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Abstract

Drug discovery from natural products (NPs) is an important approach for drug development
because secondary metabolites present unique chemical structures, exclusive stereochemistry, and
interesting biological activity profiles. Among NPs, alkaloids, especially containing an indole group, are
of crucial importance in the area of drug discovery. In this work, we aimed to synthesize derivatives
and analogues of two classes of indole containing alkaloids - quinazolinone and carbazole alkaloids.
Furthermore, several diverse biological assays were performed in order to extend the
chemical/biological space for these families of compounds.

Inspired by the marine-derived fiscalin B (26), quinazolinone alkaloid derivatives were
synthesized using two different methodologies: a highly efficient and straightforward three-component
one-pot microwave-assisted approach and a multi-step Mazurkiewicz-Ganesan approach. While the
former proved to be efficient and practical for rapidly obtaining libraries of the compounds, the latter,
although with a more intricate methodology, proved to be a good approach for the synthesis of syn
enantiomers. Moreover, we noticed that partial epimerization under the first reaction conditions could
occur. In vitro growth inhibitory activity against tumor cell lines revealed that among the first two series
of synthesized compounds, eighteen new analogues 76-93 were found to exhibit weak to moderate
tumor cell growth inhibitory activity (20 M < Glso <100 uM) with small changes in the structure of the
pyrazinoquinazoline being critical for activity. Interestingly, the synthetic fumiquinazoline G (84)
presented the best antitumor activity in all the tumor cell lines tested, with Glso values lower than 20
MM.

It is worth noticing that among the compounds tested in a second series, only 78, 84, 87, and
89 showed potential for neuroprotection in a Parkinson disease in vitro model. This finding highlights
the neuroprotective activity of synthetic fumiquinazoline G (84) but also the importance of the side
chain for this activity. Noteworthy, synthetic fiscalin B (78), which was previously reported as a
substance P antagonist, was among the neuroprotective compounds.

Among the halogenated indolomethyl pyrazino[1,2-b]quinazoline-3,6-diones developed in a
third series, chlorinated compounds 99 and 100 exhibited a potent antibacterial activity against S.
aureus ATCC strain with MIC values of 4 pg/mL, and against clinical isolates resistant to methicillin
(MRSA) with MIC values of 8 pg/mL. Isolation of the enantiomers of 99 revealed that only 99a with the
configuration (7S, 4R) was active, indicating that stereochemistry is vital for activity. Comparing with
the marine natural product neofiscalin A (28), a two-fold reduction in the MIC was observed. These
excellent and inspiring results obtained in the present study show that simpler molecules than 28 can

retain the antimicrobial activity for this class of compounds.
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Among the 29 compounds of the studied quinazolinone alkaloid subclass, 78, 82, and 99
demonstrated good antimalarial activity in vitro in the P. falciparum sensitive strain (3D7). These
compounds showed low cytotoxicity in vitro against non-tumor mammalian cells V79 (LDso <14 uM)
with favorable selectivity index values (SI = 19). Also, these compounds did not show significant
hemolytic activity in healthy human erythrocytes. The quinazolinones 78, 82, and 99 have
characteristics with potential for the development of new antimalarial drugs.

Twelve amino carbazoles were synthetized from natural isolated compounds, heptaphylline
(57) and derivatives 62 and 63 using a reductive amination reaction. The syntheses were found to
have shorter reaction times when dichloroethane was used as solvent. This series of natural and
semisynthetic derivatives was investigated for their growth effect on p53 wild-type tumor, null-type,
and p53-mutant tumor cell lines. The preliminary results showed that the natural products 57, 62, and
63 were active in all the investigated cell lines (Glso < 10 pM) while the semisynthetic derivatives 3-
(((4-fluorobenzyl)amino)methyl)-1-(3-methylbut-2-en-1-yl)-9H-carbazol-2-ol  (117) and  3-(((4-
bromobenzyl)amino)methyl)-7-methoxy-1-(3-methylbul-2-en-1-yl)-9H-carbazole-2-ol (123) showed
potent inhibitory effects only in some p53-mutant as MDA-MB-468 and SW837 cells, respectively;
while compound 7-methoxy-1-(3-methylbut-2-en-1-yl)-3-(piperidin-1-ylmethyl)-9H-carbazol-2-ol (120)
showed potent inhibitory effect in melanoma A375 cell line.

Throughout this work, structure-activity relationships were established and three hit compounds
from the quinazolinone scaffold, 84 for antitumor activity, and 99 and 78 for antibacterial and
antimalarial activity, respectively, were disclosed. These findings will help to direct the research in the
future considering this scaffold for drug discovery. From the other scaffold of alkaloids, the
semisynthetic carbazoles 117 and 120 were more selective than the natural isolated compounds 57

and 62-63 in reactivating p53 mutants.
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Resumo

A descoberta de farmacos a partir de produtos naturais € uma abordagem importante para
o desenvolvimento de medicamentos na medida em que os metabolitos secundarios apresentam
estruturas quimicas Unicas, estereoquimica muito particular e perfis de atividade biolégica
interessantes. Entre os produtos naturais, os alcaloides, especialmente contendo um grupo indol, sdo
de importancia crucial para a descoberta de novos farmacos. Neste trabalho, pretendemos sintetizar
derivados de duas classes de alcaldides contendo indol - os alcaldides da quinazolinona e os de
carbazol. Para além disso, uma série diversificada de ensaios biologicos foi aplicada, de modo a
alargar o espago quimico/biolégico para estas familias de compostos.

Tendo como inspiracdo a molécula da fiscalina B (26), um composto de origem marinha,
foram sintetizados derivados de alcalbides de quinazolinona usando duas metodologias diferentes:
uma abordagem num Unico passo com trés componentes assistida por micro-ondas, simples e
eficiente, e também a abordagem Mazurkiewicz-Ganesan, envolvendo multiplos passos. Enquanto a
primeiro provou ser eficiente e pratica na obtengdo rapida de bibliotecas destes compostos, a
segunda, embora com uma metodologia mais complexa, provou ser uma abordagem util para a
sintese de enantiémeros sin. E de notar que foi observada epimerizacdo parcial sob as primeiras
condicdes de reacdo. A atividade inibidora do crescimento de linhas celulares tumorais in vitro revelou
que, entre as primeiras séries de compostos sintetizados, dezoito novos analogos 76-93 exibiram
actividade inibidora do crescimento de células tumorais moderada a fraca (20 UM < Glso <100 M)
com pequenas mudangas na estrutura da pirazinoquinazolina sendo criticas para a atividade
antitumoral. Curiosamente, a fumiquinazolina sintética G (84) apresentou a melhor atividade
antitumoral em todas as linhas tumorais testadas, com valores de Glsp < 20 uM.

Da segunda série de compostos testados, apenas os 78, 84, 87 e 89 mostraram potencial
para neuroprote¢do num modelo in vitro de doenga de Parkinson. Este resultado destaca a atividade
neuroprotetora da fumiquinazolina sintética G (84), mas também a importéncia da cadeia lateral para
essa atividade. De notar que a fiscalina B sintética (78), que previamente foi relatada como um
antagonista da substancia P, estava entre os compostos com efeitoneuroprotetor.

Entre as indolometil pirazino [1,2-b] quinazolina-3,6-dionas halogenadas desenvolvidas numa
terceira série, os compostos clorados 99 e 100 exibiram uma potente atividade antibacteriana contra
S. aureus ATCC com valores de MIC de 4 ug/mL e contra isolados clinicos resistentes a meticilina
(MRSA) com valores de M de MIC de 8 pg/mL. O isolamento dos enantiomeros de 99 revelou que
apenas 0 99a com a configuragéo (1S, 4R) se mostrou ativo, indicando que a estereoquimica é crucial
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para esta atividade. Comparando com o produto natural neofiscalin A (28), observou-se uma reducao
de duas vezes na MIC. Estes resultados excelentes e inspiradores obtidos no presente estudo
mostram que compostos mais simples do que o 28 podem reter a atividade antimicrobiana.

Entre os 29 compostos da subclasse de alcaloides quinazolinonas estudados, os 78, 82 e 99
demonstraram boa atividade antimalarica in vitro em P. falciparum (3D7). Estes compostos mostraram
baixa citotoxicidade in vitro contra células de mamiferos nao tumorais V79 (LDso <14 uM) com indices
de seletividade favoraveis (SI= 19). Além disso, estes compostos ndo mostraram atividade hemolitica
significativa em eritrécitos humanos saudaveis. As quinazolinonas 78, 82 e 99 possuem
caracteristicas com potencial para o desenvolvimento de novos farmacos antimalaricos.

Doze aminocarbazois foram sintetizados a partir de produtos naturais isolados, heptafilina
(57) e seus derivados 62 e 63, utilizando a reagdo de aminagéo redutora. Verificou-se que o tempo
de reacdo para estas sinteses foi menor quando foi usado o dicloroetano como solvente. Esta série
de derivados naturais e semi-sintéticos foi investigada quanto ao seu efeito no crescimento de células
tumorais contendo p53 do tipo selvagem, células tumorais sem p53 e células com mutantes de p53.
Os resultados preliminares mostraram que os produtos naturais 57, 62 e 63 foram ativos em todas as
linhas celulares investigadas (Glso < 10 uM) enquanto que os derivados semisintéticos 3 - (((4-
fluorobenzil) amino) metil) -1- (3-metilbut-2-en-1-il)-9H-carbazol-2-ol (117) e 7-metoxi-1-(3- metilbut-
2-en-1-il) -3- (piperidina- 1-ilmetil) -9H-carbazol-2-ol (120) mostraram um potente efeito inibidor
apenas em linhas celulares com mutantes de p53 como a MDA-MB-468 e a A375, respetivamente.

Ao longo deste trabalho, foi estabelecida a relagao estrutura-atividade e trés compostos hit
foram identificados: o0 84 na atividade antitumoral, e 0 composto 99 e 78 na atividade antibacteriana
e antimalérica, respetivamente. Essas descobertas ajudam a direcionar a investigagdo no futuro,
considerando este scaffold valioso para a descoberta de novos farmacos. Do outro scaffold de
alcaléides, os carbazoles semi-sintéticos 117 e 123 foram mais seletivos do que os produtos naturais
isolados 57 e 62-63 na reativagdo de mutantes de p53.
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Outline of the Thesis

The present thesis is structured in seven main parts:
Chapter 1: Introduction (theoretical background)

In the first chapter, in section 1.1, a briefing about some key concepts concerning natural
products (NPs) is presented; in section 1.2, heterocyclic indole alkaloid chemistry is presented and in
section 1.3, quinazolinone alkaloids including their isolation, biosynthesis, and synthetic approaches
are presented; some examples of simple quinazolinones such as glyantrypins, fumiquinazolines, and
fiscalins are also detailed in this section. Section 1.4 concerns carbazole alkaloids and approaches to
the molecular modifications performed in these NPs. Finally, the objectives of this thesis are also

included in this chapter.

Chapter 2: Marine natural products as models to circumvent multidrug resistance (review

article)

In this chapter, a review of the marine natural products (MNPs) with antitumor and multidrug
resistant reversing activity is presented. Structure-activity relationship (SAR) and synthetic approaches
were highlighted, and the most potent natural products with important roles in circumventing multidrug

resistance were emphasized.

Chapter 3: Antitumor activity of quinazolinone alkaloids inspired by marine natural products

(original research article)

This chapter brings up the original research concerning the synthesis and biological activities
of quinazolinone alkaloid derivatives with different configurations at C-1 and C-4. Two different
synthetic approaches were taken, and biological activities were investigated on the inhibition of growth

of tumor cell lines and on modulatory activity of P-glycoprotein (P-gp).
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Chapter 4: Synthesis of new proteomimetic quinazolinone alkaloids and evaluation of their

neuroprotective and antitumor effects (original research article)

This chapter includes an original article on the synthesis of quinazolinone alkaloids with
modifications at C-1 side chain and stereochemistry. The biological tests consisted on the growth of

tumor cell lines evaluation and neuroprotective assays were also performed.

Chapter 5: Synthesis and characterization of the antimicrobial activities of marine-derived

indolymethyl pyrazinoquinazoline alkaloids (article in preparation)

This chapter reports the synthesis of new quinazolinones, halogenated in the anthranilic acid
moiety. The biological activities investigated were related to the antibacterial and antifungal activities,

both in sensitive and resistant strains.

Chapter 6: Exploring the pyrazino[2,1-b]quinazoline-3,6-dione scaffold as a promising

antimalarial agent (article in preparation)

This chapter contains the results of the original research describing the synthesis of
quinazolinone containing indole alkaloids in which the moiety of the anthranilic acid was further

modified in order to evaluate the antimalarial activity of this series of fiscalins.

Chapter 7: Gram-scale synthesis of fiscalin B and chloro derivative (unpublished results)

This chapter presents the gram-scale up synthesis of synthetic fiscalin B (78). The chapter
highlights the chemical mechanisms of the developed reactions. Also, the gram-scale up synthesis of

the most potent antimicrobial quinazoline compound 99 was achieved.
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Chapter 8: Synthesis of small molecules of amino carbazoles and their effect on restoration of

p53 activity (article in preparation)

This chapter includes an article in preparation which describes the synthesis of amino
carbazole alkaloids from natural isolated carbazoles and the investigation of their antitumor and p53

restoring activity.

Chapter 9: Overall discussion and conclusions

This chapter presents the overall findings of the syntheses and biological activities developed

in this thesis. The overall SAR is also proposed, and the main findings highlighted.

Chapter 10: References

The references are presented at the end of this thesis. The references follow the American

Chemical Society style guide.

Annexes

This chapter includes a table with the chemical structures and IUPAC names of the
quinazolinone and carbazole alkaloid derivatives presented throughout this thesis, as well as the
numbering according to the thesis, chapters/research articles.
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1.1 Natural products in drug development

Medicinal chemistry in the twenty-first century has undergone innovative changes because of
the biotechnology and informatic revolutions '. These advances are mainly in the lead optimization
process, but a very significant portion of these leads will continue to be molecules originated from
natural products (NPs) 2. This concept linking the origin of drugs and NPs are an important source for
drug discovery and development providing new bioactive compounds 24. The diversity of species of
terrestrial plants, animals, microorganisms as well as marine organisms results in a multitude of
secondary metabolites with diverse chemical structures which play a vital role in drug discovery and
development processes, so that the number of small molecules and approved drugs from natural
origin has been increasing (Figure 1, A and C) °.

To date, the relative ease access to plants has resulted in the discovery of a majority of plant-
derived materials as NP-derived drugs, while microbial sources were especially important in the
antibiotic area. Regarding marine natural products (MNPs), these constitute a major source of
biologically active compounds that may serve themselves as significantly commercial entities or as
lead structures for the development of modified derivatives with enhanced activity and/or reduced
toxicity 6 and are expected to play an important role in drug discovery, especially given the impressive
advances in organic synthesis 4 7-8. The latest research on MNPs has gradually increased over the
years (Figure 1B). In 2017/2018, an increase of 23% could be noted from 2014, with approximately
28,500 new compounds from the sea being isolated and/or identified 3 9. These studies clearly
demonstrate that the marine environment is a rich source of bioactive compounds mostly belonging to
novel chemical classes not found in terrestrial sources 2, raising the possibility of superior efficacy and
specificity for the treatment of many health problems. MNPs are currently one of the richest sources
of antioxidants, antitumors, antivirals, antiparasitics, antifungals, and antibacterials, in addition to other
activities 1011, Compounds found in the marine ecosystem are mainly isolated from sponges, algae,
fungi, invertebrate, gorgonians, bryophytes, cyanobacterial, bacteria, and related microorganisms 9. 12,
Until 2016, eight marine drugs have been accepted by the United States Food Drug Administration
(US FDA) and European Medicines Agency (EMA) 214, Recent examples of approved drugs
originated from marine sources are ziconotide known as Prialt®, a non-narcotic analgesic drug,
halichondrin B known as Halaven®, a breast anticancer agent, and brentuximab vedotin (SGN-35), an
agent for the treatment of Hodgkin’s lymphoma and anaplastic large cell lymphoma 4. Despite these
examples, difficulties have to be overcome, such as related with discovery processes, problems for

culturing marine organisms and identifying novel compounds. As the new technologies are being
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brought forward, including nanomole structure determination, sampling techniques, target
identification, structure-activity relationship (SAR) and drug optimization efforts, the contribution of
MNPs to the future pharmacopeia seems to be presently much more promising and product-oriented.
Lead compounds from the sea show interesting qualitative biological activities, but there are limitations
in producing suitable quantities to develop all the necessary assays. In order to obtain large scale
supply required, microbial fermentation, biotechnology based on genome sequencing, and total
chemical synthesis play significant roles 13.15. On the other hand, terrestrial environment has kept
providing enormous new and known bioactive compounds in healthcare because of different

geographies and diversities 16.

