isocryptolepine (3a) contained modest activity against all the tested strains and excellent
inhibition of biofilm growth.

The novel pyridophenanthridines 4a and 8a were both effective against the Gram-
positive bacteria E. faecalis (4a: MIC = 100 µM; 8a: MIC = 75 µM) and S. aureus (4a:
MIC = 100 µM; 8a: MIC = 75 µM) but were inactive against the rest. These results are
comparable to previous observations for the indolo[2,3-b]quinolines (i.e., neocryptolepines),
showing that the presence of an N-methyl substituent is essential for antimicrobial inhi-
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bition [73]. Methoxy substituted pyridophenanthridine 4b was proven to be the most
successful in the evaluated series, being moderately effective against E. coli (MIC = 50 µM)
and S. aureus (MIC = 75 µM). Interestingly, addition of the N-methyl functionality to
produce pyridophenanthridine 8b, resulted in a complete loss of activity. Representing
unknown scaffolds, the mode of action of the pyridophenanthridines are naturally not
known; however, these data indicate that the methoxy substituted 4b and 8b could differ
from their non-functionalized counterparts 4a and 8a.

Novel pyridocarbazoles 9 showed excellent biofilm formation inhibition (9a:
MBIC = 100 µM; 9b: MIC = 100 µM) and variant 9a was also active against Streptococ-
cus agalactiae (MBIC = 100 µM). The incorporation of a fluorine into a molecule is usually
associated with a significant increase in biological activity [75], which is not the case for
compound 9, having the non-fluorinated 9a performing better overall. In general, pyrido-
carbazoles have been primarily studied for their antiproliferative qualities in the past, with
natural products such as the ellipticines containing potent anticancer properties [76]. The
ellipticines are currently employed clinically as antiproliferative agents, though little is
known about the inherent antimicrobial potential of such motifs. Although the antimicro-
bial activities observed for compound 9 were not particularly significant, this structural
motif should be explored in greater detail in future research to uncover its full potential as
a dual antimicrobial and antiproliferative agent.

3. Materials and Methods
3.1. Chemistry
3.1.1. General

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AscendTM
400 series (Billerica, MA, USA), operating at 400.13 MHz for 1H, 376.49 MHz for 19F
and 100.61 MHz for 13C, respectively. Chemical shifts (δ) are expressed in ppm relative
to residual chloroform-d (1H, 7.26 ppm; 13C, 77.16 ppm), DMSO-d6 (1H, 2.50 ppm; 13C,
39.52 ppm), methanol-d4 (1H, 3.31 ppm; 13C, 49.00 ppm), acetone-d6 (1H, 2.09 ppm; 13C,
30.60 ppm), dichloromethane-d2 (1H, 5.32 ppm; 13C, 53.84 ppm) or α,α,α-trifluorotoluene
(19F, −62.61 ppm) [77] as an external reference. The assignment of signals in various NMR
spectra were often assisted by conducting correlation spectroscopy (COSY), heteronuclear
single-quantum correlation spectroscopy (HSQC), heteronuclear multiple bond correlation
spectroscopy (HMBC) and nuclear Overhauser effect spectroscopy (NOESY).

Reactions were monitored by thin-layer chromatography (TLC) carried out on 0.25 mm
silica gel F254 coated aluminum sheets using UV light as a visualizing agent. Silica gel 60
(particle size 40–63 µm) was used for flash chromatography.

In addition to TLC, low resolution mass spectrometry (LRMS) was routinely used
to monitor and identify the various components of reaction mixtures. The LRMS spectra
were obtained using an Advion expressions CMS mass spectrometer operating at 3.5 kV in
electrospray ionization (ESI) mode.

Infrared spectroscopy (IR) was performed on a Agilent Technologies Cary 360 FTIR
spectrophotometer (Santa Clara, CA, USA). Solids were dissolved in CHCl3 or CH2Cl2 and
adsorbed on a NaCl plate, or by placing the sample directly onto the crystal of an attenuated
total reflectance (ATR) module. Melting points were measured using a Stuart Scientific
SMP3 melting point apparatus and are uncorrected. High resolution mass spectrometry
(HRMS) were conducted externally at the University of Bergen (UiB) or the University
of Tromsø, using ESI mode. The microwave-assisted experiments were performed in a
CEM Focused MicrowaveTM Synthesis System (Charlotte, NC, USA), model type Discover,
operating at 0–300 W, a pressure of 0–290 psi, at a temperature of 118 ◦C, using reactor vial
volumes of either 10 or 35 mL. Commercially available chemicals were used as delivered
from the supplier unless otherwise noted.

Detailed experimental procedures and full characterizations for compounds 3a, 4, 5b,
7, 15, 17, and 19 are available through our previous works [52,62].
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3.1.2. 4-Fluoro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (6b)

To a mixture of 2-bromo-4-fluoroaniline (1000.0 mg, 5.26 mmol), anhydrous Et3N
(2.93 m, 21.04 mmol), PdCl2(PPh3)2 (369.2 mg, 0.53 mmol, 10 mol%) in 20 mL anhydrous
dioxane, was added 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.30 mL, 15.79 mmol) drop-
wise. The resulting mixture was refluxed for 22 h and then allowed to cool to rt before
being quenched by addition of suitable amounts of sat. aq. NH4Cl. The crude was sub-
sequently extracted using CH2Cl2 (3 × 20 mL) and the combined organic phases were
washed with water (1 × 20 mL), brine (1 × 20 mL), dried (MgSO4), filtered and concen-
trated in vacuo. The concentrate was then evaporated onto celite and purification by silica
gel column chromatography (pet. ether/EtOAc, 9:1 v/v) and concentration of the relevant
fractions [Rf = 0.33 (pet. ether/EtOAc, 9:1 v/v)] gave the target compound 6b as a red
solid (975.7 mg, 78%), mp 49–50 ◦C (lit. [78] 50–52 ◦C); IR (ATR): νmax 3481, 3388, 2978,
2931, 1621, 1431, 1137, 854 cm−1; 1H NMR (400 MHz, CDCl3): δ 7.28 (dd, J = 9.1 Hz, 3.1 Hz,
1H), 6.92 (ddd, J = 8.6 Hz, 8.3 Hz, 3.1 Hz, 1H), 6.53 (dd, J = 8.8 Hz, 4.3 Hz, 1H), 4.55 (bs,
2H), 1.34 (s, 12H); 13C NMR (100 MHz, CDCl3): δ 155.3 (d, JCF = 235.0 Hz), 149.9, 121.6 (d,
JCF = 20.3 Hz), 119.8 (d, JCF = 23.0 Hz), 116.1 (d, JCF = 6.9 Hz), 83.9, 25.0 (one carbon was
obscured or overlapping); 19F NMR (376 MHz, CDCl3): δ −129.0. The spectroscopic data
are in accordance with previously reported data [78].