Although, NPs are normally valuable lead compounds, the raise in clinical application has
been hampered due to (i) structural diversity and complexity 17, (ii) more sp3 carbon and less hetero
elements, and (iii) existence of stereogenic centers and stereochemistry. Fortunately, NPs are being
chemically-tailored and modified through synthetic and semi-synthetic methods based on their
structural and biological properties. The semi-synthetic approach is considered as fast and effective
due to the usage of suitable precursors. The strategies for structural modification include removal of
redundant atoms/groups (i.e. from halichondrin B to eribulin 8 and from schizandrin C to diphenyl
bicarboxylate and bicyclol ) and eliminate chirality (i.e. from lovastatin to other statins such as
simvastatin, fluvastatin, atorvastatin, and rosuvastatin 20; from trichostatin A to vorinostat 2), while
retaining activity and the ability of generating patentable compounds. These strategies aim to increase
potency and selectivity (ie. from vancomycin to telavancin and dalbavancin 22), improve
physiochemical properties (i.e. from artemisinin to dihydroartemisinin, artemether, artesunate, and
artether 23), increase metabolic stability (i.e. from phlorizin to canaglifiozin 24), increase
pharmacokinetic properties (i.e. from patupilone to ixabepilone 2), and eliminate or reduce adverse
effects by simplifying the structural complexity. In order to accomplish these multidimensional

processes, sophisticated syntheses and skillful preparations of complicated molecules are essential.
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Figure 1: Natural products in drug development. (A) Approved small molecules from 1981 to 2014; (B) Number
of new compounds isolated from marine organisms from 2001 to 2013, (C) Approved small molecule anticancer
drugs from 1940-2014. N= Unaltered natural product, NB = Botanical drug, ND = Natural product derivative, S
= Synthetic drug, S*= Synthetic drug NP pharmacophore, /NM = Natural mimetic (adapted from 4%).

1.2 Heterocyclic compounds-indole alkaloids in drug chemistry

As a major class of NP discovered and used as 4000 year ago 2%, alkaloids and the species
they are derived from, have been used worldwide as a source of remedies to treat a wide variety of
diseases. With NPs as a whole, many have proposed differing classificatory schemes for alkaloids
which divides this class into three categories: (1) true alkaloids: compounds which derived from amino
acids and with an heterocyclic ring with nitrogen, (2) protoalkaloids: compounds in which the nitrogen
atom is derived from an amino acid and is not a part of an heterocycle, and (3) pseudoalkaloids:
compounds in which the basic carbon is not derived from amino acids.

Indole alkaloids, one of the largest classes of nitrogen-containing secondary metabolites,
contain one or more indole/indoline moieties. They are widely found in plants, bacteria, fungi, and
animals 27. Most of indole precursors are related to L-tryptophan (Trp) (1, Figure 2), the most abundant
indole-containing species of the cells 2. Indole is a planar bicyclic molecule in which the phenyl ring
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is fused through positions 2 and 3 of N-containing pyrrole ring. Indole (2, Figure 2), having 10 =-
electrons (8 from double bonds and 2 from the lone pair of electrons on nitrogen) is said to be aromatic
in nature according to Huckel's rule. Due to the delocalization of excessive nt-electrons, indole readily
undergoes electrophilic substitution reactions, similar to a benzene ring. Indoles are very reactive with
strong acids due to their weak basicity. Based on the molecular orbital calculations, the 3-position of
indole has the highest electron density and it is the most reactive position for electrophilic substitution
reaction. Since the N-H bond in indole is slightly acidic, it undergoes N-substitution reactions under
basic conditions 2829,

Indole is a privileged structure known to bind to multiple receptors with a high affinity, resulting
on its presence in a broad range of pharmacologically active molecules (Figure 2). As such, the
exploration of these molecules in drug discovery is a rapidly emerging subject in medicinal chemistry,
allowing medicinal chemists to discover biological active compounds, across a broad range of
therapeutic areas, on a reasonable time scale 3. Starting in the late 19t century, with the Fischer
indole synthesis, to more recent times, hundreds of the synthetic pathways have been reported for the
synthesis of biologically active indole derivatives. In addition to a large and diverse set of synthetic
methods available to access indoles and their derivatives, this scaffold can also be commonly found
and isolated from natural resources. For example, indole itself is one of the main constituents of coal
tar, and the indole nucleus is also found in various NPs such as in Cathaaranthus alkaloids, which are
well-establish mitotic anticancer drugs (i.e. vincristine, 3), and the marine alkaloid eudistomin K which
has been proposed as a cytotoxic lead compound. Similarly, the antitumor alkylating agent antibiotic
mitomycin C (4) contains an oxidized indole nucleus. Nowadays, there have been many more indoles
added to the list of naturally-occurring alkaloids and many of these have important pharmacological
activities. Indole alkaloids include such pharmacologically and structurally diverse compounds such
as tryptophan (Trp, 1); the recognition of the importance of Trp in animal and human nutrition plant
hormones served to bring the renaissance in indole chemistry and therefore, indole derivatives have
been synthesized and isolated from nature in abundance. Other remarkable examples are serotonin
(5), one of the key neurotransmitters in animals, reserpine (6), that is used to lower blood pressure
and reduce the heart rate and used as tranquilizer and sedative, and indol-3-acetic acid (7), a naturally
plant growth hormone, known as heteroauxin. Thus, the privileged natural indole-class of compounds
indicates that varying the substituents at different positions in the indole nucleus generates compounds
with diverse biological actions. In addition, indole-containing compounds have been approved to be
marketed (Figure 2) 2. For example, indomethacin (8), a non-steroidal anti-inflammatory drug;
pravadoline (9), used as analgesic and anti-inflammatory 30; delavirdine (10), an human
immunodeficiency virus-1 (HIV-1) antiretroviral agent 3'; yohimbine (11), for sexual dysfunction and
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used to reduce risks of type-2 diabetes 32; pinodolol (12), a -blocker 33; glufanide (13) or thymogen
which is presently under clinical trials in patients suffering from ovarian cancer and hepatitis C virus
34: apaziquone (14), an anticancer agent against non-muscle invasive bladder cancer 3; arbidol (15),
used for the treatment of influenza viral infections %; and panobinostat (16), an anti-leukemia drug

tested against various cancer cell lines under various clinical trials 37.
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Figure 2: Naturally isolated indole compounds 1-7, indole containing approved drugs 5-12 and 14-15, and

indole drug candidates under clinical trials 13 and 16.
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Considering the referred classes of alkaloids, two classes - protoalkaloids with quinazolinone

containing indoles and pseudoalkaloids with carbazole alkaloids, are presented in this thesis.

1.3 Quinazolinone alkaloids

1.3.1 Chemistry of quinazolinones

Quinazolinones are heterocyclic compounds that are of considerable interest because of

their diverse range of biological activities. The quinazolin-4(3H)-one and its derivatives constitute an

important class of fused heterocycles that are found in more than 200 naturally-occurring alkaloids .

This fused bicyclic compound was earlier known as benzo-1,3-diazine. This is considered a privileged

structure integrating important pharmacophores 38. Quinazolinones are mainly subdivided in four major

classes: 4-(3H)quinazolinones (2-substituted, 3-substituted, and 2,3-disubstituted), and 2-

(1H)quinazolinones (Figure 3). One subclass of 2,3-disubstituted quinazolinones is the

pyrazinoquinazoline scaffold, which comprises quinazolinones with a fused piperazine system linked

to an indole moiety. So far, approximately 80 secondary metabolites of this subclass, covering

structurally diverse compounds, have been isolated from fungi mainly of the genera Penicillium,

Aspergillus, and Neosartorya °.

3-substituted-4(3H)-quinazolinone

oLy’

2(1H)-quinazolinone

pyrazinoquinazoline scaffold

2,3-disubstituted-4(3H)-quinazolinone

N \W oHo-.,
N
N
H
o)

17, Febrifugine

Figure 3: The most prevalent major classes of quinazolinones and the structure of febrifugine (17).
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1.3.2 Isolation and biological activities of pyrazinoquinazoline alkaloids containing indole

Quinazolinone is considered a building block of naturally-occurring alkaloids isolated from
a number of plants, animals, and microorganisms 40. Their derivatives gain interest in medicinal
chemistry since the disclosure of the structure of quinazolinone alkaloid, 3-[3-keto-«(3-hydroxy-2-
piperidlyl)-proplyl]-4-quinazolone, or febrifugine (17), an ingredient of a traditional Chinese herbal
remedy, showed to be effective against malaria in 1950 4!. In search of additional potential
quinazolinone-based drugs, various substituted quinazolinones have been synthesized. A well-known
example of a synthetic derivative is methaqualone, a sedative-hypnotic therapeutic drug 42, triggering
the research activities toward isolation, synthesis, and studies on the pharmacological properties of

quinazolinones and related compounds.

The structural diversity of quinazolinones has been broadened with the discovery of
pyrazinoquinazoline alkaloids 43 which can be divided into several groups, as depicted in Figure 4,
based on the different types of amino acids at C-1 (glycine, alanine, valine, serine, dehydroanaline)
and constituents of Trp moiety at position C-4, both linked to the nonproteinogenic anthranilic acid
(Ant): i) glyantrypine (18) and analogues, ii) fumiquinazolines 19-25, iii) fiscalins 26-29, iv) ardeemins
((-)-5-N-acetyl-15p-didehydroardeemin (30)), v) aniquinazolines and neosartoryadins (anaquinaziline
D (31)), neosartoryadin A (32) and derivatives, vi) cottoquinazolines (cottoquinazoline E (33)), vii)
versiquinazoline (34) and derivatives, viii) fumigatosides (fumigatoside A, 35), ix) spiroquinazoline (36)
and derivatives, and scedapin (scedapin C, 37). Following, a summary of the first three classes of
quinazolinone alkaloids related to this thesis are presented, since these and the other classes have

been recently reviewed .

From a medicinal chemistry perspective, glyantrypines, fumiquinazolines, and fiscalins
structures have attractive features as prototypes to pursuit the discovery of potential drug candidates
due to their chemical complexity and described biological activities. Nevertheless, few reports on
molecular modifications to these classes of natural products have been described until now.
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Figure 4: Some examples of naturally-occurring pyrazinoquinazolines 18-37.
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1.3.2.1 Glyantrypines and derivatives

The simplest derivative containing an hydrogen atom at position C-1 is glyantrypine (18)

being isolated from Aspergillus clavatus #, Penicillium expansum Y32 4, P. amametzioides AS53 4,

Cladosporium sp. PJX-41 47, and A. versicolor LCJ-5-4 4, and described to display moderate activity

against aqua-pathogenic bacterial Vibrio harveyi . The derivatives such as 3-hydroxyglyantrypine and

oxoglyantrypine have also been isolated # (differing from glyantrypine (18) by an additional carbonyl

group at C-1) and described as active against influenza A virus (H1N1) 4.47. The SAR studies of this

series of compounds reveal that the presence of a hydroxyl group at position C-1 does not affect the

anti-H1N1 activity, and the presence of the carbonyl group has a crucial role in anti-H1N1 activity. The

configuration of C-4 also showed to be important with the S enantiomers of oxoglyantrypine exhibiting

stronger anti-H1N1 effect compared to the compounds with R configuration (Table 1).

Table 1: Summary of sources and biological activities of naturally-occurring glyantrypine (18) and derivatives.

Compounds Sources

Biological Activities Ref.

Glyantrypine (18) Aspergilus clavatus
Cladosporium sp. PJX-41
Penicillium adametzioides AS-
53
P. expansum Y32

3-Hydroxyglyantrypine Cladosporium sp. PJX-41
(-)-Oxoglyantrypine Cladosporium sp. PJX-41
(+)-Oxoglyantrypine Cladosporium sp. PJX-41

Weakly active against Influenza A virus 44-47
(HIN1) (ICs0 = 100-150 pM)

Moderate inhibitory activity against bacterial

V. harveyi (MIC = 32 pg/mL)

No vasculogenetic effect in a live zebrafish

model

Weakly active against Influenza A virus 47
(H1N1) (ICs0 = 100-150 M)

Strong anti-H1N1 activity (ICso = 85 puM) 47
Weakly active against Influenza A virus 47

(HIN1) (ICs0 = 100-150 pM)

ICs0 = Concentration causing 50% inhibitory effect, MIC= Minimum inhibitory concentration.

1.3.2.2 Fumiquinazolines

Fumiquinazolines have more complex structures compared to glyantrypine derivatives.

Their structures include a methyl group at position C-1, and it can be presented as glyantrypine-like

structure (fumiquinazoline F (19), and G (20)) 49, or fused with a simple pyrrolidinone ring system
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(fumiquinazoline A (21)) 49, or with more complex spiro moieties (fumiquinazoline C (22) and H (23))
5, The first report on isolation of the metabolites fumiquinazoline A-G was from the fungal strain A.
fumigatus from Pseudolabrus japonicas 5-%2. After disclosing the structures of these compounds, many
fumiquinazolines derivatives have been isolated from a variety of fungi as described in Table 2. One
of the members of fumiquinazolines, fumiquinazoline K (24), presented a rare 1-aminocyclopropane-
1-carboxylic amino acid residue. The names of some fumiquinazolines were revised due to the source
of isolation, i.e., fumiquinazoline Q was named as fumiquinazoline K (24) after isolation from the soft
coral (Sinularia sp.)-associated fungus A. fumigatus KMM 4631, and fumiquinazoline R was named
as fumiquinazoline L after isolation from gorgonian-derived fungus 9. In fact, fumiquinazoline Q and
R are the same compound. Until now, there are approximately 20 fumiquinazolines, being
fumiquinazoline S (25) the latest described fumiquinazoline, isolated from a solid-substrate culture of
Aspergillus sp. collected from marine-submerged wood 4. These derivatives showed antibacterial,
antitumor, antifungal, and antiinsectan activities. The summary of fumiquinazoline members is

presented in Table 2.

Table 2 : Summary of sources and biological activities of naturally-occurring fumiquinazolines.

Compounds Sources Biological Activities Ref.
Aspegillus fumigatus Moderate cytotoxicity against P-388 cells

Fumiquinazoline A (21) A. fumigatus (H1-04) (EDso = 6.1 pg/mL) 51-52,
A. sydowii (SCSIO 00305) Inhibitor of tsFT210 cell proliferation 55-57

3-Hydroxyfumiquinazoline A Penicillium lanosum (MYC-  Not known 8
1813)

Fumiquinazoline B A. fumigatus Moderate cytotoxicity against P-388 cells 51-52,
A. sydowii (SCSIO 00305) (EDso = 16.0 pug/mL) 55-56

51-52,

Fumiquinazoline C (22)

2'-epi-Fumiquinazoline C

Fumiquinazoline D

2'-epi-Fumiquinazoline D

A. fumigatus
A. fumigatus (H1-04)
A. sydowii (SCSIO 00305)

P. lanosum (MYC-1813)

A. fumigatus

A. sydowii (SCSIO 00305)
A. fumigatus (LN-4)

Moderate cytotoxicity against P-388 cells
(EDso = 52.0 pg/mL)

Inhibitor of P388, HL60, A-549, and BEL-7402
and tsFT210 cell proliferation

Antiinsectan activity against the fall armyworm
Spodoptera frugiperda (57% reduction in
growth rate)

Moderate cytotoxicity against P-388 cells
(EDso = 13.5 pg/mL)

Good antifungal activity (MIC = 12.5-50
Hg/mL)

56-57,

59

58

52, 55-

56, 60

61
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Compounds Sources Biological Activities Ref.
Fumiquinazoline E A. fumigatus Moderate cytotoxicity against P-388 cells 2
(EDso = 13.8 pg/mL)
2’-epi-Fumiquinazoline C P. corylophilum Dierckx Antimicrobial activity against Micrococcus 52,54,
A. fumigatus luteus (MIC =99 ug/mL) and Staphylococcus 5657,
A. fumigatus (H1-04) aureus (MIC = 137 ug/mL) 62-65
Aspergillus. spp (F452) Moderate cytotoxicity against P-388 cells
Neosartorya pseudofischeri  (EDso = 14.6 pg/mL)
P. thymicola Inhibitor of tsFT210 cell proliferation
A. sydowii (SCSIO 00305) Weak inhibition against Bacillus subtilis (MIC
=50 uM)
Weak inhibition against Na*/K*-ATPase (ICso
=17 uM)
52, 56

Fumiquinazoline F (19)

2'-epi-Fumiquinazoline D
Fumiquinazoline E

Fumiquinazoline F (19)

Fumiquinazoline G (20)
Fumiquinazoline H (23)
Fumiquinazoline |
Fumiquinazoline J
Fumiquinazoline K (24)

Fumiquinazoline L

Fumiquinazoline M

Fumiquinazoline N

Fumiquinazoline S (25)

A. fumigatus

A. sydowii (SCSIO 00305)
A. fumigatus (H1-04)
Acremonium sp.
Acremonium sp.

A. fumigatus (H1-04)

Aspergillus sp.

A. fumigatus

Aspergillus. sp. Aspergillus.
sp. (F452)

Aspergillus. sp.
Aspergillus. sp.
Aspergillus. sp.
Aspergillus. sp.
A. fumigatus (KMM 4631)

Scopulariopsis sp. (TAO1-
33)

Aspergillus. sp. (F452)

Moderate cytotoxicity against P-388 cells
(EDso = 17.7 ug/mL)

Inhibitor of tsFT210 cell proliferation

Weak activity toward Candida albicans

Weak activity toward C. albicans

Inhibitor of P388, HL60, A-549, and BEL-7402
and tsFT210 cell proliferation

No cytotoxicity against L5178Y

Moderate cytotoxicity against P-388 cell line
No cytotoxicity against L5178Y

Weak inhibition against Na*/K*-ATPase (ICso
=20 uM)

No cytotoxicity against L5178Y

No cytotoxicity against L5178Y

No cytotoxicity against L5178Y

No cytotoxicity against L5178Y

No activity against S. aureus, B. cereus,
Escherichia coli, Pseudomonas aeruginosa
and C. albicans

Weak antibacterial activity against B. subtilis,
S. albus, and Vibrio parahaemolyticus (MIC =
50 uM)

Weak inhibition against Na*/K*-ATPase (ICso
=34 uM)

50

50

49

66

49

49

49

49

66

53

54

EDso = Effective dose causing 50% of maximum effect, ICs0 = Concentration causing 50% inhibitory effect, MIC= Minimum inhibitory

concentration.
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1.3.2.3 Fiscalins

Fiscalins have structures similar to glyantrypines and fumiquinazolines. The only difference
between these groups is the substituents at C-1: while glyantrypines have an hydrogen atom and
fumiquinazolines have a methyl group, fiscalins have an isopropyl group at the corresponding carbon.
Some fiscalins display a glyantrypine-like structure, such as fiscalin B (26), others are fused with a
pyrrolidinone ring system, like fiscalin A (27), neofiscalin A (28), and fiscalin C (29). Fiscalin A (27), B
(26), and C (29) were firstly isolated from Neosartoya fischeriin 1993 7. The spectroscopic and amino
acids analyses disclosed that these three compounds contain an indolyl moiety linked to an Ant derived
tricyclic system. Fiscalin A (27) and fumiquinazoline A (21) have similar features. Both compounds
have in common the methyl imidazolone ring resulting from the coupling of indole nitrogen with alanine
(Ala) an oxidative cyclization reaction. The only difference in both compounds is in the
pyrazinoquinazolinone ring, with an isopropyl or a methyl group on C-1 of the pyrazine ring in fiscalin
A (27) or fumiquinazoline A (21), respectively. The stereochemistry at C-18 is also different, being 18R
in fiscalin A (27), and 18S in fumiquinazoline A (21) €. Recently, several other members of fiscalins
were isolated from other fungi such as Neosartorya siamensis (KUFC 6349) % and Xylaria humosa 70
and evaluated for their biological activities. Fiscalin derivatives have been reported to be substance P
antagonists, antibacterial, and antitumor agents. A summary of fiscalins derivatives and their biological

activities is presented in Table 3.

Table 3 : Summary of the sources and biological activities of naturally-occurring fiscalins.

Compounds Sources Biological Activities Ref.
Fiscalin A (27) Neosartorya fischer Substance P inhibitor to NK-1 receptor (K; = 57 67,69,
N. siamensis (KUFC 6349) pM) 773

N. siamensis (KUFA 0017)
Xylaria humosa

epi-Fiscalin A N. siamensis (KUFC 6349) Weak cytotoxicity against MCF-7 cells (ICso = 69, 71-
N. siamensis (KUFA 0017) 244 ug/mL) &
X. humosa
Neofiscalin A (28) N. siamensis (KUFC 6349) Potent antibacterial activity against S. aureus 69, 74-
and Enterococcus faecalis (MIC = 8 ug/mL) s
epi-Neofiscalin A N. siamensis (KUFC 6349) Not known 69, 72-
N. siamensis (KUFA 0017) &
Fiscalin B (26) N. fischeri Substance P inhibitor to NK-1 receptor (Ki= 174  67.76-
Dichotomomyces cejpii (BRF082) M) L
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Compounds Sources Biological Activities Ref.

Corynasus setosus
Fiscalin C (29) N. fischeri Substance P inhibitor to NK-1 receptor (Ki = 68 69,71
N. udagawae (HDN13-313) uM) 7576
X. cf. cubensis (PK108) Weak cytotoxicity (ICso = 21 pg/mL) 81-82
N. siamensis (KUFC 6349) Potential adjuvant in
antimicrobial combined therapeutics
epi-Fiscalin C X. cf. cubensis (PK108) Weak cytotoxicity against MCF-7 cells (ICso =21 89.71-
N. siamensis (KUFC 6349) pg/mL) 73,79
N. siamensis (KUFA 0017)
X. humosa
Fiscalin E N. udagawae (HDN13-313) No cytotoxicity against HL-60 cancer cell line 80
(ICs0 > 50 pM)
No antiviral activity against HIN1
Fiscalin F N. udagawae (HDN13-313) No cytotoxicity against HL-60 cancer cell line 80
(ICs0 > 50 pM)
No antiviral activity against HIN1
Cladoquinazoline Cladosporium sp. PJX-41 Weakly active against Influenza A virus (H1N1) 47
(ICs0 = 100-150 pM)
epi-Cladoquinazoline  Cladosporium sp. PJX-41 Weakly active against Influenza A virus (H1N1) 47
(ICs0 = 100-150 uM)
Norquinadoline A Cladosporium sp. PJX-41 Anti-H1N1 activity (ICso = 82 uM) 4
Quinadoline A Cladosporium sp. PJX-41 Weakly active against Influenza A virus (H1N1) 47

(ICs0 = 100-150 puM)

NK-1=Neurokinase-1, Ki = Inhibitory constant, ICso = Concentration causing 50% inhibitory effect, MIC= Minimum inhibitory

concentration.

1.3.3 Biosynthesis of quinazolinones

The pyrazino[2,1-b]quinazoline-3,6-dinone core is assembled through the condensation of the

B-amino acid anthranilate (Ant), tryptophan (Trp), and additional amino acids as shown in Figure 5.

Many of the pyrazinoquinazolinones are biosynthesized by the trimodular non-rebosomal
peptide synthetase (NRPSs) which consists of adenylation (A), peptide carrier protein (PCP)/thiolation
(T), and condensation (C) domains arranged in repeating units that assemble non-ribosomal peptides
(NRP) by activating and joining amino acid building blocks. There are some variations on NRPSs at C
domain responsible for epimerization (E), heterocyclization domains and specific domains for N-

methylation or formylation being the most common. The general process of building peptidyl backbone
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begins with A-domain-catalyzed activation of Ant to the corresponding anthranilyl-adenosine

monophosphate (AMP) during phosphorylation.

R Gly, Ala, Val,

N Ser or DhA
N2 3 NH
N
Ant o

0]
A\
N
Trp
OH
OH
HzN/ﬁ‘r HZN%‘(OH oH
OH
0] o) HN OH H,N HoN
Glycine Alanine o) o) 0
) Serine or dehydroalanine
Glyantrypine Fumiquinazolines Valine
Spiroquinazolines
Fiscalins
Cottoquinazolines Aniquinazolines
Neosartoryadins
Versiquinazolines Fumigatosides
Cladoquinazoline
Spiroquinazolines Ardeemins

Spiroquinazolines

Figure 5: The components for model biosynthesis and synthesis of pyrazinoquinazoline alkaloids.

This domain mediates the attachment to the 4’-posphonantetheine (PPT) prosthetic
arm of the T-domain, forming an acylthioester intermediate (Scheme 1). The anthranilate is
always the first amino acid to be incorporated by the trimodular NRPS in module one, and
usually Trp in module two being the third amino acid in module three. The Trp-activating

module has an embedded epimerization domain, presumably to convert the L-Trp-S-T domain
thioester into a mixture of D- and L-isomers. The condensation of the third amino acid gives a
linear tripeptidyl acyl thioester tethered to the T-domain (Scheme 1). This domain catalyzes
the cyclization and the release of the tripeptide either through the formation of a ten-membered
macrolactam, that upon intramolecular cyclization yields the pyrazino[2,1-b]quinazoline-3,6-
dinone core via intramolecular formation (a) or an Ant-diketopiperazine (b), followed by
cyclization and dehydration to form the molecules of the referred alkaloids.
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i

S
E i c* /AAnt T H,oN o)

anthranily-S-T

Ant, L-Trp

Gly, Ala or Val
@ NRPS

Module 2 Module 3 36 @ ° @
omT@@oee@oe A

S O
/ﬂfj

NH
- 2‘ f e

NH, NH, N o

Gly, Ala or Val
HN Y o
Ant = NH
D-Trp

macrocyclic intermediate  or diketopiperazine intermediate

Tripeptide indole alkaloid

18. glyantripine, R = H

19. fumiquinazoline F, R = Me

26. fiscalin B, R = i-Pr
Scheme 1 : Biosynthesis of 18, 19, 26. Anthranilate activation (by adenylation (A), and anthranilyl transfer by
thiolation (T) by the NRPS module 1 and the biosynthesis of tripeptide indole alkaloids. C = condensation
domain, Cr = Thioester domain, E= epimerization domain, T = Thiolation domain, Ala = Alanine, Gly = Glycine,

Val = Valine, ATP = Adenosine triphosphate, AMP = Adenosine monophosphate.
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1.3.4 Synthesis of quinazolinones

The chemistry of quinazolinone alkaloids is well documented in several comprehensive
reviews and monographs and it is continuously updated in Natural Product Reports 81-82,
Recently from our research group, Resende et al.®® published a review on the chemistry of
quinazolinone containing alkaloids. The review represented the isolation, bioactivities, and
synthesis of naturally-occurring quinazolinone alkaloids isolated from the last two decades with
an emphasis on classical methods for their synthesis. Herein, these methods are briefly

summarized due to their importance within the scope of this thesis.

The main synthetic routes to obtain quinazolinone compounds use 2-aminobenzoic
acid (anthranilic acid, Ant) or its derivatives, 2-aminobenzamide, 2-aminobenzonitrile, isatoic
anhydride, 2-carbomethoxyphenyl isocyanate, N-arylnitrilium salt, or 4H-3,1-benzoxazinone as
precursors. Other important methods include coupling of o-methylbutyrolactam with Ant,
cycloaddition of Ant iminoketene with methylbutyrolactam (via sulphonamide anhydride),
reactions of Ant derivatives with a wide range of substrates including imidates (carboximidate)
and imino halides, reaction of Ant and the appropriately substituted imidate in a facile one-pot
procedure, and microwave-promoted reaction of Ant with amine and formic acid (or its ortho

ester) and isatoic anhydride.

Although there are several approaches for the synthesis of compounds containing this
kind of core structure 8389, the methodologies used to their syntheses are based on two main
general approaches: i) the Eguchi-aza Wittig 90-92 that consists in a selective acylation of
diketopiperazines with o-azido benzoyl chloride, followed by cyclization, and ii) the
Mazurkiewicz-Ganesan approach 9 which involves a two-step sequence from linear dipeptide
through isomerisation of 4-imino-4H-3,1-benzoxozines to the quinazoline-4-ones (Scheme
2)%-95  Additionally, a third approach, by a highly efficient three-component one-pot
methodology promoted by microwave irradiation, was also reported by Liu et al.% for the total
syntheses of glyantrypine (18), fumiquinazoline F (19), and fiscalin B (26).
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Scheme 2:; Approaches to the syntheses of the pyrazinoquinazoline alkaloids.

1.3.4.1 Eguchi-aza Wittig approach

Quinazolinone  alkaloids like  (+)-fumiquinazoline G (20) and (+)-
dehydrofumiquinazoline were first synthesized by He and Snider in 1997 97, using the Eguchi’s
procedure to accomplish the annulation of the quinazoline-4-one onto an amide (Scheme 3).
The total synthesis started with the preparation of the pyruvamide from Cbz-L-Trp and
dimethoxybenzylamine. The next step consisted of the reduction of the methylene group of the
methylenediketopiperazine, obtained through dehydration of the intermediary enamide, and
was followed by the acylation of the 4-substituted-2,5-piperazinedione with o-
azidobenzoylchloride after formation of the amide anion with lithium diisopropylamide (LDA) in
tetrahydrofuran (THF). Removal of the dimethoxybenzyl (DMBn) protecting group by oxidation
with cerium(IV)ammonium nitrate (CAN), followed by a Staudinger reaction with a phosphine
and subsequent cyclization of the corresponding phosphazene after oxidation of the indoline
with MnO; in ethyl acetate (EtOAc), completed the total synthesis of (+)-fumiquinazoline G
(20).
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20, (+)-fumiquinazoline G

Scheme 3: Total synthesis of (+)-fumiquinazoline G (20). TFA = Trifluoroacetic acid, MDBn = 14-

Dimethylbenzen, LDA = Lithium diisopropylamide, CAN = Cerium ammonium nitrate.

The synthesis of (+)-fumiquinazoline G (20), by Snider and Busuyek (Scheme 4)
demonstrated the utility of their newly developed general procedure for the synthesis of N-(2-
nitrobenzyl)diketopiperazines, previously reported for the formation of the
benzodiazepinedione asperlicin 51-52. 98-99 Reductive amination of 2-nitrobenzaldehyde with
alanine methyl ester, followed by the coupling with allyl chloroformate, furnishing the
intermediate which was submitted to the hydrolysis of the methyl ester. Condensation of the
activated phenyl ester such as tryptophan phenyl ester using N,N'-dicyclohexylcarbodiimide
(DCC) in CH2Cl, gave an intermediary dipeptide that, after deprotection of the allyloxycarbonyl
(Alloc) group and subsequent cyclization, yielded the desired monoprotected diketopiperazine.
The diketopiperazine can be further deprotected in methanol (MeOH) over irradiation at 254
nm. The use of the 2-nitrobenzyl group as a photochemically labile protecting group for the
amide of the diketopiperazines allowed the utilization of this aza-Wittig procedure (Scheme 4).
The acylation of diketopiperazine allowed to obtain (+)-fumiquinazoline G (20) in 87% yield.

20| Page



CHO N

. NaBH;CN, MeOH O5N
2-aminobenzaldehyde =

+

Me 1_ 2 _
allyloCOCI,py R1 =H R ‘2'\"3
K R" = Alloc, R* = Me
MeO,C~ 'NH, NaOH, MeOH

R'! = Alloc, R? = H
Alanine methyl ester

HoN
~~CO0,Ph| 1. DCC, CH,Cl,
/ 2. Pd(PPh3)4, ACOH, CHzclz
y @
N 1.0-N3CgH4COCI, 'V'e
v§ NaH,THF
I O 2 BusP, CeHe, ' o
~NH H
74
N
H
R= oNOZBn

hv, MeOHC N-(2-nitrobenzyl)diketopiperazine

H, (+)-fumiquinazoline G (20)

Scheme 4: Total synthesis of (+)-fumiquinazoline G (20). DCC = N,N'-dicyclohexyl carbodiimide, THF

= Tetrahydrofuran.

Regio- and diastereoselective alkylation at C-4 of (1S)-1-isopropyl-2,4-dihydro-1H-
pyrazino[2,1-b]quinazoline-3,6-diones (Scheme 5) was used by Hernandez et al.'% for the
synthesis of fiscalin B (26). The authors reported a method to synthesize 1,4-diakyl derivatives of
pyrazino[2,1-b]quinazoline-3,6-dione by using enantiomerically pure 1,3-dialkylpiperazine-2,5-diones
via imino ether by condensation with Ant or alternatively from 1,6-dialkyl-, and 1,3,6-trialkylpiperazine-
2,5-diones through N-acylation with 0-azidobenzoyl chloride followed by an intramolecular Staudinger

reaction.
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Scheme 5: Total synthesis of fiscalin B (26), and epi-fiscalin B. DMI = 1,3-Dimethyl-2-imidazolidinone, KHMDS
= Potassium bis(trimethylsilylamide CAN = Cerium ammonium nitrate, TMSCI = Trimethylsilyl chloride, LHMDs
= Lithium hexamethyldisilazide, THF = Tetrahydrofuran, Boc = tert-Buthyloxycarbonyl.