3.1.3. 4-Fluoro-2-(quinolin-5-yl)aniline (7c)

To a solution of 5-bromoquinoline (5a) (512.3 mg, 2.46 mmol) in 25 mL
1,2-dimethoxyethane (DME) under an argon atmosphere was added 4-fluoro-2-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (6b) (875.7 mg, 3.69 mmol), an aqueous solution
of Cs2CO3 (2805.3 mg, 8.61 mmol in 5 mL H2O) and Pd(PPh3)4 (142.1 mg, 0.12 mmol).
The resulting mixture was stirred at 80 ◦C for 17 h before being allowed to cool to rt. The
volatiles were then removed under reduced pressure and the concentrate was evaporated
onto celite. Purification by silica gel column chromatography (pet. ether/EtOAc, 1:1 v/v)
and concentration of the relevant fractions [Rf = 0.10 (pet. ether/EtOAc, 1:1 v/v)] gave the
target compound 7c as an orange solid (419.5 mg, 72%), mp 196–197 ◦C; IR (ATR): νmax
3041, 2921, 2852, 1635, 1490, 1192, 900, 792 cm−1; 1H NMR (400 MHz, CD2Cl2): δ 8.90 (dd,
J = 4.1 Hz, 1.7 Hz, 1H), 8.14–8.12 (m, 1H), 7.96 (ddd, J = 8.5 Hz, 1.6 Hz, 0.8 Hz, 1H), 7.79 (dd,
J = 8.5 Hz, 7.1 Hz, 1H), 7.51 (dd, J = 7.0 Hz, 1.1 Hz, 1H), 7.36 (dd, J = 8.5 Hz, 4.2 Hz, 1H),
7.00 (td, J = 8.6 Hz, 3.0 Hz, 1H), 6.88 (dd, J = 9.0 Hz, 3.0 Hz, 1H), 6.79 (dd, J = 8.8 Hz, 4.8 Hz,
1H), 3.42 (bs, 2H) (Figure S3.1); 13C NMR (100 MHz, CD2Cl2): δ 156.4 (d, JCF = 235.8 Hz),
151.0, 149.1, 141.4, 136.8, 134.5, 130.1, 129.6, 128.3, 127.0, 125.7 (d, JCF = 7.2 Hz), 121.8, 117.7
(d, JCF = 22.1 Hz), 116.6 (d, JCF = 8.0 Hz), 115.9 (d, JCF = 22.1 Hz) (Figure S3.2); 19F NMR
(376 MHz, CD2Cl2): δ -128.0 (Figure S3.3); HRMS (ESI): calcd. for C15H11FN2 [M + H+]
239.0979, found 239.0988.

3.1.4. Intramolecular Cyclization to Form Tetracycles 9, 13, 14, 18 and 20
General Procedures

Method 1—palladium-catalyzed intramolecular C-H activation/C-N bond formation:
The appropriate biaryl (1 equiv.) in a suitable amount of glacial acetic acid was added to a
premixed solution of PdCl2(dppf) (10 mol%), 1,3-bis(2,4,6-trimethylphenyl)imidazolium
(IMes) (5 mol%), H2O2 (35 wt%, 29 mol%) and a suitable amount of glacial acetic acid.
The reaction mixture was then placed in a sealed reactor tube and immersed into the
cavity of a microwave oven and heated at 118 ◦C until completion as indicated by TLC
analysis. The reaction mixture was then transferred to a round-bottom flask with the aid
of EtOAc/CHCl3 and the volatiles were removed under reduced pressure. The reaction
mixture was finally evaporated onto celite and purified by column chromatography with
the eluents as indicated in order to give the target compounds.

Method 2—diazotization-azidation-nitrene insertion: The appropriate biaryl (1 equiv.)
was dissolved in a suitable amount of aq. HCl (37%) and the mixture was cooled to
0 ◦C using an ice bath. Next, to ice-cooled aq. NaNO2 (0.4 M) was added the solution
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dropwise and the resulting mixture was stirred at 0 ◦C for 1.5 h. An ice-cooled aq. solution
of NaN3/NaOAc (2.1 equiv./14 equiv. in an appropriate amount of H2O) was added
dropwise and the mixture stirred for 1 h while keeping the temperature at 0 ◦C. The
reaction mixture was quenched by addition of appropriate amounts of sat. aq. K2CO3
and subsequently extracted with CH2Cl2 (3 × 20 mL). The combined organic phases were
washed with water (1× 20 mL), brine (1× 20 mL), dried (MgSO4), filtered and concentrated
in vacuo. The obtained residue was dissolved in a suitable amount of 1,2-dichlorobenzene
and flushed with argon. The resulting mixture was stirred at 180 ◦C for 3 h under an argon
atmosphere before being cooled to rt. The solvent was removed under reduced pressure
and the concentrate was evaporated onto celite and purified by column chromatography
using the eluents as indicated in order to give the target compounds.

7H-Pyrido[2,3-c]carbazole (9a)

Method 2: Following the general procedure, the title compound was prepared from
2-(quinolin-5-yl)aniline (7a) (100.0 mg, 0.45 mmol), HCl (37%, 3 mL), NaNO2 (82.9 mg,
1.20 mmol in 3 mL H2O), NaN3 (61.4 mg, 0.94 mmol) and NaOAc (516.8 mg, 6.30 mmol
in 5 mL H2O). After formation of the azide was confirmed by IR, the cyclization was
carried out using 3 mL of 1,2-dichlorobenzene. The crude was purified by silica gel
column chromatography (CH2Cl2/EtOAc, 95:5→ 9:1 v/v) and concentration of the relevant
fractions [Rf = 0.22 (CH2Cl2/EtOAc, 95:5 v/v)] gave the target compound 9a as a light
brown solid (78.8 mg, 80%), mp 204–205 ◦C; IR (ATR): νmax 3045, 2919, 2842, 1523, 1274,
956, 804, 728 cm−1; 1H NMR (400 MHz, DMSO-d6): δ 11.92 (bs, 1H), 9.17 (dd, J = 8.4 Hz,
1.4 Hz, 1H), 8.84 (dd, J = 4.1 Hz, 1.4 Hz, 1H), 8.60 (d, J = 8.0 Hz, 1H), 8.03–7.98 (m, 2H),
7.69–7.65 (m, 2H), 7.47–7.44 (m, 1H), 7.34.7.31 (m, 1H) (Figure S6.1, S6.3, and S6.4); 13C
NMR (100 MHz, DMSO-d6): δ 146.4, 144.3, 139.0, 136.9, 130.8, 127.7, 124.5, 124.3, 122.9,
121.6, 121.5, 119.8, 116.8, 113.6, 111.9 (Figure S6.2, S6.5, and S6.6); HRMS (ESI): calcd. for
C15H10N2 [M + H+] 219.0917, found 219.0927.