This approach started from the N-unsubstituted pyrazino[2,1-b]quinazoline-3,6-dione which
was either prepared by oxidative debenzylation of (3S)-3-methyl(isopropyl)-4-p-methoxybenzyl-1-o-
azidobenzoylpiperazine-2,5-dione with CAN followed by intramolecular Staudinger reaction (Scheme
5, method A), or by acylation with o-azidobenzoyl chloride of (3S)-3-methyl(isopropyl)-2,5-
bis(trimethylsilyoxy)-3,6-dihydropyrazine, followed by treatment with tributylphosphine (Scheme 9,
method B). Both methods afforded 1-isoprophyl-2,4-dihydro-1H-pyrazino[2,1-b]quinazoline-3,6-dione
which was subjected to alkylation in the presence of lithium hexamethyldisilazide (LHMDs). The
authors found that there was a regio- and diastereoselective alkylation at C-4 and the basic conditions
used did not affect the stereogenic center at C-1.
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1.3.4.2 Mazurkiewicz-Ganesan approach

Wang and Ganesan reported the total synthesis of glyantrypine (18) fumiquinazoline G
(20), and fiscalin B (26), based on a key step that involved the cyclization of N-
acylanthranilamide (Scheme 6) 9. The authors used the Wipf's protocol, which involves the
application of a Hunig’s base, N,N-diisopropylethylamine (DIEA) 93. 101 with triphenylphosphine
and iodine to give the cyclization product, initially described as 4-quinazolinone and which after
was proved to be the 4-imino-4H-3,1-benzoxoazine by He and Snider 192, To accomplish a total
synthesis, deprotection of the fluorenylmethyloxycarbonyl (Fmoc) group of 4-imino-4H-3,1-
benzoxoazine with piperidine afforded an intermediate that was converted to fumiquinazoline
G (20) on preparative thin layer chromatography (TLC). Other two quinazolinones were
obtained after refluxing the intermediates in acetonitrile. This methodology was widely applied
to total syntheses of several natural alkaloids such as alantrypinone 103-104  glyantrypine (18)
9 anacine 19 verrucines A and B 105, circumdatins C and F 106, fiscalin B (26) %49, and
fumiquinazolines A (21), B, C (22), E, H (23), and | 68. 95.107-109,

The referred authors, have also made use of the same methodology for the synthesis
of more complex fumiquinazolines on solid support starting from Wang resin 108 as well as in
solution 9. The first step is the coupling of Ant with Trp methyl ester (solution-phase) or Fmoc-
Trp (solid-phase) in the presence of 1-ethyl-3-(3-dimetylaminopropyl)carbodiimide (EDAC) as
activating agent to form anthranilamide. Acylation of the amino group of the aniline moiety with
Fmoc-protected amino acids chloride (Fmoc-Gly-Cl, Fmoc-Phe-Cl, Fmoc-Ala-Cl, and Fmoc-
Val-Cl) provides linear tripeptides; and subsequent dehydrative cyclization of these compounds
yields the benzoxoazines intermediates. Finally, piperidine-mediated deprotection of the Fmoc
group and rearrangement of the oxazine into 4-imino-4H-3,1-benzoxoazines gives amidine
carboxamides. After refluxing in acetonitrile to induce cyclative cleavage (+)-glyantrypine (18),
(-)-glyantrypine, fumiquinazoline F (19), fumiquinazoline G (20), and fiscalin B (26) were
obtained (Scheme 6).
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Scheme 6: Total synthesis of glyantrypine (18), fumiquinazoline F (19), G (20), and fiscalin B (26) in the solution
phase. * Glyantrypine (18) was purified by thin layer chromatography (TLC).

1.3.4.3 Microwave assisted method

Cledera et al. 10 described the microwave-assisted synthesis of novel pyrazino[1,2-
b]quinazoline-3,6-diones by a solvent free cyclocondensation of lactim ether with Ant (Scheme
7). The solvent-free reaction mixtures were irradiated in domestic oven containing an alumina
bath. Since the temperature could not be measured, a comparison with conventional heating
(120-140 °C) was made. The microwave-assisted reaction was much better than the thermal
one regarding the yields and the short reaction times achieved. The authors also observed that

this approach gave better stereochemical integrity compare to the conventional conditions.

O Me
NH» R OEt 300 W ~ O
N/\r N/Y
+ | —_—
C[ )\/N /J\/N\
CO5H (0] Y N R

Atn

Scheme 7: Microwave-assisted reaction synthesis of pyrazino[1,2-b]quinazoline-3,6-diones.
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Liu et al. """ reported an easy access to the core pyrazino[2,1-b]quinazoline-3,6-dione
through a novel and highly efficient three-component one-pot reaction sequence promoted by
microwave irradiation. The application of this synthetic strategy to the syntheses of glyantrypine
(18), fumiquinazoline F (19), and fiscalin B (26) from readily available starting materials
(Scheme 8) demonstrated the utility and versatility of this methodology. This work was
performed under pressure at 300 W into a specifically designed platform (Smith synthesizer)
producing controlled irradiation at 2450 MHz. The author reported that the enantiomeric excess
of 18, 19, and 26 were 70, 72, and 50 %, respectively.

i %
HN H,N OMe o
OH HOzC . N/Y
NH
NH, (OPh)3 Py )\(NHBOC P(OPh)s, py N)\(

0
55 °C, 16h or mw 150°C 220°C, 1.5 min R

18, Glyantrypin , R=H
19, Fmiquinazoline F, H = Me
26, Fiscalin B, H = j-Pr

Scheme 8: Microwave synthesis of glyantrypine (18), fumiquinazoline F (19) and fiscalin B (26). mw =

microwave, Boc = tert-butyloxycarbonyl, py= pyridine.

1.4 Carbazole alkaloids

Another group of alkaloids containing indole is the class of carbazole alkaloids,
aromatic heterocyclic organic compounds having a tricyclic structure, consisting of two phenyl
rings fused on a five membered nitrogen-containing ring (38, Figure 6). The structure is based
on the indole structure, butin which a second phenyl ring (A or C) is fused onto the five-member
ring (B) at the 4a-9a or 4b-8a positions'2. These alkaloids have been of interested since the
first isolation of carbazole (38) from coal tar in 1872, and the isolation and evaluation of the
antimicrobial murrayanine (3-formyl-1-methoxycarbazole, (39) from Murraya koenigii Spreng
in 1965 113, Most carbazole alkaloids have been isolated from the higher plants of Rutaceae
family from genus Clausena, Clycosmis, and Murraya 14, and other sources like lower plant
(Streptomyces species), blue-green algae (Hyella caespitosa), Aspergillus species,

Actinomadura species, and the ascidian (Didemnum granulatum) 113.
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Figure 6: Carbazole alkaloid core (38) and murrayanine (39).

It has been reported that carbazole alkaloids exhibit a broad pharmacological profile,
including antiplatelet aggregation and vasorelaxing'', antibacterial 116, antifungal''?,

antiplasmodial''é, anti-Alzheimer’'s 19, antidiabetic, anti-HIV-1120, and antitumor activities2'-

125,

1.4.1 Isolation and biological activities of carbazole alkaloids

Biologically-active carbazole alkaloids have been isolated from diverse natural sources
and exhibit a broad range of different frameworks and functional groups. There are full reviews
about occurring, biogenesis and synthesis of bioactive carbazole alkaloids 113126, Regarding
to the substitution pattern of ring A and ring C, carbazole alkaloids are divided as following: (1)
tricyclic carbazoles, (2) pyranocarbazoles, (3) biscarbazoles, (4) carbazolelactones, (5)
terpenoid carbazoles, (6) benzocarbazoles, (7) furocarbazoles, (8) pyrrolo[2,3-c]carbazoles,
(9) pyrido[4,3-b]carbazoles, (10) quinolino[4,3-b]carbaozoles, (11) indolocarbazoles, and (12)
miscellaneous carbazoles. In this section the naturally-occurring (tricyclic) carbazole alkaloids
sources and biological activities are discussed and summarized in Table 4. Compounds
considered as non-oxygenated carbazoles refer to those having substituents besides the
oxygen atom. Oxygenated tricyclic carbazoles are compounds in which one or more oxygen
atoms are directly attached to the carbazole core and can be divided into six groups according
to the position and number of oxygens containing on ring A and ring C of the carbazole nucleus:
monooxygenated, dioxygenated, trioxygenated, carbazole-1,4-quinones, carbazole-1,4-

quinols, and carbazole-3,4-quinone alkaloids.
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Table 4: Summary of sources and biological activities of tricyclic carbazole alkaloids.

Compounds Sources Biological Activities Ref
Non-oxygenated carbazoles

Carbazole (38) Glycosmis pentaphylla Unknown 121

3-Methyl carbazole (40) Clausena spp. Unknown 128
G. pentaphylla 121
Murraya koenigii 129
M. euchrestifolia

3-Formylcarbazole (41) M. euchrestifolia Unknown 130
C. lansium

Methyl carbazole-3- C. lansium Unknown

carboxylate (43)

9-Formyl-3-methyl M. koenigii Weak cytotoxicity against mouse melanoma

carbazole B16 and adriamycin-resistant P388 mouse 129

leukemia cell lines

2,7-Dibromocarbazole Kyrtuthrix maculans Basis of the neuroprotective compound P7C3 131

3,6 -Dibromocarbazole K. maculans Unknown 131

3,6-Diiodocarbazole Sediment Unknown 131

1,3,6,8-
Tetrabromocarbazole

Murrayafoline A (44)

Koenoline (45)
Murrayanine (39)

Clausamine D

Clausamine E

Clausamine G

1-Hydroxy-3-
methylcarbazole (48)
O-Demethylmurrayanine
(49)

Monooxygenated carbazole alkaloids

M. euchrestifolia

G. stenocarpa

M. koenigii
M. koenigii
C. heptaphylla
G. stenocarpa
C. excavata

C. anisata

C. anisata

C. anisata

M. koenigii

C. anisata

Unknown

Unknown

Cytotoxicity against KB, MCF-7, NCI-87 cell
lines

Antimicrobial activity against human
pathogenic fungi

Inhibits Epstein-Barr virus early antigen (EBV-
EA) activation induced by TPA in Raji cells
Unknown

Antitumor against 1,3-5-triaza-7-
phosphaadamantane-induced in vitro EBV

Unknown

Strong cytotoxicity against MCF-7 and SMMC-
7721 cell lines
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Compounds Sources Biological Activities Ref
Clausine E (50) C. excavata Detoxification agent
C. vestita Cytotoxicity against HepG2 cell s
Induces cell cycle arrest in the S and G2/M o
Decreases F-actin stanning and Rhodamine A s
activity and inhibits phosphorylation of PKC65 “
Inhibition of rabbit platelet aggregation and
vasoconstriction
Moderate topoisomerase Il inhibition
Clausine D C. excavata Inhibition of platelet aggregation 145
Clausine F C. excavata Inhibition of platelet aggregation 145
Clausamine F C. anisata Antitumor activity 139
2-Methoxy-3- M. koenigii Unknown
methylcarbazole (51)
O-Methylmukonal or M. siamensis Anti-HIV-1 146
Glycosinine (52) G. pentaphylla 147
C. excavata 148
M. koenigii 149
Clausine L (53) C. excavata Unknown 150
M. koenigii 140
2-Hydroxy-3- M. koenigii Cytotoxicity against HepG2 cells "
methylcarbazole (54) C. vestita
Mukonidine (56) M. koenigii Antiplatelet aggregation 150
Heptaphylline (57) C. heptaphylla Cytotoxicity against NCI-H187 cell line 151
C. harmandiana Induces apoptosis by Inhibition of the 152
C. anisata activation of NF-kB/p65(rel) 153-154
C. excavata Potent analgesic effect in rodent model 155

Mukonal (55)

Clauszoline K

Carazostatin

Antiostatins

Rhodamnia dumetorum

C. harmadiana
C. harmadiana
C. vestita

Streptomyces

chromofuscus

S. cyaneus 2007-SV1

Moderate cytotoxicity against HepG2 cell line

Strong cytotoxicity against NCI-H187 and KB
cells lines

Strong cytotoxicity against NCI-H187 and KB
cells lines

Cytotoxicity against HepG2 cells

Strong inhibitory activity against the free
radical-induced lipid peroxidation in liposoma
membrane, antioxidant

Strong inhibitory activity against free radical-

induced lipid peroxidation

156

157

157

158

I
159

160
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Compounds Sources Biological Activities Ref
Lipocarbazoles Tsukamurella Antioxidation activity o
pseudomonas Acta1857
3-Formyl-6- C. lansium Anti-tuberculosis (TB) activity against the 162
methoxycarbazole Micromelum hirsutum Hs7Rv strain of Mycobacterium tuberculosis 163
8-Formyl-6-methoxy-3- M. koenigii Inhibitory activity against Gram-negative ”
methylcarbazole bacteria and fungi
Micromeline M. hirsutum Anti-TB activity against Hs7Rv strain of
Mycobacterium tuberculosis and against the -
Erdman strain of M. tuberculosis in a J77
mouse macrophage model
Siamenol M. siamensis Showed anti-HIV activity 165
Dioxygenated carbazole alkaloids
Clausenine C. anisata Antibiotic activity 166
Clausanol C. anisata Antibiotic activity -
Nearly active against some bacteria as
streptomycin
Clausine | C. excavata Shows inhibition of rabbit platelet aggregation s
and vasoconstriction
Causine Z C. excavata Exhibits an inhibitory activity against cyclin-
dependent kinase 5 and shows a protective o
effect on cerebral granule neuron against free
radical-induced cell death
Clausenal C. heptaphylla Exhibits promising antimicrobial activity
against fungi and Gram-positive and Gram- "
negative bacteria
Carbalexin A G. pentaphylla Shows a strong antifungal activity in
G. parviflora bioautographic test with Cladosporium 168
herbarum
Glycozolidol G. pentaphylla Active against Gram-positive and Gram- "
negative bacteria
Glybomine B G. arborea Shows significant antitumor-promoting activity -
Glybomine C in conjunction with the tumor promoter TPA
Carbalexin C G. parviflora Shows a strong antifungal activity in -
bioautographic test
7-Methoxyheptaphylline C. harmandiana Cytotoxicity against NCI-H187 and KB cell 52 125

(62)

lines
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Compounds Sources Biological Activities Ref

2-Hydroxy-3-formyl-7- C. harmandiana Strong cytotoxicity against MCF-7 and KB cell

methoxycarbazole or R. dumetorum lines 152

7-Methoxymukonal (63) C. vestita Cytotoxicity against HepG2 cells 156
Antimalarial activity and Anti-TB against M. 144

tuberculosis Hs7Rv

Heptazoline C. harmandiana Moderate cytotoxicity against MCF-7 cells m
Clausine H C. excavata Shows inhibition of rabbit platelet aggregation 172
Clausine K C. excavata and vasoconstriction
Anti-HIV-1 activity 148
Strong anticancer against HepG2 cells 155
Clausine-TY C. excavata Exhibits cytotoxicity against CEM-SS cell line 173
Carbalexin B G. parviflora Shows a strong antifungal activity in

168
bioautographic test with C. herbarum
Carbazomycin A Streptoverticillium Inhibits the growth of phytopathogenic fungi o

Carbazomycin B ehimense H 1051-MY 10 and shows antibacterial and anti-yeast activity -

Inhibits 5-lipoxygenase and shows inhibitory
activity against lipid peroxidation induced by -
free radicals

Streptoverticillin S. morookaense Shows antifungal activity against .
Peronophythora litchi
Neocarazostatin S. species GP38 Exhibits a strong inhibitory activity against free

178
radical-induced lipid peroxidation

Carbazomadurin A Actinomadura maduae Exhibits a strong neuronal cell protecting -
Carbazomadurin B 2808-SV1 activity against L-glutamate-induced cell death
Epocarbazolin A S. anulatus T688-8 Inhibits 5-lipoxygenase 180
Epocarbazolin B Weak antibacterial activity

6,7-Dimethoxy-1-hydroxy-3- M. koenigii Exhibits high activity against Gram-positive "
methyl carbazole and Gram-negative bacteria and against fungi
Carbazomycin C S. ehimense 1051-MY 10  Inhibits 5-lipoxygenase 181

TB = Tuberculosis, TPA = 12-O-tetradecanoyl-phorbol-13-acetate, EBV = Epstein-Barr virus, HIV = Human

immunocompromising virus,

1.4.2 Biosynthesis of carbazole alkaloids

Regarding their natural origin, carbazole alkaloids are classified into two groups. To the
first group belong alkaloids isolated from higher plants generally featuring a C+-substituent at
C-3 (a methyl group or its oxidized equivalents). For example, 3-methylcarabazole (40), 3-
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formylcarbazole (41) (oxidized congener of 40) and carbazole-3-carboxylate from Rutaceae
family (genera: Murraya, Clausena, and Glycosmic), are biosynthesized via an oxidation of the
methyl group, which was confirmed by photochemical oxidation 13. 182, To the second group
belong alkaloids isolated from other natural sources like microorganisms, which usually lack a
C1-substituent at C-3. The biosynthesis of these members is not yet fully understood owing to
the lack of experimental support. However, there are two proposed pathways for the
biosynthesis of these carbazole alkaloids — anthranilic acid (Ant) pathway and L-tryptophan
(Trp) pathway. Following, the Ant pathway is presented being the proposed for the carbazoles

studied in the scope of this thesis.

1.4.2.1 Biosynthesis of carbazole alkaloids based on the anthranilic acid pathway

To date, the so-called “anthranilic acid pathway”, which proceeds via the 3-
prenylquinolone, represents the most widely accepted proposal for the biogenesis of carbazole
alkaloids in higher plants. Thus, it has been suggested that the carbazole nucleus derives from
shikimic acid and prenyl pyrophosphate as described in Scheme 9. The biosynthesis begins
with the dehydration and reduction of 3-dehydroquinic acid to shikimic acid, observed in the
Japanese plant lllicium religiosum Sieb (Japanese shikimi) 183, The shikimic acid proceeds to
the carbazole nucleus of the quinolone by the intermediates chorismic acid, 2-amino-
deoxyisochorismic acid, and Ant (the most abundance in Rutaceae family). Later on, it provides
the indole unit, being this pathway corresponding to the formation of rings B and C of the
carbazole nucleus. Prenyl pyrophosphate provides the carbon atoms for ring A with a methyl
substituent at C-3. 3-Methylcarbazole (40) is formed via the 3-prenylquinolone following 2-
prenylindole84. Prenylation of quinolone at C-3 can be formed via two independent pathways
— the mevalonate pathway, found in mammals and fungi derived from mevalonic acid, and the
methylerythritol phosphate (MEP) pathway, found in plants, algae and bacteria, derived from
1-deoxy-D-xylulose 5-phophase, affording the 3-prenylquinolone (Scheme 9). The last step of
the biosynthesis of 3-methylcarbazole (40) is the trans decarboxylation of 3-prenylquinolone to
3-methylcabazole (40) via extrusion of carbon monoxide and subsequent oxidative cyclization
of the intermediate 2-prenylindole 184,
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Scheme 9: Biosynthesis of 3-methylcarbazole (37) via anthranilic acid pathway. DMAPP =
Dimethylarylpyrophosphate

The carbazole nucleus can be easily functionalized at 1-, 2-, 6-, and 9-positions. The
structural heterogeneity provides a large variety of different physicochemical and biological
properties. Based on of the structural features of carbazole alkaloids isolated from the same
sources 3-methylcarbazole (40) was suggested to be the key intermediate in their biosynthesis
in higher plants. On the other hand, 2-methylcarbazole (42) appears to be the common
biogenetic precursor of conventional tricyclic carbazole isolated from lower plants. The isolation
of several 3-methylcarbazole derivatives from higher plant shows that the aromatic methyl
group can be eliminated oxidatively from the key intermediate 3-methylcarbazole (40) via -
CH20H, CHO, and COOH 113, 3-Methylcarbazole (40) is oxygenated and/or oxidized in vivo in
different positions to generate murrayanine (39), 3-formylcarbazole (41), methylcarbazole-3-
carboxylate (43), murrayazoline A (44), keonenoline (45), mukoeic acid (46), mukonine (47),

1-hydroxy-3-methylcarbazole (48), O-demethylmurrayanine (49), causine E (50), 2-methyoxy-
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3-methylcarbazole (51), O-methylmukonal (52), causine L (53), 2-hydroxy-3-methylcarbazole
(54), mukonal (55), and mukonidine (56) (Scheme 10).

o Qo

39, Murrayanine, R= CHO 48, 1-Hydroxy-3-methylcarbazole, R = Me
44, Murrayafoline A, R= Me 49, O-demethylmurrayanine, R = CHO
45, Koenoline, R= CH,OH 50, Clausine E, R = COOMe

46, Mukoeic acid, R=COOH
47, Mukonine, R= COOME

oxidation | 1-oxygenation

R
oxydatlon 2- oxygenatlon
O (o
N oxydation
H

40, R1 Me, R2 =H
41, 3-Formylcarbazole , R = CHO 42,Ry=H, Ry = Me 51, 2-Methyoxy-3-methylcarbazole, R= Me
43, Methyl carbazole-3-carboxylate , R = COOMe 52, O-Methylmukonal , R = CHO

53, Clausine L, R = COOMe
R

Qs F-a

N
H

54, 2-Hydroxy-3-methylcarbazole, R = Me
55, Mukonal , R = CHO
56, Mukonidine, R = COOMe

Scheme 10: Biosynthetic oxygenation and oxidation of 3-methylcarbazole (40).

Compounds 54 and 55 are considered the precursors for pyranocarbazoles and
furocabazoles, proved by the isolation of heptaphylline (57), mukoenine A (58), girinimbine
(59), murrayacine (60), and furostifoline (61). Mukoenine A (58) can be considered as
precursor for furo[3,2-a]- and pyrano [3,2-a]carbazole alkaloids. The isolation of furostifoline
(61) from Murraya supports the proposed biosynthesis for the origin of the furan ring which
suggested to be formed via cyclization pathways (a) of prenylated mukoenine A (58) or
cyclization pathway (b) of mukoenine A (58) or heptaphylline (57) (Scheme 11).
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54, 2-Hydroxy-3-methylcarbazole, R = Me
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58, Mukoenine-A, R = Me
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'

61, Furostifoline 59, Girinimbine, R = Me

60, Murrayacine, R = CHO

Scheme 11: Prenylation and cyclization of 2-hydroxy-3-methylcarbazole (54) and mukonal (55).

1.4.3 Synthesis of carbazole alkaloids

The synthesis of carbazole alkaloids has been reported 13. 126, Generally, the total
synthesis of carbazole alkaloids in past decades used both classical methods (i.e. Fischer-
Borsche and the Graebe-Ullmann synthesis) and the nonclassical methods such as transition
metal-mediated catalyzed processes 185-18, cadogan syntheses 187, electrocyclic reactions 188,
and other methods. Initially, the most used approach to carbazoles involved the
dehydrogenation of 1,2,3,4-tetrahydrocarbazole. However, easier ways to access fully
aromatized carbazoles involved the construction of the central pyrrole ring by cyclization of
either biphenyls with an ortho-nitrogen substituent or diarylamines. Thus, the carbazole
structure can be developed under mild reactions, affording good to excellent yields using either
commercially available or easily prepared starting materials'®. The synthesis of tricyclic
oxygenated carbazole alkaloids closely related to compounds studied in this thesis -
heptaphylline (57), 7-methoxyheptaphylline (62), and 7-methoxymukonal (63) are following

described.
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1.4.3.1 Synthesis of oxygenated carbazole alkaloids

In the early 80's, Sharma and Kapil 190 reported the synthesis of heptaphylline (57) and
derivatives by oxidation. The synthesis of 57 was started from 2-hydrozycarbazole (57.1)

through a formylation followed by a prenylation 191,

DDQ, benzene O O 2-methyl-3-buten-2-ol O O
OH OH
Formaldehyde OH BF.Et,O
N 3kl
H
\

571

57

Scheme 12: Total synthesis of heptaphylline (57). DDQ = 2,3-Dichloro-5,6-dicyano-1.4-benzoquinone.

In 2013, Toshiharu et al.'%2 and Okano et al.'® reported the five-step synthesis of
heptaphylline (57) via benzyne-mediated from substituted indolines and carbazoles. The
reaction included the generation of benzyne using Mg(TMP)2.2LiCl as a base, cyclization and
trapping the resulting organomagnesium intermediate with an electrophile from a
bromoanisaldehyde. Prenylation, removal of the acetal moiety under acidic condition, and

removal of the Boc protecting group yielded heptaphylline (57) in 16% (Scheme 13).

1. |2,A92304, MeOH

2. Q PdCl,(dppf), NaOH,
Bnip’

NHB[101 ,4-dioxane Pr-0
i i NHBoc | 5. Mg(TMP), 2LiCl, THF, -
CHO 3: NBS (i-PrO)3CH, i-PrOH- O-iPr - Mg( )2.2Li -, ) O-iPr
CH,Cl,, Cul, prenyl bromide
O-iPr OMe
Br OMe N
Br OMe Boc R
bromoanisaldehyde
CHO
_MMHoL OM 6. BCI3 TBAI, CH,Cl, OH
N
H R

57,Heptaphylline, R = prenyl

Scheme 13: Total synthesis of heptaphylline (57). NBS = N-Bromosuccinimide, dppf = 1,1
Bis(diphenylphosphino)ferrocene, TMP = 2,2,6,6-Tetramethylpiperidide, THF = Tetrahydrofuran, TBAI=

Tetrabutylammonium iodide.
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In 2014, Ronny et al.'% developed the method to synthesize carbazole alkaloids including
heptaphylline (57), 7-methoxyheptaphylline (62) using diisobutylaluminum hydride (DIBAL-H)
promoted reductive pyran ring opening to provide the direct access of prenyl-substituted carbazoles
like compounds 57 and 62. The approach to heptaphylline (57) started with the Buchwald-Hartwig
coupling of arylamine (57.2) followed by a palladium(ll)-catalyzed oxidation cyclization to yield 2-
hydroxycarbazole (57.3). The Godfrey’s method followed by thermal induced rearrangement yielded
pyrano[3,2-a]carbazole (57.4). Treatment of 57.4 with DIBAL-H afforded murrayacine (64) and
heptaphylline (57) as a byproduct, due to reductive ring opening of pyran ring of 64 (Scheme 14).

Using similar conditions, 7-methoxyheptaphylline (62) was obtained starting from bromoarene (62.1)

and arylamine (62.2).
1. Phl, Pd(OAc),, SPhos,
1. Phl, Pd(OAc),, SPhos, Cs,CO03, toluene
Cs,CO3, toluene CN 2. Pd(OAc), Cu(OAc),, K,CO3 CN
CN 2. Pd(OAc), Cu(OAc),, K,CO3 3. py HCI, mw,
3. py HCI, mw, +
O S (g
H,N OMe N HyN OMe R Br
H 62.1, R = OMe
62.2 )
57.2 57.2,R=H
62.3, R= OMe

4. DBU, Cul, MeCN,
OCOZ' 5. Toluent, reflux

CN CHO CHO
DIBAL-H, CH,Cl,
N N N
H = H = H
\
57,R=H
62, R = OMe

57.5,R=H
62.4, R= OMe

Scheme 14: Total synthesis of heptaphylline (57) and 7-methoxyheptaphylline (62). SPhos = 2-
Dicyclohexylphosphino-2',6’-dimethoxybiphenyl, py = Pyridine, mw = Microwave, OAc = acetate, DBU = 1,8-
Diazabicyclo[5.4.0Jundec-7-ene, DIBAL-H = Diisobutylaluminum hydride, MeCN = acetonitrile,.

In 2015, Kalyan et al.'% reported the synthesis of heptaphylline (57) and derivatives using
ring-closing metathesis (RCM) and ring-rearrangement-aromatization (RRA) as the key step. This
method based on the allyl Grignard addition provided 2,2-diallyl-3-oxindole derivatives via 1,2-allyl
shift. Diallyl underwent the combination of RCM and RRA to yield heptaphylline (57) and derivatives.

Dengke et al. 1% first reported the synthesis of 7-methoxymukonal (63) using the Au-catalyzed

cyclization route as the key step from methoxypropadiene (63.1) and 1-benzyl-6-methoxy-1H-indole-
2-carbaldehyde (63.2) in six steps (Scheme 15).
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Scheme 15: The total synthesis of 7-methoxymukonal (63). Bu = Butyl, THF= Tetrahydrofuran, NBS= N-
Bromosuccinimide, DMSO = Dimethyl sulfoxide, DMF = Dimethylformamide.

The challenges of this synthesis were the selective monobromination and the selective
demethylation. The monobromination at C-3 was controlled by temperature while selective

demethylation at C-2 was achieved by using the AICls.

1.4.4 Semi-synthesis of carbazole alkaloids

Molecular modifications of NP carbazole alkaloid were reported to improve their biological
activities. Thongthoom et al.'® reported the modification of heptaphylline (57) and 7-
methoxyheptaphylline (62) yielding derivatives showing better cytotoxicities (Figure 16.A). The
modification process is shown in Scheme 16 and included (1) methylation using NaH/CHal yielded
compounds 64 and, (2) treatment with conc. H2SO4 afforded pyran, compounds 66 and 67, (3)
epoxidation of the isolated double bond in the prenyl moiety of 57 and 62 using m-chloroperoxybenzoic
acid (mCPBA) provided 68 and 69, (4) treatment with NH2OH.HCI under basic conditions furnished
oximes derivatives 70 and 71, and (5) bromination using NBS in the present of aqueous conditions
yielded compounds 72-75. Most of the semisynthetic derivatives were cytotoxic and compound 72 was
the most active about 138 and 10 folds compared to ellipticine standard tested in NCI-H187 and KB
cell lines, respectively.
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Scheme 16: (A) Semi-synthesis of heptaphylline (57) and 7-methoxyheptaphylline (62). (B) In silicon study of

small molecule restoring p53, PhiKan083 (76). mCPBA =

Bromosuccinimide.

m-Chloroperoxybenzoic acid, NBS = N-

The molecular modification on NH of pyrrole ring was obtained by N-alkylation which was

observed in the commercially available reagent such as Phikan083 (76, Figure 7), having restoring

capacity on p53 obtained from in silicon study 19,

)

(.

76

Figure 7. Structure of Phikan083 (76), mutant p53 restoring agent
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Aims of the thesis and work plan

Cancer and pathogenic diseases such as malaria are emergent health problems which cause
significant mortality in developed and developing countries. Drug development to overcome those
issues has been a concerned since the development of drug resistance of disease-causing agents like
resistant tumor cells and resistant pathogens. Secondary metabolites isolated from NPs provide an
array of unique molecular architectures and play a dominant role in the discovery of leads for
development of drugs for treatment of human diseases. Particularly, 83% anticancer approved drugs,
73% antibacterial approved drugs, and 90% antifungal approved drugs were either NPs based
thereon, or mimicked NPs in one form or another 5 1. Two alkaloid scaffolds containing an indole
moiety were within the scope of this thesis (1) quinazolinone alkaloids containing indolomethyl
pyrazino [1,2-b]quinazoline-3,6-dione and (2) carbazole alkaloids. From the first scaffold, neofiscalin
A (28), a complex chemical structure, showed a potent antibacterial activity against Staphylococcus
aureus and Enterococcus faecalis (MIC = 8 ug/mL)89. 73.197 even in multi-resistant clinical isolates.
This result disclosed by members of the Medicinal Chemistry and Natural Products group of CIIMAR
research centre of University of Porto influenced the work of this thesis towards the synthesis of fiscalin
B (26) and derivatives. While for the homologue fiscalin A (27) attempts toward the total synthesis
failed, procedures were available for the syntheses of simpler quinazolinones like glyantrypine (18),
fumiquinazoline F (19), or fiscalin B (26). This gave a very enthusiastic hint to explore the total

syntheses and biological activities of their derivatives.

Concerning carbazole alkaloids, these abundant metabolites from plants, have reactive functional
groups which are easily modified using a semi-synthetic approach. Some naturally-occurring
carbazole alkaloids from Clausena harmandiana, namely heptaphylline (57), 7-methoxyheptaphylline
(62), and 7-methoxymukonal (63) were available to perform molecular modifications. These molecules
contain in their structure’s aldehydes and hydroxyl groups. Chemical modifications to these molecules
have already been reported, and included alkylation of nitrogen’s indole 122, esterification 125, and
cyclization at hydroxyl groups in order to explore their biological activities. For example, heptaphylline
(57) showed cytotoxicity against tumor cell lines, and its oxime derivative, compound 68, showed an
excellent cell growth inhibitory effect against NCI-H187 cell line (ICso = 0.02 puM, 138 time stronger
than ellipticine standard)'25. On the other hand, Phikan083 (76, Figure 7), a small amino carbazole
molecule was disclosed to activate p53, by stabilizing the structure of the mutant p53 and increasing
the level of p53 in a wild-type conformation and activity. Based on the above considerations and in the
interest in discovering p53 activators'®, it was hypothesized that amino carbazole derivatives of 57,
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62, and 63 would give promising candidates for restoring p53 activity as well as tumor cell growth

inhibitors. Until now, to the best of our knowledge, the synthesis of amino carbazole from 57, 62, and

63 has never been attempted before.

Therefore, two mains objectives of this thesis were:

to synthesize a library of indolomethyl pyrazino [1,2-b]quinazoline-3,6-diones and explore their
biological activities,
to synthesize semi-synthetic analogues of natural-isolated heptaphylline (57) and analogues

and explore their biological activities.

The specific aims were:

to develop a library of quinazolinone alkaloids consisting of syn and anti analogues (using
one-pot three components microwave assisted and Mazurkiewicz-Ganesan methods) and
evaluated antitumor, antimicrobial, neuroprotective, and antimalarial activities also focusing
on the problem of drug resistance,

to develop a library of amino carbazole analogues using reductive amination reaction and
investigate their antitumor activity as well as p53 restoring activity.

to establish structure-activity relationship (SAR),

to separate enantiomers when useful for SAR studies,

to scale-up the synthesis of the most promising candidates.