10-Fluoro-7H-pyrido[2,3-c]carbazole (9b)

Method 2: Following the general procedure, the title compound was prepared from
4-fluoro-2-(quinolin-5-yl)aniline (7c) (419.5 mg, 1.76 mmol), HCl (37%, 8 mL), NaNO2
(137.9 mg, 2.00 mmol), NaN3 (240.5 mg, 3.70 mmol) and NaOAc (2021.2 mg, 24.64 mmol
in 15 mL H2O). The crude was essentially pure by 1H NMR and 100.0 mg of the azide
was dissolved in 2 mL 1,2-dichlorobenzene and reacted without any further purification.
The cyclization yielded a reaction crude which was also pure by NMR and the target
compound 9b was obtained as a dark green solid (87.3 mg, 97%), mp 256–257 ◦C; IR (ATR):
νmax 3137, 2974, 2746, 1460, 1149, 789 cm−1; 1H NMR (400 MHz, CD3OD): δ 9.07 (ddd,
J = 8.4 Hz, 1.6 Hz, 0.8 Hz, 1H), 8.74 (dd, J = 4.4 Hz, 1.6 Hz, 1H), 8.18–8.15 (m, 1H), 7.98
(dd, J = 9.1 Hz, 0.7 Hz, 1H), 7.91 (d, J = 9.1 Hz, 1H), 7.67 (dd, J = 8.4 HZ, 4.4 HZ, 1H), 7.58
(ddd, J = 8.8 Hz, 4.5 Hz, 0.5 Hz, 1H), 7.25-7.20 (m, 1H) (Figure S7.1, S7.4, and S7.5); 13C
NMR (100 MHz, CD3OD): δ 159.2 (d, JCF = 234.5 Hz), 146.9, 145.1, 139.8, 137.3, 132.9, 127.9,
126.4, 124.7 (d, JCF = 9.5 Hz), 122.7, 118.3, 115.1 (d, JCF = 5.3 Hz), 113.7 (d, JCF = 24.0 Hz),
113.5 (d, JCF = 7.2 Hz), 107.6 (d, JCF = 24.8 Hz) (Figure S7.2, S7.6, and S7.7); 19F NMR (376
MHz, CD3OD): δ -123.6 (Figure S7.3); HRMS (ESI): calcd. for C15H9FN2 [M + H+] 237.0823,
found 237.0830.

6H-Indolo[2,3-b]quinoline (13) and 11H-indolo[3,2-c]quinoline (14)

Method 2: Following the general procedure, the title compounds were prepared
starting from 2-(quinolin-3-yl)aniline (12) (100.0 mg, 0.45 mmol), HCl (37%, 3 mL), NaNO2
(82.8 mg, 1.20 mmol in 3 mL H2O), NaN3 (61.4 mg, 0.94 mmol) and NaOAc (516.8 mg,
6.30 mmol in 5 mL H2O). After formation of the azide was confirmed by IR, the cyclization
was carried out using 3 mL 1,2-dichlorobenzene. The crude was purified by silica gel
column chromatography (CH2Cl2/EtOAc, 8:2→ 0:1 v/v) and concentration of the relevant
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fractions [Rf = 0.56 (CH2Cl2/EtOAc, 2:8 v/v)] gave compound 13 as off-white crystals
(4.2 mg, 4%) along with compound 14 as an off-white solid (86.4 mg, 88%).

Characterization of Compound 13

mp 341–342 ◦C (lit. [79] 342–346 ◦C); IR (ATR): νmax 3139, 2923, 2849, 1402, 725 cm−1;
1H NMR (400 MHz, DMSO-d6): δ 11.72 (bs, 1H), 9.06 (s, 1H), 8.26 (d, J = 7.7 Hz, 1H),
8.11 (dd, J = 8.1 Hz, 1.3 Hz, 1H), 7.99–7.97 (m, 1H), 7.75–7.70 (m, 1H), 7.55–7.46 (m, 3H),
7.29–7.25 (m, 1H); 13C NMR (100 MHz, DMSO-d6): δ 152.7, 146.1, 141.4, 128.7, 128.6, 128.2,
127.7, 126.8, 123.6, 122.8, 121.8, 120.3, 119.7, 118.0, 110.9. The spectroscopic data are in
accordance with previously reported data [79].

Characterization of Compound 14

mp 333-335 ◦C (lit. [62] 340–341 ◦C); IR (NaCl): νmax 3060, 2958, 2854, 1682, 1582, 1515,
1493 cm−1; 1H NMR (400 MHz, DMSO-d6): δ 12.74 (bs, 1H), 9.60 (s, 1H), 8.52 (dd, J = 7.8 Hz,
1.1 Hz, 1H), 8.33–8.31 (m, 1H), 8.14 (dd, J = 8.4 Hz, 1.1 Hz, 1H), 7.77–7.68 (m, 3H), 7.52–7.48
(m, 1H), 7.37–7.33 (m, 1H); 13C NMR (100 MHz, DMSO-d6): δ 145.3, 144.7, 139.8, 138.8,
129.4, 128.1, 125.7, 125.6, 122.1, 121.9, 120.6, 120.1, 117.1, 114.3, 111.9. The spectroscopic
data are in accordance with previously reported data [62].