The major findings of the thesis were divided in chapters corresponding to articles, briefly described

as bellow:

Chapter 2: a review on marine natural products with important role in circumventing multidrug

resistance to anticancer drugs 19.

Chapter 3: a research article on the antitumor activity investigation of quinazolinone alkaloids
based on marine natural products, which describes two synthetic approaches to obtain anti
and syn enantiomers and their evaluation of tumor cell growth and modulatory activity of P-
glycoprotein (P-gp) 200
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e Chapter 4: a research article on the synthesis of new proteomimetic quinazolinone alkaloids
and the evaluation of their neuroprotective and antitumor effects. The findings of this article
were the establishment of a cell growth inhibition structure-activity relationship (SAR) of
quinazolinone alkaloids and the confirmation that quinazolinone alkaloids have potential to

develop compounds with neuroprotective effects 201,

o Chapter 5: a research article on halogenated quinazolinone alkaloids with potent antibacterial
and antifungal activities. This article presents the halogenated quinazolinone alkaloids with
antibacterial and antifungal activities both in sensitive and resistant strains and allowed to
develop a SAR study for antibacterial activity. Also, the enantioselective effect of these

derivatives was emphasized with the 1S,4R-enantiomer being the active eutomer.

o Chapter 6: aresearch article on antimalarial activity of the library of quinazolinone derivatives.
This article describes, for the first time to the best of our knowledge, that quinazolinone
alkaloids containing an indolomethyl pyrazino [1,2-b]quinazoline-3,6-dione scaffold exhibit

antimalarial activity.

e Chapter 7: an unpublished work on the gram scale-up synthesis of synthetic fiscalin B (78)
and other promising derivative (99) using the one-pot three component microwave assisted

method. This finding highlights the increasing scope of the reaction.

e Chapter 8: a research article on the semi-synthesis of heptaphylline (57) and derivatives and
their restoration of p53 activity. This article highlights the selectivity of semi-synthetic

derivatives to inhibit cell growth on p53 mutant cell lines.

To accomplish these objectives, a working plan of this thesis was established as schematized in

Figure 8.
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Abstract: Multidrug resistance (MDR) to anticancer drugs is a serious health problem leading to
more failure of cancer treatments. ATP binding cassette (ABC) transporter such as P-glycoprotein
(P-gp) is responsible for MDR which leads to premature efflux of drugs from cancer cells. On the
other hand, a strategy to search for modulators from natural products to overcome MDR had been
set up in the last decades. However, nature limits the amount of some natural products which leads
to the development of synthetic strategies to increase their availabilities. This review summarizes
the research findings on marine natural products and derivatives mainly alkaloids, polyoxygenated
sterols, polyketides, terpenoids, diketopiperazines, and peptides with P-gp inhibitory activity
highlighting structure-activity relationships established. The synthetic pathways for the total
synthesis of the most promising members and analogs are also presented. It is expected that the

gathered data of the last decades concerning the synthesis and MDR-inhibiting activities will help
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medicinal chemists to develop potential drug candidates using marine natural products as models

which can deliver new ABC transporters inhibitor scaffolds.

Keywords: ABC transporters; P-glycoprotein modulators; marine natural products; multidrug

resistance (MDR); synthesis; structure activity relationship (SAR)

Molecules 2016, 21, 892; doi:10.3390/molecules21070892 www.mdpi.com/journal/molecules

1. Introduction

It is well known that cancer figures among the leading causes of morbidity and mortality [1].
Despite much advance in therapy, diagnosis, and prevention, cancer remains a deadly disease.
Although cancer consists of many different diseases, most of the disseminated cancers share a
common feature of not responding to available chemotherapies. The remorseless onset to resistance
to a wide variety of structurally and mechanistically unrelated anticancer drugs, known as
multidrug resistance (MDR), is the major obstacle for a successful therapy of human cancers [2]. This
eventually leads to cancer relapse and death. Some cancers such as gastrointestinal and renal cancers
are largely unresponsive to chemotherapy, i.e.; they have a high degree of intrinsic MDR, whereas
leukemias, lymphomas, ovarian, and breast cancers often respond to initial treatment, but acquire
MDR during the course of the disease [3]. MDR to anticancer drugs is therefore a serious health
problem that dramatically affects the efficacy of cancer treatment [4]. MDR is a phenomenon by
which cancer cells develop broad resistance to a wide variety of structurally and functionally
unrelated compounds which may arise from several mechanisms [5,6] including: i) decreased
cellular drug uptake, ii) activation of detoxifying enzymes, iii) alterations in the molecular targets of
the drugs, iv) defective apoptotic pathways and, v) increased drug efflux [6-9]. One of the most
prominent mechanisms of MDR to cytotoxic drugs is usually associated with the overexpression of
ATP-binding cassette (ABC)-transporter proteins in the tumor cells. Due to the increased efflux out
of cells, these pumps can lead to a reduced cellular accumulation of anticancer drugs. These proteins
mediate MDR not only in drug entry, but also in drug sequestration by lysosomes, phase III
metabolism, mechanisms activated after nuclear entry, apoptosis, microenvironment, and signal
transduction pathways that lead to the overexpression of genes that codify these ABC transporters

[10]. Such proteins belong to a large family of 49 genes, classified in seven subfamilies (A-G), with
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several transporters involved in MDR [11]. These include P-glycoprotein (P-gp or ABCBI),
multidrug resistance associated proteins 1-6 (MRP1-6 or ABCC1-6), and breast cancer resistance
protein (BCRP or ABCG2) [12]. P-gp is the best characterized efflux pump mediating MDR due to
its broadest substrate specificity and widest tissue and organ distribution. This 170 kDa glycoprotein
acts as a drug efflux pump for a wide variety of anticancer agents such as anthracyclines and
epidodophyllotoxins, thus limiting their bioavailability and activity. P-gp is encoded by the human
MDR-1 gene, which is located at chromosome 7. It contains 1280 amino acids, arranged in two halves,
each encompassing a transmembrane domain (TMD) which spans the membrane and an

intracellular nucleotide-binding domain (NBD) [13,14].

Several studies have already correlated P-gp expression with resistance to chemotherapeutic
drugs, particularly in leukemia cells [15]. Furthermore, down-regulation of P-gp expression was
shown to sensitize several tumor-resistant cell lines to chemotherapeutic drugs. Indeed, the use of
antisense or rybozyme targeting MDR-1 gene has led to the sensitization of acute myeloid leukemia
(AML), ovarian, colon, and breast cancer cells to doxorubicin as well as to increase the sensitivity of

chronic and AML cells to daunorubicin [16,17].

It was found that P-gp could be expressed in Chinese hamster ovary cells, selected for colchicine
resistance, almost 40 years ago, and since then there has been an ongoing effort to develop therapies
that could either block or inactivate this transporter to increase the concentration of anticancer drugs
within cells [18]. First generation of P-gp inhibitors referred to drugs already in clinical use or under
investigation for therapeutic ability e.g. verapamil, quinidine, and cyclosporine A [19]. However,
most of the first generation P-gp inhibitors were found to lack selectivity for P-gp and being
substrates for other transporters and enzyme systems; this promiscuity resulted in unpredictable
pharmacokinetic interactions in the presence of anticancer drugs [20]. Moreover, low affinity for P-
gp, associated with the original therapeutic activity, required the use of high doses which resulted
in unacceptable toxicity [6,21]. Second generation of P-gp inhibitors were developed, based on the
selective optimization of side activity (SOSA) approach, to increase the potency and reduce toxicity,
many of which were single enantiomers of the first generation drugs. An example of these is
dexverapamil which is an R-enantiomer of verapamil. Interestingly, many of the second generation
P-gp inhibitors such as valspodar (PSC-833), elacridar (GF 120918), and biricodar, also entered
clinical trials [6]. Although some of the second generation inhibitors showed better pharmacological
profiles in clinical trials, they still had limited use as P-gp modulators since most of them were found
to be substrates of cytochrome P450 3A, thus interfering with the metabolism and excretion of co-
administered chemotherapeutic agents [22]. The third generation of P-gp inhibitors, which exhibited

P-gp inhibitory activity at nanomolar concentrations, were developed to overcome the referred
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problems through quantitative structure-activity relationships (QSAR) studies and combinatorial
chemistry approaches [23]. Since the third generation of inhibitors that entered clinical trials did not
interfere with cytochrome P450 3A4, they did not reveal any interference with pharmacokinetics of
anticancer drugs [24]. One of the most popular third generation P-gp inhibitors is tariquidar,
however, its phase I1I studies on non-small cell lung cancer patients were terminated due to its high
toxicity [25]. The same unwanted results were observed with other third generation inhibitors like
zosuquidar, elacridar, laniquidar, and ontogeny [20,26]. Although phase I and II trials were
performed with some third generation P-gp inhibitors, an emerging consensus, in 2010, was that P-
gp should be taken off the list of druggable targets due to the failure of zosuquidar clinical benefits
in phase III clinical trials [27]. Until now, the existing P-gp inhibitors have demonstrated limited
clinical success due to their limitations in potency and specificity and also to their interactions with
anticancer drugs. Moreover, QSAR and docking studies also could not produce promising hits or
leads for safe and effective compounds. As there is a permanent need to identify and validate new

antitumor agents, with novel mechanisms of action, more efficient P-gp inhibitors are needed.

Recently, there has been a proposal of a new generation of ABC’s inhibitors which focused
on natural products and natural products mimics [28-30], peptidomimetics [31], surfactants and
lipids [32], and dual ligands [20]. While the traditional sources of terrestrial plants and microbes will
undoubtedly continue to yield valuable new bioactive agents, it is even more important to explore
all available pools of molecular diversity. This strategy to seek out new ecosystems for
bioprospecting brings with it the opportunity to discover unprecedented molecular structures, with
bioactivities unencumbered by known (and evolving) mechanisms of drug resistance [33]. Marine
natural products are one of the most interesting targets for global drug discovery since they not only
possess structural and chemical uniqueness but also represent novel scaffolds for drug development
[34]. Marine natural products have also been studied and tested alongside with synthetic
compounds as ABC transporters inhibitors [29,35-38]. The development of anticancer drugs from
marine compounds is one of the most promising approaches in drug discovery with therapeutic
agents in clinical practice, such as the anticancer trabectedin [37]. Recently, marine natural products
and their analogs with antitumor activity have been developed, and many of them have shown also
ability for ABC modulation. Thus, marine natural products are revealing an interesting potential in
this field not only for the possibility of being used in combination with other anticancer drugs but
also as dual inhibitors of tumor cell growth and P-gp. Thus, they could be of value in the rational

design of analogs with high potential and reduced pharmacokinetic interactions.

There are already several reviews which highlighted the importance of marine natural

products in cancer and, in particular, as P-gp modulators [29,35,39-43]. However, this review aims
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to describe not only the effects of the most valuable scaffolds from marine natural products and
analogs in overcoming MDR but also their synthetic pathways. These data along with structure-
activity relationship herein described could serve to guide medicinal chemists in pursuing

innovative inhibitors of ABC transporters using marine natural products as models.
2. Marine natural products and derivatives as inhibitors of ABC transporters

2.1. Terpenoids

2.1.1. Sipholane triterpenoids and derivatives

Sipholane triterpenes are compounds that contain a perhydrobenzoxepin (rings A and B)
and a [5, 3, O]bicyclodecane ring systems (rings C and D) linked together by an ethylene group
(Figure 1). This class of triterpenes consists of sipholenol A (1), sipholenone E (2), sipholenol L (3),
and siphonellinol D (4), isolated from the Red Sea sponge Callyspongia siphonella [44,45], and
semisynthetic derivatives of sipholenol A such as sipholenol A-4-O-acetate (5), sipholenol A-4-O-
isonicotinate (6) [39], sipholenol A-4-O-3’,4’-dichlorobenzoate (7) [46], sipholenol A 4-O-4’-
chlorobenzoate (8), and 19,20-anhydrosipholenol A 4-O-4’-chlorobenzoate (9) [47] that were
synthesized using a ligand-based design approach. Natural and semisynthetic siphonane
triterpenoids were shown to reverse MDR activities (1-6), and antimigratory and antiproliferative
activities in breast cancer cell lines (7-9). Sipholenol A (1) showed to be potent in reversing MDR KB-
C2 [48] and KB-V1 tumor cells with overexpressed P-gp, in a concentration-dependent manner.
Compound 1 also inhibited P-gp-mediated drug efflux and did not alter the expression of P-gp after
treatment in KB-C2 and KB-V1 cells. This compound stimulated the activity of ATPase, and also
inhibited the photo-labeling transporter with ['*I]-iodoarylazidoprazosin [44]. From SAR studies
(Figure 1), it was demonstrated that substitution of the methyl group on C-15 by carbonyl or alcohol
reduced the MDR-inhibitory activity, while changing from a hydroxyl to a ketone function at C-4
also reduced the activity [48]. Compounds 2, 3, and 4 also enhanced the cytotoxicity of several P-gp
substrates including colchicine, vinblastine, and paclitaxel, and reversed the MDR-phenotype in P-
gp-overexpressing MDR KB-C2 tumor cells, in a dose-dependent manner [45]. Compound 2 was
reported as a better P-gp inhibitor than 1 in KB-3-1 and KB-C2 cell lines [49], while 3 and 4 also
showed a reversal of MDR in the same tumor cells but did not reveal the effect on cells lacking P-gp

expression or expressing MRP1, MRP7, or BCRP transporters [36,45,49].

The semisynthetic esters 5 and 6 were found to strongly reverse P-gp (ABCB1)-mediated MDR,
however they showed no effect on MRP1/ABCC1 and BCRP/ABCG2-mediated MDR. These analogs

increased the intracellular accumulation of paclitaxel through inhibition of its active efflux, and re-
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sensitized cells that have developed drug-resistance to doxorubicin and paclitaxel. These two
compounds stimulated more intensively the ATPase activity of P-gp membranes than 2, 3, and 4. In
silico molecular docking study, by the inspection of the virtual binding modes of compounds 5 and
6 into human homology model of P-gp, revealed that both compounds were overlapped but with
different molecular orientation of ester substituents. Their strong affinity and specificity to P-gp
expressing efflux protein indicated that compounds 5 and 6 may represent a potential reversal agent

for treatment of MDR cancers [39].

26 25 .-, -OH } increases activity

-C=0 ’decreases activity

aR2,/ -Me increases activity 2
1 R,;=0H, R, =Me -CHO decreases activity

-CH,OH / dcreases activity

Figure 1. Structures of sipholane triterpenes 1-4 and their analogs 5-9. Dashed circles indicate SAR studies

performed for MDR activities.
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In scheme 1, the synthesis of the ester analogs 8 and 9 is described to highlight the strategy

involved (using a ligand-based design approach).

19,20-anhydrosipholenol A

Scheme 1. The semi-synthesis transformation of sipholenol A (1) into analogs 8 and 9. Reagents and conditions:
1) acid anhydride, MDAP, anhydrous CH2Clz; 2) p-toluenesulfonic acid, CHCls; 3) acid anhydride, MDAP,
anhydrous CH2Cl..

2.1.2. Parguerenes and derivatives

Parguerenes I (10) and II (11) (Figure 2) are bromoditerpenes, isolated from the Australian red
alga, Laurencia filiformis [50]. Other brominated diterpenes of the parguerenes and isoparguerenes
were isolated from red alga Jania rubens were reported to have antitumor, anthelmintic and
antimicrobial activities [51]. Parguerene derivaties have cytotoxic activity on P388 and HelLa cells
due to an acetoxy group at C-2 and a bromine at C-15 [52]. Compounds 10 and 11 were non-cytotoxic
and dose-dependent inhibitors of P-gp mediated drug efflux of verapamil and cyclosporine A. It
was also reported that 10 and 11 are capable of reversing P-gp mediated vinblastine, doxorubicin,
and paclitaxel in cells overexpressing both P-gp (SW620/ADV300, CEM/VLB100, and
HEK93/ABCB1) and MRP1 (2008/MRP1), in a dose-dependent manner. However, their inhibitory

effect did not extend to BCRP. Compounds 10 and 11 interact with P-gp by disturbing the
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extracellular antibody binding epitope of P-gp differently from existing P-gp inhibitors [53].
Therefore, the use of this scaffold as a model for the synthesis of new MDR reversal agents could be

of value. To the best of our knowledge, the synthesis of parguerenes has not yet been reported.

...-nllB

ACO/,,"
8
“1Onc
18
R 10 R=OH
11 R= OAc

Figure 2. The structures of parguerene I (10) and II (11).