11H-Pyrido[2,3-a]carbazole (18)

Method 2: Following the general procedure, the title compound was prepared from
2-(quinolin-7-yl)aniline (17) (100.0 mg, 0.45 mmol), HCl (37%, 3 mL), NaNO2 (82.8 mg,
1.20 mmol in 3 mL H2O), NaN3 (61.4 mg, 0.94 mmol) and NaOAc (516.8 mg, 6.30 mmol
in 3 mL H2O). After formation of the azide was confirmed by IR, the cyclization was
carried out using 3 mL 1,2-dichlorobenzene. The crude was purified by silica gel column
chromatography (CH2Cl2/EtOAc, 9:1 v/v) and concentration of the relevant fractions
[Rf = 0.36 (CH2Cl2/EtOAc, 9:1 v/v)] gave the target compound 18 as off-white crystals
(40.0 mg, 41%), mp 164 ◦C (lit. [52] 165–167 ◦C); IR (ATR): νmax 3263, 3043, 2923, 2854, 1523,
1369, 820, 734 cm−1; 1H NMR (400 MHz, CDCl3): δ 10.20 (bs, 1H), 8.92 (dd, J = 4.4 Hz,
1.5 Hz, 1H), 8.35 (dd, J = 8.3 Hz, 1.5 Hz, 1H), 8.24 (d, J = 8.5 Hz, 1H), 8.19–8.17 (m, 1H),
7.62–7.60 (m, 2H), 7.51–7.47 (m, 2H), 7.35–7.31 (m, 1H); 13C NMR (100 MHz, CDCl3): δ
147.8, 139.2, 137.4, 136.8, 134.9, 127.3, 125.9, 123.8, 121.7, 120.8, 120.5, 120.4, 120.2, 118.8,
111.8. The spectroscopic data are in accordance with previously reported data [52].

7H-Pyrido[3,2-c]carbazole (20)

Method 2: Following the general procedure, the title compound was prepared from
2-(quinolin-8-yl)aniline (19) (450.0 mg, 2.04 mmol), HCl (37%, 10 mL), NaNO2 (137.9 mg,
2.00 mmol in 5 mL H2O), NaN3 (278.5 mg, 4.28 mmol) and NaOAc (2342.8 mg, 28.56 mmol
in 10 mL H2O). After formation of the azide was confirmed by IR, the cyclization was
carried out using 5 mL 1,2-dichlorobenzene. The crude was purified by silica gel column
chromatography (pet. ether/EtOAc, 1:1 v/v) and concentration of the relevant fractions
[Rf = 0.85 (pet. ether/EtOAc, 1:1 v/v)] gave the target compound 20 as a dark red oil
(195.9 mg, 44%). IR (ATR): νmax 3207, 2976, 2919, 2850, 2740, 2605, 2499 cm−1; 1H NMR
(400 MHz, DMSO-d6): δ 11.92 (bs, 1H), 9.02 (dd, J = 4.4 Hz, 1.8 Hz, 1H), 8.90–8.88 (m, 1H),
8.46 (dd, J = 8.1 Hz, 1.4 Hz, 1H), 7.92 (d, J = 8.8 Hz, 1H), 7.84 (d, J = 8.8 Hz, 1H), 7.66–7.64
(m, 1H), 7.49 (dd, J = 8.0 Hz, 4.3 Hz, 1H), 7.46–7.42 (m, 1H), 7.33-7.29 (m, 1H); 13C NMR
(100 MHz, DMSO-d6): δ 149.8, 145.3, 139.6, 138.5, 136.5, 126.0, 124.5, 123.1, 122.9, 122.8,
119.7, 118.3, 115.3, 114.2, 111.4. The spectroscopic data are in accordance with previously
reported data [52].

3.1.5. Neocryptolepine (2)

To a solution of 6H-indolo[2,3-b]quinoline (13) (23.0 mg, 0.10 mmol) in 2 mL THF,
iodomethane (0.66 mL, 10.0 mmol) was added and the resulting mixture refluxed for
24 h. The volatiles were then removed under reduced pressure and the concentrate was
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evaporated onto celite. Purification by silica gel column chromatography (CH2Cl2/MeOH,
95:5 v/v) and concentration of the relevant fractions [Rf = 0.18 (CH2Cl2/MeOH, 95:5 v/v)]
gave the hydroiodide salt of neocryptolepine. To obtain the free base, the hydroiodide
salt was dissolved in a 20 mL 1:1 mixture of CH2Cl2 and NH3(aq) (20%) and stirred at rt
for 30 min. The organic layer was then separated and the aqueous layers were extracted
with CH2Cl2 (3 × 10 mL) and the combined organic layers were washed with water
(1 × 10 mL), brine (1 × 10 mL), dried (MgSO4), filtered and concentrated in vacuo to give
neocryptolepine (2) as a dark yellow solid (19.5 mg, 84%), mp 85–86 ◦C (lit. [67] 104–105 ◦C);
IR (ATR): νmax 3051, 2961, 2923, 2852, 1494, 1012, 741 cm−1; 1H NMR (400 MHz, CD3OD):
δ 8.67 (s, 1H), 8.05-8.02 (m, 2H), 7.90 (d, J = 8.6 Hz, 1H), 7.83–7.78 (m, 1H), 7.59–7.57 (m,
1H), 7.50–7.45 (m, 2H), 7.19 (td, J = 7.5 Hz, 1.0 Hz, 1H), 4.23 (s, 3H); 13C NMR (100 MHz,
CD3OD): δ 156.9, 155.4, 138.1, 132.0, 131.2, 130.4, 130.1, 128.4, 124.9, 123.6, 122.4, 122.2,
121.2, 117.7, 115.7, 33.7. The spectroscopic data are in accordance with previously reported
data [67].

3.1.6. 5-Ethyl-5H-indolo[3,2-c]quinoline (3b)

To a solution of 11H-indolo[3,2-c]quinoline (14) (15.0 mg, 0.068 mmol) in 3 mL toluene,
ethyl iodide (1.1 mL, 13.68 mmol) was added and the resulting mixture was refluxed for
3 h. The volatiles were then removed under reduced pressure and the concentrate was
evaporated onto celite. Purification by silica gel column chromatography (CHCl3/MeOH,
9:1 v/v) and concentration of the relevant fractions [Rf = 0.21 (CHCl3/MeOH, 9:1 v/v)]
gave the hydroiodide salt of compound 3b. To obtain the free base, the hydroiodide salt
was dissolved in a 40 mL 1:1 mixture of CH2Cl2 and NH3 (aq) (20%) and stirred at rt for
5 min. The organic layer was then separated and the aqueous layers were extracted with
CH2Cl2 (2 × 10 mL) and the combined organic layers were washed with brine (1 × 10 mL),
dried (MgSO4), filtered and concentrated in vacuo to give the target compound 3b as a
yellow solid (11.0 mg, 64%), mp 198 ◦C. IR (NaCl): νmax 3371, 3049, 2960, 2927, 2856, 1731,
1640, 1598, 1455, 1392, 1353 cm−1; 1H NMR (400 MHz, DMSO-d6): δ 9.59 (s, 1H), 8.84 (dd,
J = 8.1 Hz, 1.3 Hz, 1H), 8.23 (d, J = 8.7 Hz, 1H), 8.20–8.18 (m, 1H), 7.93–7.89 (m, 1H), 7.81 (d,
J = 8.1 Hz, 1H), 7.79–7.75 (m, 1H), 7.51–7.47 (m, 1H), 7.34–7.30 (m, 1H), 4.81 (q, J = 7.1 Hz,
2H), 1.56 (t, J = 7.1 Hz, 3H) (Figure S1.1, S1.3, and S1.4); 13C NMR (100 MHz, DMSO-d6):
δ 151.2, 150.5, 138.6, 134.3, 130.1, 126.1, 125.8, 124.7, 124.4, 120.5, 120.2, 119.9, 117.8, 117.2,
115.9, 49.7, 15.0 (Figure S1.2, S1.5, and S1.6); HRMS (ESI): calcd. for C17H14N2 [M + H+]
247.1235, found 247.1238.

3.1.7. 5-Allyl-5H-indolo[3,2-c]quinoline (3c)

To a solution of 11H-indolo[3,2-c]quinoline (14) (30.0 mg, 0.14 mmol) in 5 mL toluene,
allyl bromide (1.14 mL, 13.76 mmol) was added and the resulting mixture was refluxed for
22 h. The volatiles were then removed under reduced pressure and the concentrate was
evaporated onto celite. Purification by silica gel column chromatography (CHCl3/MeOH,
95:5→ 9:1 v/v) and concentration of the relevant fractions [Rf = 0.18 (CHCl3/MeOH, 9:1
v/v)] gave the hydroiodide salt of compound 3c. To obtain the free base, the hydroiodide
salt was dissolved in a 20 mL 1:1 mixture of CH2Cl2 and NH3 (aq) (20%) and stirred at rt for
45 min. The organic layer was then separated and the aqueous layers were extracted with
CH2Cl2 (3 × 10 mL) and the combined organic layers were washed with water (1× 10 mL),
brine (1 × 10 mL), dried (MgSO4), filtered and concentrated in vacuo to give the target
compound 3c as a yellow viscous oil (15.5 mg, 43%). IR (ATR): νmax 2924, 2723, 1596, 1349,
1204, 927, 743 cm−1; 1H NMR (400 MHz, DMSO-d6): δ 9.67 (s, 1H), 8.84 (dd, J = 8.0 Hz,
1.3 Hz, 1H), 8.22–8.20 (m, 1H), 8.15 (d, J = 8.7 Hz, 1H), 7.92–7.88 (m, 1H), 7.84–7.77 (m,
2H), 7.55–7.51 (m, 1H), 7.37–7.34 (m, 1H), 6.26–6.17 (m, 1H), 5.46–5.44 (m, 2H), 5.31–5.28
(m, 1H), 5.15–5.11 (m, 1H) (Figure S2.1, S2.3, and S2.4); 13C NMR (100 MHz, DMSO-d6):
δ 150.0, 149.9, 139.6, 134.9, 132.8, 130.3, 126.5, 126.1, 124.4, 124.3, 121.0, 120.1, 119.7, 118.5,
118.2, 116.8, 115.7, 56.5 (Figure S2.2 and S2.5); HRMS (ESI): calcd. for C18H14N2 [M + H+]
259.1230, found 259.1232.
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3.1.8. 4-Methyl-4H-pyrido[4,3,2-gh]phenanthridine (8a)

To a solution of 7H-pyrido[4,3,2-gh]phenanthridine (4a) (70.0 mg, 0.32 mmol) in
2 mL acetonitrile, iodomethane (2.0 mL, 32.0 mmol) was added and the resulting mixture
was refluxed for 2 h. The volatiles were then removed under reduced pressure and the
concentrate was evaporated onto celite. Purification by silica gel column chromatography
(CHCl3/MeOH, 95:5 + 0.3% NH3 (aq) v/v) and concentration of the relevant fractions [Rf
= 0.33 (CHCl3/MeOH, 95:5 + 0.3% NH3(aq) v/v)] gave the hydroiodide salt of compound
8a. To obtain the free base, the hydroiodide salt was dissolved in a 20 mL 1:1 mixture of
CH2Cl2 and NH3 (aq) (20%) and stirred at rt for 20 min. The organic layer was separated
and the aqueous layers were extracted with Et2O (2 × 20 mL) and the combined organic
layers were washed with water (1 × 10 mL), brine (1 × 10 mL), dried (MgSO4), filtered
and concentrated in vacuo to give the target compound 8a as dark yellow crystals (52.8 mg,
71%), mp 182–183 ◦C; IR (ATR): νmax 3485, 3051, 2922, 2851, 2574, 1601, 1327, 820, 748 cm−1;
1H NMR (400 MHz, DMSO-d6): δ 8.29 (dd, J = 8.1 Hz, 1.1 Hz, 1H), 7.97 (d, J = 7.9 Hz, 1H),
7.71 (t, J = 8.1 Hz, 1H), 7.56 (dd, J = 8.2 Hz, 1.2 Hz, 1H), 7.51–7.47 (m, 2H), 7.30–7.26 (m, 1H),
7.05 (d, J = 8.1 Hz, 1H), 6.18 (d, J = 7.6 Hz, 1H), 3.45 (s, 3H) (Figure S4.1, S4.3, and S4.4); 13C
NMR (100 MHz, DMSO-d6): "δ" 152.9, 145.9, 141.0, 140.9, 133.8, 131.6, 129.2, 127.0, 123.2,
122.9, 121.3, 119.6, 112.2, 108.8, 106.2, 39.6 (Figure S4.2, S4.5, and S4.6); HRMS (ESI): calcd.
for C16H12N2 [M + H+] 233.1073, found 233.1073.