2.2. Sterols
2.2.1. Agosterol and derivatives

Agosterol A (12, Figure 3), a polyhydroxylated sterol acetate isolated from the marine sponge
Spongia sp.[54], was found to completely reverse MDR to colchicine in human carcinoma cells KB-
C2 and to vincristine in KB-CV60 (overexpressing MRP1) [55]. Compound 12 was reported to have
a dual effect on MRP1 function by reducing MRP1-mediated [*H]-LTC4 and enhancing the
accumulation of [3H]-vincristine in KB/MRP cells to the control levels. It also enhances the ATP-
dependent efflux and reduces glutathione intracellular concentration [56]. Therefore, 12 has
inhibitory effects on both P-gp and MRP1. The effect of analogs of 12, including agosterol B, C, A4,
D2, A5 and C6, on MDR in tumor cells was also investigated. Agosterol C was found to be
proteasome inhibitor [57]. From the SAR studies, it was possible to infer that the acetoxy groups on
C-3, C-4, and C-6, and the hydroxyl groups on C-11 and C-12 were crucial for MDR reversal activity
for binding to the C-terminal of MRP1 (Figure 3) [58,59]. 4-Deacetoxyagostrol A (13) showed a

similar MDR-modulating activity against KB CV-60 cell overexpressing MRP [60].
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Figure 3. Structure of agosterol A (12) and 4-deacetoxyagosterol A (13). Dashed circles indicate the groups

essential for reversing MDR activity.

The first synthesis of 12 from ergosterol, through 23 steps with 3.5% yield, by utilizing
regioselective epoxy-cleavage and regioselective dehydroxylation as key reactions was reported in
2001 [61]. The synthetic pathway started with the oxidative cleavage of the C-22/C-23 double bond
of ergosterol to introduce a hydroxyl group to C-22, followed by a regioselective reductive epoxy-
cleavage of 9a, 11a-epoxide to form an 11a-hydroxyl group. The next step was the introduction of a
C-3/C-4 double bond which, after a selective dehydroxylation, afforded 3(3,43-dihydroxyl groups.
Finally, a differential removal of the protecting group and acetylation afforded 12 (Scheme 2).
Compound 13 was also synthesized from ergosterol by reductive regioselective epoxy-cleavage

reaction similar to that of 12 [60].
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Scheme 2. The synthetic pathway of agosterol A (12). Reagents and conditions: 1)MOMCI, iPraNEt, CH2Cl; 2)
phthalhydrazide, Pb(OAc)s, CH:Cl,, AcOH, two steps; 3) OsCH:Cly, pyridine, then Me:S; 4) 3-
methylbutylmasgnsium bromide, THF, two steps; 5) TMAD, PMes, p-OCHsBzOH, THF; 6) LiAlHs, THF; 7) (S)-
(-)-MTPA[(R)-(+)-MTPA], EDCLHCI, DMAP, CH:Cly; 8)TBSOT{, 2,6-lutidine, DMF-CH:Clz; 9) Hg(OAc),
EtOH/CHCls/AcOH; 10) 4-phenyl-1,2,4-triazoline-3,5-dione, CH2Clz; 11) mCPBA, CHCls; 12) LiAlHs, THF; 13)
TBSOTH, 2,6-lutidine, toluene; 14) Fe(CO)s, 1-(4-methyoxyphenyl)-4-pheynyl-1-azabuta-(E,E)-1,3-diene, PhCHs;
15) MgBr2>-Et20, Me2S, CH2Cl; 16) TsCl, pyridine, quant.; 17) DBN, PhH, quant.; 18) OsO4, pyridine, then aq.
NaHSOs; 19) TESOTH, pyridine, quant.; 20) MesNO, PhH; 21) BHsMe:S, THF, then H20:, aq. NaOH; 22) TBAF,
THEF; 23) Ac20, pyridine; HF, pyridine, THF.

2.2.2. Polyoxygenated steroids and derivatives

A number of polyoxygenated steroids has been isolated from gorgonians (Isis hippuris [62] and
Leptogorgia sarmentosa [63]), soft corals (Sarcophyton sp. [64] and Sinularia sp. [65]), echinoderms, and
sponges [62]. Interestingly, all the polyoxygenated steroids investigated for antitumor [66],

antibacterial [64], antifungal [64], and reversing MDR [62] activities contain the characteristic

54 |Page



3B,5a,6p-hydroxyl moiety. Among these derivatives are a spiroketal hippurinstanol (14),
hippuristerone (15) which possesses a 3-keto group, and cyclopropane containing gorgosterols (16-
20) (Figure 4) [62,64]. Polyoxygenated steroids 14-20 also differ in the side chains. Some of them (16-
20) have been tested against KB-C2 overexpressing P-gp cells and showed moderate activity at the
concentration of 3 pM by inhibiting the growth of this resistance cell line. Compounds 17 and 18

were the most potent against KB-C2 cells [62].

Semi-synthetics of 3,16,20-polyoxygenated cholestanes, namely (205)-hydroxycholestane-3,6-
dione (21), (16S,205)-dihydroxycholestan-3-one (22), (205)-hydroxycholest-1-ene-3,16-dione (23),
and (205)-hydroxycholest-4-ene-3,16-dione (24) were tested for cytotoxicity against three tumor cell
lines, i.e. human breast adenocarcinoma (MCF7), human small-cell lung carcinoma (NCI-H187), and
human epidermoid carcinoma of cavity (KB). Compounds 23 and 24 showed strong activity against
NCI-H187, and moderate activity against MCF-7 and KB, while compound 21 did not show any
activity [63]. Although no MDR-reversal activities were described, these compounds provided a
promising synthetic approach for natural polyoxygenated steroids. The synthesis of these four
analogs, 21-24, was conducted through four reaction steps, using-tigogenin as a starting material, as
shown in Scheme 3. The synthetic pathway started with the transformation of a spiroketal
functionality of tigogenin to a keto ester using the method previously described by Micovic et al. and
modified by Fushs et al. [67]. The keto ester I was then transformed to a trihydroxyl intermediate II
by Grignard reagent which, after oxidation, gave compounds 21 and 22. Dehydrogenation of 21 then
afforded 23 and 24 [63]. In addition, the introduction of epoxidation and dihydroxylation in suitable
positions of steroid nucleus containing oxygenated functions was reported by using transition metal-
based oxidants such as methyltrioxorhenium-hydrogen peroxide system, ruthenium tetraoxide,

osmium tetraoxide, and potassium permanganate [68].

2.3. Polyketides
2.3.1. Bryostatin and derivatives

Bryostatins are highly oxygenated marine macrolides with a polyacetate backbone [69], and
more than 20 analogs have been isolated from the marine bryozoans Bugula neritina and Amathia
convuluta [70]. Most of bryostatins possess antineoplastic activity in many cancer systems like M5076
sarcoma, L10AB cell, and mouse lymphogenous metastatic model SCID. Bryostatin 1 (25, Figure 5)
was reported to down-regulate MDR-1 and BCL-2, but up-regulates BAX (induction of apoptosis)
[71,72]. Spitaler et al. reported that 25 interacted with the mutated MDR-1-V185 and the wild-type
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MDR-1-G185, but reversed MDR and inhibited drug efflux only in P-gp-V185 mutants [72]. The
mechanism of regulating MDR for 25 was also reported as protein kinase C (PKC) independent, and
it seems to interact directly with MDR-1 encoded P-gp [73]. However, in human breast cancer cell
line (MCEF-7), 25 only decreases P-gp phosphorylation after 24 h treatment in a concentration of 100
nM but did not affect P-gp function in the intracellular accumulation of [3H]-vinblastine and

rhodamine 123 [74].
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Figure 4. The structures of polyoxygenated steroids 14-20, and SAR for polyoxygenated steroids with

antitumor activity in overexpressing P-gp cells.
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Scheme 3. The synthesis of 3, 16, 20-polyoxygenated steroids 21-24. Reagents and conditions: 1) i. NH4Cl,
pyridine, AcOH; ii. CrOs, AcOH, H20, (CH2Cl2)2; 2) 4-methylpenthylmagnesiumbromide, THF; 3) PCC, NaOAc,

CH2Cly; (4) Ph2Se2, m-iodomybenzoic acid, toluene, reflux.

It was found that C-1 to C-9 segment of bryostatins is suitable for both synthetic and biological
investigation, and this segment was prepared from an inexpensive and easily accessible compound
2,2-dimethyl-8-oxabicyclo[3,2,1]oct-6-en-3-one [69]. Merle 23 (26, Figure 5), is a synthetic analog of
bryostatin and whose structure differs from that of bryostatin 1 (25) in four positions of the space
domain fragment (Figure 5). Interestingly, merle 23 (26) showed a behavior of a phorbol ester and
not of bryostatin in human prostate cancer cell line (LNCaP), and this finding provided a powerful

tool to dissect bryostatins mechanisms and responses [75,76].

The synthesis of bryostatin analog 27 (Scheme 4.a) without ring A and with simplified ring B
was carried out by a convergent esterification-macrotransacetalization procedure to couple the
recognition (C-17-C-27) and the spacer (C-1-C-16) domain fragments (Figure 5) [70]. The synthetic
pathway involves an allylation of an appropriate alcohol I to give the ether intermediate IL
Hydroboration of the ether intermediate II, followed by oxidation gave the appropriate aldehyde

ITI, which was then subjected to an oxidative cleavage reaction to furnish the spacer domain. The
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Yamanguchi’s esterification was used to produce the next intermediate IV, after which
macrotranscetalization and deblocking of C-26 alcohol were accomplished to yield bryostatin analog

27 in 11 steps (Scheme 4.a) [77].

» Spacer domaing
fragment

Recognition domain,_ "'y

fragment

Bryostatin 1 A B 25

Figure 5. The structures of bryostatin 1 (25) and merle 23 (26).

Trost et al. reported the synthesis of the bryostatin analog 28 with cross-metathesis approach at C-
16-C-17 bond using ruthenium and palladium coupling methodologies for the synthesis of B- and
C-rings [78,79]. The synthetic pathway of the spacer domain started from (R)-pantolactone and a
protected alcohol to produce the intermediate V. The coupling of the intermediate V with an alkyne
afforded B-ring pyran. The A-ring ketal was formed by deprotection and cyclization reactions, and
the spacer domain VI was formed by deprotection, oxidation, and olefination (Scheme 4.b). The C-
ring fragment was prepared from a lactonized sugar using Roy’s approach [80], and the recognized
domain VII was obtained as described in Scheme 4.c. Finally, a Shiina esterification was used to join

VI and VII to give 28 with 36% yield [79].

2.3.2. Discodermolide

Discodermolide (29, Figure 6) is a polyketide found in the marine sponge Discodermia dissoluta.
This marine product was reported to have a mechanism of action similar to that of taxol, i.e. by
blocking the cell cycle at G2/M checkpoint and inducing apoptosis against several cancer cell lines

and against taxol-resistant cells.
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MeO,C

(c)

Scheme 4. Synthesis of the methyl bryostatin 1 analogs 27 and 28. Reagents and conditions: (a) 1) NaH,
allybromide, THF, rt; 2) Dess-Martin periodinene, CH2Cly, rt; 3) t-BuLi, Et20, -78°C, (1:1 mixture of diastereomer
which can be recycled: Dess-Martin periodinane, CH2Clz, rt, then NaBHs, CeCls.7H20, -40°C; 4) -BuOH,
allybromide, THF, rt; 5) 9-BBN, THF, 66°C, then NaOH, H202; 6) Dess-Martin periodinane, CH2Cl, rt; 7) (-)-
(Ipc)BOMe, allylmagnesium bromide, CH2Clz, -78°C to rt; 8) TBSCl, imidazole, THF, rt; 9) catalytic KMnOs,
NalOs, rt; 10) 2,4,6-trichlorobenzoylchloride, EtsN, DMAP, CH:Cly, rt; 11) HF.pyridine, CHsCN, rt; 12)
Ambertyst-15 resin, CH2Cly, rt; 13) Pd(OH)2, Hz, EtOAc, 1latm.
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Biological activities of 29 include immunosuppressive properties, antiproliferative and antimitotic
properties, potent inducer of accelerated cell senescence, neuroprotective agent, and promote
tubulin assembly [81-84]. In addition, 29 was also found to decrease the MDR to taxol in paclitaxel-

resistant colon carcinoma (SW60AD-300) and MDR ovarian carcinoma (A2780Ad) [85].

Figure 6. Structure of discodermolide (29) with highlighted subunits A, B, and C.

The strategy to synthesize (+)-discodermolide (29) and its analogs was achieved by preparing
the three subunits: A (C-15-C-24), B (C-8-C-14), and C (C-1-C-7). The synthetic pathway was
designed by two key disconnection points at C-7-C-8 and C-14-C-15 with the two Z double bonds at
C-8-C-9 and C-13-C-14 being pivotal in this strategy. Formation of the C-7-C-8 bond was envisaged
through an acetylide addition/reduction sequence, whereas formation of the C-14-C-15 linkage was
accomplished by a Pd-catalyzed C(sp?)-C(sp?) cross-coupling reaction [86]. Subunit B was prepared
in two main stages: a crotyl-titanation reaction for the installation of the stereotriad and a dyotropic
rearrangement to build a Z-double bond I (Scheme 5.a). The synthesis of subunit A started with the
preparation of the C-16-C-18 syn-syn stereotriad II, planned by means of a substrate-based
crotylation reaction under Keck’s conditions (Scheme 5.b). The third building block, C-1-C-7 subunit
C, incorporates four stereocenters. The approach started with standard Brown crotylation of
aldehyde to afford syn-anti homoallylic alcohol III. Then, the a,-unsaturated Weinreb amide was
obtained through a classical Horner-Wadsworth-Emmons olefination. Finally, reaction of amide IV
with benzaldehyde yielded subunit C (Scheme 5.c). The assembly of the three subunits by cross-
coupling reaction and deprotection were the last steps to afford 29. Recently, (+)-discodermolide (29)
was synthesized by catalytic stereoselective diene hydroboration, and a strategy for alkylation of

chiral enolate reaction was established through 36 steps with 13% yield [87].
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Scheme 5. Total synthesis of subunits A, B, and C of (+)-discodermolide (29). Reactions and conditions: (a) 1)
t-BuLi, Me2CulLi, LiCN, Et20/DMS then n-BusSnCl; 2) TEMPO, BAIB; (b) 1) TBSOTT, 2,6-lutidine, Os, sudan III
then DMS; 2) TBSOTH{, 2,6-lutidine, 3) Ni(acac)z, (CH2=CH4)Sn, MeLi; (4) DDQ, CH2Cl2/H20, I, PPhs; (c) 1)
TBSCI, imide, DIBAL-H, CH2Clz, (COCl)2, DMSO; 3) Os, sudan III, (EtO)P(O)CH2C(O)NMe, NaH; (4) PhCHO,
KHMDS.

2.3.3. Halicondrin B and derivatives

The macrolide halichondrin B (30, Figure 7), a polyether isolated from the marine sponge
Halichondria okadai, exhibited both in vitro and in vivo antitumor activity [88]. However, the very
limited obtainability impairs this marine natural product for its therapeutic application [89]. Eribulin
mesylate (E7389, or Halaven®, 31), a synthetic analog of 30, was approved in 2010 by FDA for the
treatment of locally advanced and metastatic breast cancer by inhibiting the microtubules [89,90],
and was reported as a P-gp substrate [91]. The structure of 31 (Figure 7) is complex, containing
several oxygen heterocycles, two exocyclic methylene groups, a ketal group, and a pyran ring with
trans ring junction, along with 15 stereogenic centers. Several molecular modifications of 31 have
been performed, and SAR studies with semi-synthetic analogs revealed that the substituent on C-32

of 31 plays an important role in the P-gp mediated drug efflux. The presence of an amine function
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in the substituents on C-32 in the analogs 32-35 led to a low susceptibility to P-gp-mediated drug
efflux, and compounds 32-35 were active against MDR tumor cell line in vitro and in xenograft
models in vivo [43,91]. Furthermore, treatment with eribulin in pretreated metastatic breast cancer

patients was confirmed as feasible and safe in the real-world patients [92].

Menn:
32 33
F A~ o] OMe
TN iy
34 35

Figure 7. The structure of halichondrin B (30), eribulin (31), and the analogs 32-35.