3.1.9. 6-Methoxy-4-methyl-4H-pyrido[4,3,2-gh]phenanthridine (8b)

To a solution of 6-methoxy-7H-pyrido[4,3,2-gh]phenanthridine (4b) (90.0 mg,
0.36 mmol) in 10 mL acetonitrile, iodomethane (2.25 mL, 36.3 mmol) was added and
the resulting mixture refluxed for 2 h. The volatiles were then removed under reduced
pressure and the concentrate was evaporated onto celite. Purification by silica gel column
chromatography (EtOH + 0.1→ 5% NH3 (aq) v/v) and concentration of the relevant frac-
tions [Rf = 0.23 (EtOH)] gave the hydroiodide salt of compound 8b. To obtain the free
base, the hydroiodide salt was dissolved in a 20 mL 1:1 mixture of CH2Cl2 and NH3 (aq)
(20%) and stirred at rt for 20 min. The organic layer was separated and the aqueous layers
were extracted with CH2Cl2 (4 × 20 mL) and the combined organic layers were washed
with water (1 × 20 mL), brine (1 × 20 mL), dried (MgSO4), filtered and concentrated in
vacuo to give the target compound 8b as a dark yellow gel (55.1 mg, 58%). IR (ATR):
νmax 2918, 2850, 1600, 1255, 1059, 745 cm−1; 1H NMR (400 MHz, CD2Cl2): δ 8.19 (dd,
J = 8.2 Hz, 1.3 Hz, 1H), 7.79 (dd, J = 8.2 Hz, 1.0 Hz, 1H), 7.72 (d, J = 7.9 Hz, 1H), 7.57–7.51
(m, 2H), 7.34–7.30 (m, 1H), 6.74–6.72 (m, 2H), 3.85 (s, 3H), 3.34 (s, 3H) (Figure S5.1, S5.3 and
S5.4); 13C NMR (100 MHz, CD2Cl2): δ 148.1, 146.3, 140.8, 139.9, 134.8, 130.9, 129.4, 128.6,
124.1, 122.7, 122.5, 119.9, 110.6, 107.7, 57.1, 40.4 (one carbon was obscured or overlapping)
(Figure S5.2, S5.5 and S5.6); HRMS (ESI): calcd. for C17H14N2O 263.1179, found 263.1188.

3.1.10. 4-Methyl-7H-pyrido[2,3-c]carbazolium Iodide (10)

To a solution of 7H-pyrido[2,3-c]carbazole (9a) (40.7 mg, 0.19 mmol) in 5 mL ace-
tonitrile, iodomethane (1.20 mL, 19.6 mmol) was added and the resulting mixture re-
fluxed for 20 h. The volatiles were then removed under reduced pressure and the con-
centrate was evaporated onto celite. Purification by alumina gel column chromatogra-
phy (CHCl3/MeOH, 9:1 v/v + 1% NH3 (aq)) and concentration of the relevant fractions
[Rf = 0.12 (CHCl3/MeOH, 9:1 v/v + 2% NH3 (aq))] gave the target compound 10 as a
bright yellow solid (20.9 mg, 47%), mp 284–286; IR (ATR): νmax 3353, 3043, 3006, 2960, 2921,
2853, 1556, 1370, 1326, 741 cm−1; 1H NMR (400 MHz, DMSO-d6): δ 12.84 (bs, 1H), 9.99 (d,
J = 8.4 Hz, 1H), 9.39 (d, J = 5.6 Hz, 1H), 8.76 (d, J = 8.1 Hz, 1H), 8.50 (d, J = 9.3 Hz, 1H),
8.43 (d, J = 9.4 Hz, 1H), 8.22 (dd, J = 8.5 Hz, 5.7 Hz, 1H), 7.82 (d, J = 8.2 Hz, 1H), 7.64-7.60
(m, 1H), 7.48–7.44 (m, 1H), 4.74 (s, 3H) (Figure S8.1, S8.3, and S8.4); 13C NMR (100 MHz,
DMSO-d6): δ 145.0, 140.8, 139.8, 137.5, 134.5, 126.6, 125.8, 122.4, 122.1, 121.9, 121.6, 121.1,
116.0, 114.3, 112.8, 46.3 (Figure S8.2, S8.5 and S8.6); HRMS (ESI): calcd. for C16H13N2I [M –
I-] 233.1073, found 233.1073.
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3.1.11. 4-Methyl-11H-pyrido[3,2-a]carbazolium Iodide (21)

To a solution of 11H-pyrido[3,2-a]carbazole (15) (32.1 mg, 0.15 mmol) in 5 mL acetoni-
trile, iodomethane (0.92 mL, 14.72 mmol) was added and the resulting mixture stirred at
reflux for 20 h. The volatiles were then removed under reduced pressure and the obtained
yellow crystals were thoroughly washed with n-hexanes and dried in vacuo to give the
target compound 21 as a dark orange crystalline solid (47.6 mg, quant.), mp 279–280 ◦C; IR
(ATR): νmax 3416, 3165, 3077, 2997, 2905, 1599, 1452, 1371, 740 cm−1; 1H NMR (400 MHz,
CD3OD): δ 9.64 (d, J = 8.6 Hz, 1H), 9.28 (d, J = 5.7 Hz, 1H), 8.99 (d, J = 9.1 Hz, 1H), 8.35–8.33
(m, 1H), 8.15–8.10 (m, 2H), 7.79–7.77 (m, 1H), 7.65–7.61 (m, 1H), 7.46–7.42 (m, 1H), 4.76 (s,
3H) (Figure S9.1, S9.3, and S9.4); 13C NMR (100 MHz, CD3OD): δ 148.2, 141.7, 141.6, 139.1,
136.1, 131.1, 128.4, 123.6, 122.4, 122.3, 121.6, 121.1, 119.9, 113.1, 109.0, 46.9 (Figure S9.2, S9.5
and S9.6); HRMS (ESI): calcd. for C16H13N2I [M – I-] 233.1073, found 233.1075.

3.2. Biological Testing Assay
3.2.1. General

All compounds for antimicrobial testing were diluted to a final assay concentration
of 40 µL, 0.4% DMSO, and tested in full dose-response using three concentrations per log
dose (16 points with a concentration range of 0.33 nM–40 µM, for reference compounds:
21 points with a concentration of 0.01 nM–40 µM).

All compounds for antiplasmodial testing were diluted to a final assay concentration
of 40 µL, 0.4% DMSO, and tested in full dose-response using three concentrations per log
dose (16 points with a concentration range of 0.4 nM–40 µM, for reference compounds:
16 points with a concentration rage of 0.4 nM–40 µM for chloroquine and puromycin:
0.001 nM–0.1 µM for artemisinin). Compounds tested in the antiproliferative assays were
tested in 11 dilution points (0.02 µM–40 µM or 0.04 µM–80 µM).

Antiplasmodial Imaging Assay

Antiplasmodial activity was determined as previously described by Duffy and Av-
ery [80]. Briefly, compounds were incubated with 2% parasitemia in 0.3% hematocrit, in
an assay volume of 50 µL for 72 h at 37 ◦C and 5% CO2 in CellCarrier Ultra 384-well PDL-
imaging plates. After incubation, plates were stained with 4’,6-diamidino-2-phenylindole
(DAPI) in a permeabilization buffer for 5 h at rt in the dark. Plates were imaged on the
Opera confocal microplate image reader (PerkinElmer). Parasite inhibition was calculated
using the minimum (0.4% DMSO) and maximum (5 µM puromycin) controls, and IC50
values determined using GraphPad Prism software.

Cytotoxicity Assay

The cytotoxicity of compounds was determined using a resazurin-based viability assay
in HEK293 (ATCC®, CRL-1573), as described by Fletcher and Avery [81]. Compounds
were added to TC-treated 384-well plates (Greiner, Kremsmünster, AT) containing 2500
HEK293 cells per well, total assay volume of 50 µL and incubated for 72 h at 37 ◦C, 5%
CO2. After incubation, media was removed, replaced with 44 µM resazurin and plates
incubated 6 h under the same experimental conditions. Fluorescence was measured using
an EnSight plate reader (PerkinElmer, Waltham, MA, USA). Cell viability was calculated
using positive (45 µM puromycin) and negative (0.4% DMSO) controls, and the IC50 values
determined using GraphPad Prism software.

Antiproliferative Assay

Antiproliferative activity was assessed in HCT116 (ATCC® CCL-247; 1000 cells/well),
MDA-MB-231 (ATCC® HTB-26; 2000 cells/well) and PC-3 (ATCC® CRL-1435; 1000 cells/well)
cells. HCT116 cells were maintained in McCoy’s 5A media (Life Technologies, CA, USA),
MDA-MB-231 cells were cultured in DMEM media (Life Technologies) with 10 mM HEPES
(Life Technologies), whilst PC-3 cells were maintained in RPMI media (Life Technologies).
All media were supplemented with 10% heat-inactivated fetal bovine serum (Australian
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source; Corning, CA, USA) and all cells were incubated at 37 ◦C in a humidified incubator
with 5% CO2.

Cells were seeded in 384-well plates (Greiner Bio-One, NC, USA) using the respective
complete media. After 24 h cell seeding, compounds were added and antiproliferative
activity was determined using the resazurin assay after 72 h compound incubation. Briefly,
cells were incubated with 60 µM resazurin (Cayman, MI, USA) for 6 h at 37 ◦C and
fluorescence signals were measured using a microplate reader (EnSight, PerkinElmer,
Waltham, MA, USA). Fluorescence signals were normalized to 0.4% DMSO and 50 µM
puromycin and IC50 values were calculated from non-linear dose-response curves using
GraphPad Prism 7 software (La Jolla, CA, USA).

3.2.2. Growth Inhibition Assay

To determine and quantify antimicrobial activity, a bacteria growth inhibition assay
in liquid media was executed. Compounds 2–3, 4, 8–10, 13–14, 16, 18, and 20 were tested
against Staphylococcus aureus (ATCC 25923), Escherichia coli (ATCC 259233), Enterococcus
faecialis (ATCC 29122), Pseudomonas aeruginosa (ATCC 27853) and Streptococcus agalactiae
(ATCC 12386); all strains from LGC Standards (Teddington, UK). S. aureus, E. coli, and
P. aeruginosa were grown in Muller Hinton broth (275730, Becton, Franklin Lakes, NJ, USA).
E. faecalis and S. agalactiae were cultured in brain hearth infusion broth (53286, Sigma, St
Louise, MO, USA). Fresh bacterial colonies were transferred in the respective medium
and incubated at 37 ◦C overnight. The bacterial cultures were diluted to a culture density
representing the log phase and µL/well were pipetted into a 96-well microtiter plate
(734–2097, NunclonTM, Thermo Scientific, Waltham, MA, USA). The final cell density was
1500–15.000 colony forming units/well. The compound was diluted in 2% (v/v) DMSO
in ddH2O, providing a final assay concentration of 50% of the prepared sample, since
50 µL of sample in DMSO/water were added to 50 µL bacterial culture. After adding
the samples to the plates, they were incubated overnight at 37 ◦C and the growth was
determined by measuring the optical density at λ = 600 nm (OD600) with a 1420 Multilabel
Counter VICTOR3TM (Perkin Elmer, Waltham, MA, USA). A water sample was used as
a reference control, growth medium without bacteria was used as a negative control and
dilution series of gentamycin (A2712, Merck, Darmstadt, DE) from 32 to 0.01 µg/mL was
used as positive control and visually inspected for bacterial growth. The positive control
was used as a system suitability test and the results of the antimicrobial assay were only
considered valid when positive control was passed. The final concentration of DMSO in
the assays was ≤2% (v/v) and was known to have no effect in the tested bacteria. The data
was processed using GraphPad Prism 8.

3.2.3. Biofilm Formation Inhibition Assay

For testing the inhibition of biofilm formation, the biofilm-producing Staphylococcus
epidermidis (ATCC 35984) was grown in Tryptic Soy Broth (TSB, 105459, Merck, Kenilworth,
NJ, USA) overnight at 37 ◦C. The overnight culture was diluted in fresh medium with 1%
glucose (D9434, Sigma) before being transferred to a 96-well microtiter plate; 50 µL/well
were incubated overnight with 50 µL of the test compound dissolved in 2% (v/v) DMSO aq.
added in duplicates. The bacterial culture was removed from the plate and the plate was
washed with tap water. The biofilm was fixed at 65 ◦C for 1 h before 70 µL 0.1% crystal violet
(115940, Millipore, Burlington, MA, USA) was added to the wells for 10 min of incubation
and 70 µL of 70% ethanol was then added to each well and the plate incubated on a shaker
for 5–10 min. Biofilm formation inhibition was assessed by the presence of violet color
and measured at 60 nm absorbance using a 1420 Multilabel Counter VICTOR3TM; 50 µL
of a non-biofilm forming Staphylococcus haemolyticus (clinical isolate 8-7A, University
Hospital of North Norway Tromsø, Norway) mixed in 50 µL autoclaved Milli-Q water was
used as a control; 50 µL S. epidermidis mixed in 50 µL autoclaved Milli-Q water was used
as the control for biofilm formation; and 50 µL TSB with 50 µL autoclaved Milli-Q water
was used as a medium blank control.
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4. Conclusions

In conclusion, a series of quinoline-based tetracyclic ring-systems were prepared and
evaluated for their in vitro antiplasmodial, antiproliferative and antimicrobial activities
against selected strains. Through these studies, it was determined that the ionic pyridocar-
bazoles 10 and 21 showed the best antiplasmodial activity against the Plasmodium falciparum
3D7 strains (10: IC50 = 128 nM; 21: IC50 = 380 nM) of the evaluated compounds. The
antiproliferative assay revealed that the novel pyridophenanthridine scaffold 4 was the
most active. In particular, compound 4b showed excellent potency against the PC-3 cell line
(IC50 = 24 nM), significantly outperforming Puromycin (IC50 = 270 nM) and Doxorubicin
(IC50 = 830 nM). The pyridophenanthridines 4 were also active against certain strains of
Gram-positive and Gram-negative bacteria, with compound 4b being moderately active
against E. coli (MIC = 50 µM) and Streptococcus agalactiae (MIC = 75 µM). The antimicro-
bial studies further demonstrated pyridocarbazoles 9 to be highly potent against biofilm
growth (9a: MBIC = 100 µM; 9b: MBIC = 100 µM). Overall, this study has highlighted the
potential for the novel pyridophenanthridine motif 4 and the studied pyridocarbazoles 9
to be developed into future drug candidates, with emphasis on the formulation of a dual
antimicrobial and antiproliferative agent.

Supplementary Materials: Figure S1.1: 1H NMR of 5-ethyl-5H-indolo[3,2-c]quinoline (3b),
Figure S1.2: 13C NMR of 5-ethyl-5H-indolo[3,2-c]quinoline (3b), Figure S1.3: COSY of 5-ethyl-5H-
indolo[3,2-c]quinoline (3b), Figure S1.4: NOESY of 5-ethyl-5H-indolo[3,2-c]quinoline (3b),
Figure S1.5: HSQC of 5-ethyl-5H-indolo[3,2-c]quinoline (3b), Figure S1.6: HMBC of 5-ethyl-5H-
indolo[3,2-c]quinoline (3b), Figure S2.1: 1H NMR of 5-allyl-5H-indolo[3,2-c]quinoline (3c),
Figure S2.2: 13C NMR of 5-allyl-5H-indolo[3,2-c]quinoline (3c), Figure S2.3: COSY of 5-allyl-5H-
indolo[3,2-c]quinoline (3c), Figure S2.4: NOESY of 5-allyl-5H-indolo[3,2-c]quinoline (3c),
Figure S2.5: HMBC of 5-allyl-5H-indolo[3,2-c]quinoline (3c), Figure S3.1: 1H NMR of 4-fluoro-2-
(quinolin-5-yl)aniline (7c), Figure S3.2: 13C NMR of 4-fluoro-2-(quinolin-5-yl)aniline (7c), Figure S3.3:
19F NMR of 4-fluoro-2-(quinolin-5-yl)aniline (7c), Figure S4.1: 1H NMR of 4-methyl-4H-pyrido[4,3,2-
gh]phenanthridine (8a), Figure S4.2: 13C NMR of 4-methyl-4H-pyrido[4,3,2-gh]phenanthridine (8a),
Figure S4.3: COSY of 4-methyl-4H-pyrido[4,3,2-gh]phenanthridine (8a), Figure S4.4: NOESY of
4-methyl-4H-pyrido[4,3,2-gh]phenanthridine (8a), Figure S4.5: HSQC of 4-methyl-4H-pyrido[4,3,2-
gh]phenanthridine (8a), Figure S4.6: HMBC of 4-methyl-4H-pyrido[4,3,2-gh]phenanthridine (8a),
Figure S5.1: 1H NMR of 6-methoxy-4-methyl-4H-pyrido[4,3,2-gh]phenanthridine (8b), Figure S5.2:
13C NMR of 6-methoxy-4-methyl-4H-pyrido[4,3,2-gh]phenanthridine (8b), Figure S5.3: COSY of
6-methoxy-4-methyl-4H-pyrido[4,3,2-gh]phenanthridine (8b), Figure S5.4: NOESY of 6-methoxy-
4-methyl-4H-pyrido[4,3,2-gh]phenanthridine (8b), Figure S5.5: HSQC of 6-methoxy-4-methyl-4H-
pyrido[4,3,2-gh]phenanthridine (8b), Figure S5.6: HMBC of 6-methoxy-4-methyl-4H-pyrido[4,3,2-
gh]phenanthridine (8b), Figure S6.1: 1H NMR of 7H-pyrido[2,3-c]carbazole (9a), Figure S6.2: 13C
NMR of 7H-pyrido[2,3-c]carbazole (9a), Figure S6.3: COSY of 7H-pyrido[2,3-c]carbazole (9a),
Figure S6.4: NOESY of 7H-pyrido[2,3-c]carbazole (9a), Figure S6.5: HSQC of 7H-pyrido[2,3-c]carbazole
(9a), Figure S6.6: COSY of 7H-pyrido[2,3-c]carbazole (9a), Figure S7.1: 1H NMR of 10-fluoro-7H-
pyrido[2,3-c]carbazole (9b), Figure S7.2: 13C NMR of 10-fluoro-7H-pyrido[2,3-c]carbazole (9b),
Figure S7.3: 19F NMR of 10-fluoro-7H-pyrido[2,3-c]carbazole (9b), Figure S7.4: COSY of 10-fluoro-
7H-pyrido[2,3-c]carbazole (9b), Figure S7.5: NOESY of 10-fluoro-7H-pyrido[2,3-c]carbazole (9b),
Figure S7.6: HS of 10-fluoro-7H-pyrido[2,3-c]carbazole (9b), Figure S7.7: HMBC of 10-fluoro-7H-
pyrido[2,3-c]carbazole (9b), Figure S8.1: 1H NMR of 4-methyl-7H-pyrido[2,3-c]carbazolium iodide
(10), Figure S8.2: 13C NMR of 4-methyl-7H-pyrido[2,3-c]carbazolium iodide (10), Figure S8.3: COSY
of 4-methyl-7H-pyrido[2,3-c]carbazolium iodide (10), Figure S8.4: NOESY of 4-methyl-7H-pyrido[2,3-
c]carbazolium iodide (10), Figure S8.5: HSQC of 4-methyl-7H-pyrido[2,3-c]carbazolium iodide (10),
Figure S8.6: HMBC of 4-methyl-7H-pyrido[2,3-c]carbazolium iodide (10), Figure S9.1: 1H NMR
of 4-methyl-11H-pyrido[3,2-a]carbazolium iodide (21), Figure S9.2: 13C NMR of 4-methyl-11H-
pyrido[3,2-a]carbazolium iodide (21), Figure S9.3: COSY of 4-methyl-11H-pyrido[3,2-a]carbazolium
iodide (21), Figure S9.4: NOESY of 4-methyl-11H-pyrido[3,2-a]carbazolium iodide (21), Figure S9.5:
HSQC of 4-methyl-11H-pyrido[3,2-a]carbazolium iodide (21), Figure S9.6: HMBC of 4-methyl-11H-
pyrido[3,2-a]carbazolium iodide (21).
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