Different methods for the synthesis; to obtain milligram to gram amounts of 31 have been
reported [75,93]. Generally, the synthetic pathway of 31 consists of preparation of two fragments, i.e.
C-1-C-13 and C-14-C-26, as described by Kishi’s group in 1992, and one key fragment (C-27 to C-
35). The final assembly strategy is accomplished by the coupling reaction depicted in Scheme 6
[90,93].
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2.4. Alkaloids
2.4.1. Lamellarins and derivatives

Lamellarins are a group of polycyclic pyrrole-containing alkaloids possessing a common 14-
phenyl-6H-[1]-benzopyrano[4’,3’,3,5]pyrrolo-[2,1-a]isoquinoline ring system [94]. Lamellarins were
isolated from many marine organisms such as prosobranch mollusk (Lamellaria sp.) [35,95], ascidian
(Daphniphyllum chartaceum), sponge (Dendrilla cactos), and unidentified ascidians [35]. More than 50
lamellarins have been described and mainly differ in the number and position of hydroxyl and
methoxy groups on the common chromenoindoles I scaffold (Figure 8) [96]. Some lamellarins
possess interesting biological activities e.g. lamellarin L (36) which exhibited cytotoxicity against
P388 and A549 cancer cell lines [97], lamellarin D (37) which is also an inhibitor of topoisomerase I-
targeted antitumor agents and an antiproliferative agent [96,98] and the immunomodulating
lamellarin a-20 sulfate which inhibits also HIV [99]. Lamellarin I (38) was the most potent polycyclic
pyrrole-containing alkaloid described as a MDR modulator. Methoxy-derivatives of lamellarin D
(37), lamellarin K (39), and lamellarin N (40) (Figure 8), exhibit not only potent cytotoxicity against
MDR cancer cell lines but also reverse their MDR at non-cytotoxic concentration [100,101].
Compound 38 was 16 folds more sensitive than verapamil in doxorubicin-resistant Lo Vo/Dx cell
line, and it increased the cytotoxicity of doxorubin, vinblastine, and daunorubicine in MDR cells
because it directly inhibited P-gp pump function and increased drug accumulation in the cells [102].
Lamellarin O (41) is relevant as a multiple P-gp, BCRP, and MRP1 inhibitor [96], but synthetic
analogs of 41, designed by QSAR studies and incorporating the methoxyacetophenone moiety unit,
did not show BCRP inhibitory activity [103]. This study also allowed to establish some SAR features:
bromo or mono-/dimethyl substituents on the indole moiety (Rz) in lamellarin O (41) lead to a

decrease in the BCRP inhibitory activity [103] (Figure 8).

The structures of lamellarins are categorized into three types (Figure 8) — type I-a (lamellarin D,
37), type I-b (lamellarin L, 36), and type II [lamellarins O (41), R (42), Q (43)]. The syntheses of these

derivatives are illustrated by types as presented in the next subsections.

A total synthesis of a type-II lamellarins was described by Furstner in 1995. It was the first
characterized pathway by a non-fused pyrrole moiety. The synthetic pathways started with the
Sheffer-Weitz-epoxidation of an enone I, as depicted in Scheme 7.a, followed by a Lewis acid-
mediated rearrangement and condensation with hydroxylamine to afford the corresponding
isoxazole II. Cleavage of the N-O bond, condensation, and McMurry cyclization were the
subsequent steps to yield lamellarin O dimethyl ester (Scheme 7.a) [104]. Another alternative for

type-II lamellarin synthesis was performed by cross-coupling using Stille, Suzuki or Negishi
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reactions which was described by Banwell et al. in 1997. In this process, the pyrrole was protected to
form the intermediate which was suitable to afford dibromopyrrole 2-carboxylate. N-desilylation
and cross-coupling with aryl stannane produced the coupling product which was subjected to N-
alkylation, followed by desilylation to provide 41 with high yield of 45% in six steps (Scheme 7.b)
[105]. The strategy of Banwell was employed by Alvarez et al. with variations on solid phase
chemistry and gave lamellarin 43 (in 13% yield), and lamellarin 41 which could not be isolated [106].
In 2008, Iwao et al. used the Suzuki-Miyaura cross-coupling approach, used by Banwell, to synthesize
type II lamellarins, yielding compounds 43, 41, and lamellarin P (44) in 7, 11, and 12% respectively,
over eight steps [107]. Therefore, increasing the steps of reaction did not increase the reaction yield.
Boger et al. described the synthesis of lamellarin 41 using an azadiene Diels-Alder reaction named
as 1,2,4,5-tetrazine-1,2-diazine-pyrrole transformation with the overall yield of 34% within seven
steps [108]. The pyrrole moiety was assembled by a [4+2] cycloaddition/cycloreversion reaction,
followed by a reductive ring transformation. They started by forming the acetylenic precursor using
Sonogashira-coupling from aryl acetylene and aryl iodide, followed by the cycloaddition of this
precursor to give 1,2-diazine which was then subjected to a reductive ring contraction and N-
alkylation. Selective hydrolysis of the symmetrical diester provided the monoacid. The subsequent
hydrogenolysis afforded lamellarin 41 (Scheme 7.c) [108]. In 2012, Vazquez et al. used the Paal-Knorr

pyrrole synthesis to synthesize 41 in 25% yield in seven steps, and 43 in 28% yield in six steps [94].
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Figure 8. The scaffold of lamellarins and their representatives 36-44. SAR studies for lamellarin D (37) and

lamellarin O (41) regarding antitumor activity on BCRP overexpressing cells.

The synthesis of lamellarins type I-a was performed via different approaches such as the

halogenation and cross-coupling reaction, N-ylide-mediated pyrrole ring formation, and other

miscellaneous approaches. Lamellarin D (37) was synthesized by Alverz et al., starting from the

pyrrole ester. The A and B subunits of 37 were established by N-alkylation of pyrrole ester by Baeyer-

Villiger oxidation, palladium-catalyzed Heck-type cyclization, followed by a regioselective

bromination, providing the tricyclic building block which was subjected to Suzuki-Miyaura cross-

coupling sequence O-isopropylation of the phenolic group and to a second bromination-Suzuki

cross-coupling sequence. Introduction of a 5, 6-double bond was accomplished by oxidation.
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Scheme 7. Synthesis of lamellarin O (41) and lamellarins type II. Reagents and conditions: (a) 1) H202, NaOH,
EtOH/H:0; 2) BFs.Et20, EtO, reflux, then NH2OH.HCI, reflux, pyridine, EtOH; 3) H:, Pd/C, THF; 4)
CICOCO:Me, pyridine, THF; 5) Ti-graphide (TiCl:CsK=1:2), DME, reflux; p-MeO-CsHs«COCH:Br, K2COs,
acetone, reflux; (b) 1) NBS (3 eq), THF; 2) PhLi (1 eq), then CICO:2Me (1.05 eq); 3) Pd(PPhs)2Cl2 (10 mol%), 1,4-
dioxane, p-TBOMSO-CsHes-SnMes (2 eq); 4) BusNF (1.1 eq), THF, then 0.5 M HCl; 5) BusNF (1.1 eq), THF then
0.5 M HCL; 6) PPd(PPhs)2Cl2 (10 mol%), 1,4-dioxane, p-TBOMSO-CsHe-SnMes (2 eq); 7) p-MeO-C4sHs-COBr (3
eq), K2CO:s (5 eq), BusNCl (20 mol%), THF; 8) BusNF (1.1 eq), THEF, then 0.5 M HCI; (c) 1) Pd(PPs3)2Cl2 (3 mol%),
Cul (6 mol%), EtsN; 2) dimethyl 1,2,4,5-tetrazine-3,6-dicarboxylate, toluene, reflux; 3) Zn, HOAc; 4) p-MeO-
CsHe-COBr, K2COs, DMF; 5) LiOH, THF/CHsOH/H:0 (3:2:1); 6) TFA, CH2Cl2; 7) H2,Pd/C (0.1 wt%), EtOH.
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Finally, cleavage of isopropyl esters, followed by acidic lactonization, afforded 37 in 3% yield, over
16 steps (simplified in Scheme 8.a) [109]. In the same year, Pla et al. reported a sequential and
regioselective bromination/Suzuki cross-coupling reaction to introduce the aryl group at position 1
of methyl 5,6-dihydropyrrolo[2,1-alisoquinoline-2-carboylate, with the combination of microwave-
assisted 2,3-dichloro-5,6-dicynobenzoquinone (DDQ) oxidation, followed by phenol deprotection
and lactonization to give 37 in the 18% yield in 8 steps reaction [109]. Iwao et al. also reported the
synthesis of 36, 37, and 40 in 19%, 18%, and 16% yields over 11, 12, and 12 steps, respectively. They
started from isopropyl-protected isovanillin and applied a nitroaldol condensation, a N-dialkylation

and Hinsberg pyrrole cyclization reactions (Scheme 8.b) [110].

50 HO: :
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0-iPr MeO B(OH),

O-iPr
36, 37, 38
(b) OMe

Scheme 8. Synthesis of lamellarin D (37). Reagents and conditions: (a) 1) PdClz(PPhs)2, PPhs, K2COs, NaH,
DMEF,; 2) PdCl2(PPhs)z, K2COs, DMF; 3) NBS, THF; 4) DDQ, CHCls, MW, AlCls, CH2Cl; 5) NaH, THF; (b) 1)
Pd(PPhs)s, THF, reflux; 2) KOH-EtOH, reflux, then p-TsOH, CH2Cly, reflux; 3) Cu20, quinolone; 4) Pd(OAc)z,
CHsCN, reflux; 5) BCls, CH2Clo.

In 2001, Diaz et al. constructed the pyrrole core in [3+2]-cycloaddition of nitrone to synthesize 38

and 39 (Scheme 9). The N-oxides were prepared in moderate yields by reduction of 3,4-dihydro-1-
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benzylisoquinolines, followed by disodium tungstate-catalyzed oxidation with hydrogen peroxide.
Reaction of N-oxide with alkyne produced an intermediate through the 1,3-dipolar cycloaddition-
thermal rearrangement. Selective removal of isopropyl group from the intermediate, with
concomitant lactonization, gave lamellarins 38 and 39 in 4 and 6% yields, respectively [101]. In 2014,
Yamaguchi et al. reported the synthesis of lamellarin I (38) using {-selective arylation of pyrroles

with aryl iodides and a new double C-H/C-H coupling as a key step to afford 38 in 3% over 8 steps,

starting from 2,3,4-trimethoxybenzaldehyde [111].
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Scheme 9. Synthesis of lamellarin I (38) and K (39) via 1,3-dipolar cyclization of nitrones. Reagents and
conditions: 1) NaBHs, MeOH, H202, Na2WOs, MeOH; 2) toluene, 120°C, 18h; 3) AlCls.

2.4.2. Ningalins and derivatives

Ningalins are members of 3,4-dihydroxyphenyalanine (DOPA)-derived o-catechol metabolites
including the tunichromes [112]. Biological activities of ningalins was found to be HIV-1 integrase
inhibition [113], Ningalin B (45, Figure 9), was isolated from an ascidian of the genus Didemnun by
Boger et al. in 1999. Compound 45 lacks an intrinsic cytotoxicity which makes this alkaloid an
interesting model as MDR reversal agent. Interestingly, the synthetic analogs 46-50 were shown to
significantly sensitize the HCT116/VM46 human colorectal carcinoma cell overexpressing P-gp to
vinblastine and doxorubicin better than the marine natural product 45 and verapamil [114]. Studies
of the N-aryl homologs of 45 (50-51) revealed that increasing the carbon linker leads to increase in
activity. The authors concluded that the N-alkylaryl substituent is necessary for activity, but the
analogs which bear free phenolic groups and methyl esters are more cytotoxic and lack potent MDR
reversal properties. Analogs of 45 containing tetra- or penta-substituted pyrroles showed the highest

activity as MDR reversal agents [114-116] whereas those having 2- carboxylate or 2, 5-carboxylates
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bearing 3,4-diaryl-substituted pyrrole showed reversal ability toward HCT116/VM46 cells.
Compound 51 exhibited the greatest potential in reversing the MDR at 1 mM, and at 10 mM with
about 4,000-folds increase in sensitivity against the vinblastine resistant MDR-leukemia cell line. This
compound was also shown to compete with [?H]-azidopine for P-gp binding site and increased the
intracellular accumulation and retention of MDR substrates. In nude mice-xenograft models, the
combination of sub-optimal dose of paclitaxel with 51 not only leads to shrinkage the HCT116 tumor
size but also to a complete therapeutic remission without increasing toxicity toward the host [116].
The amide analog 48 showed little or no effect of MDR on HCT116/VM46, while amine derivatives
(dimers) were inactive as MDR reversal compounds [115]. The synthetic analog 46, 1-[2-(4-
methoxyphenyl)-2-oxoetyl]-3,4-bis (3,4-dimethoxyphenyl)-1H-pyrrole-2,5-dione (52) showed a
remarkable enhancement of MDR reversal abilities in concentrations up to 1 uM [117,118].
Compound 53, having a methoxy group on D-ring, showed a 18.2-fold increase in sensitizing cells
towards paclitaxel at 1 uM concentration, and a 66-fold when 0.5 uM of 53 was combined with 0.5
uM of 54 [117]. It was found that increasing the number of the methoxy group on ring B of ningalin
scaffold showed only low to moderate P-gp-modulating activity, while the addition of a benzyloxy
group on the D ring enhanced the P-gp modulating activity [119]. SAR studies of a series of novel
N-substituted derivatives of 45 on breast P-gp-overexpressing tumor cell line (LCC6MDR) showed
that analogs containing one methoxy group and one benzyloxy group on ring C are the most potent
P-gp modulators (1 pM desensitized cell line by 42.7 folds) without showing cytotoxicity ICso for
L929 fibroblast > 100 uM) [117,119,120]. The analog containing dimethoxy groups on rings A and B,
and tri-substitution on ring D with o-methoxyethyl morpholine, m-bromo and p-benzyloxy (55)
showed an effect compatible with P-gp modulation with an effective concentration (ECso) of 423 uM
in reversing paclitaxel resistance [118]. Figure 9 summarizes the SAR established for this class of
compounds against P-gp modulation highlighting the most promising ningalin derivatives. The
synthesis of ningalin B (45) was described by Boger et al. using the Diels-Alder reaction of the
acetylene I with 1,2,4,5-tetrazine II to give the 1,2-diazine III. The synthetic pathway includes the
transformation of 1,2-diazine III to the pyrrole IV, followed by N-alkylation, lactonization and
decarboxylation, and demethylation to yield 45 (Scheme 10.a) [121,122].

Another synthesis of ningalin B (45) started from the aldehyde V and the amine VI, as depicted
in Scheme 10.b, and was accomplished by oxidative coupling reaction to yield the pyrrole moiety,
followed by Vilsmeier-Haack formylation under traditional heating to give the formylpyrrole VII

which was subsequently converted to the lactone and then to ningalin B (45) [113].
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Figure 9. Structures of ningalin B (45), analogs 46-55, and SAR studies for P-gp modulation.
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2.4.3. Welwitindolinones and derivatives

Welwitindolinones are alkaloids found in cyanobacteria Hapalosiphon weltischii, Westiella
intracta, Fischerella muscicola, and F. major [123,124]. The extracts which significantly contain N-
methylwelwitindolinone (56) were found to have potent biological activities including antifungal,
larvacidal, and insecticidal properties [124]. Most of welwitindolinones possess a densely
functionalized oxindole-fused bicycle[4,3,1]decane ring system. The core structure of these alkaloids
contains two contiguous stereogenic centers. These alkaloids exhibit a significant activity in
reversing P-gp-mediated drug resistance in human tumor cells [125]. Among them, N-
methylwelwitindolinone C (56) enhanced cytotoxicity of anticancer drugs like vinblastine, taxol,
actinomycin D, colchicine, and daunomycin in MDR breast carcinoma cell line. The absence of the
N-methyl group reduced the activity while the absence of the isothiocyanate group completely
abolished the activity, as observed for welwitindolinone C isothiocyanate (57) and welwitindolinone
isonitrile (58), respectively. Welwitindolinone 57 was found to be the most potent derivative in
increasing the accumulation of [*H]-vinblastine and [*H]-paclitaxel by blocking P-gp in SK-VLB-1
cells. This compound also inhibits the P-gp photoaffinity labeling by [*H]-azidopine in MDR cells
[36].

Compound 57 was synthesized by two different approaches — Gang’s and Rawal’s. In Gang’s
method, the synthetic pathway begins with coupling of a functional cyclohexanone using iodine
promoted bromoindole addition, followed by ring closure to form the key intermediate compound
L. Thereafter, 57 was formed by chlorination through vinyltrimethylstannane oxidation to oxindole,
isotopically enhanced tethered nitrene insertion, and isothiocyanate introduction (Scheme 11.a) [126-
128]. In Rawal’s approach (Scheme 11.b), the coupling of silylenolether II with nucleophile
bromoindole III was achieved by Lewis acid to form the corresponding cyclohexanone IV which
then produces the key intermediate V by palladium-catalyzed enolate arylation [124,129]. The key
intermediate compound V was subjected to aldehyde reduction via a hydrazine (oxidation to the
oxindole), alcohol oxidation and oxime formation, and Curtius rearrangement of oxime to

isothiocynate to furnish 57.
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Figure 10. Structures of welwitindolinones 56-58 and SAR studies. The dashed circle indicates the groups

important for P-gp.

2.4.4. Harmine and derivatives

Harmine (59) is a {-carboline alkaloid found in plants, mammalians, insects, and marine
organisms [130], e.g. the marine brown alga Melanothamnus afaghusainii [131,132]. The plant extracts
containing 59 were traditionally used to treat alimentary tract cancer and malaria in Northwest
China [133]. These extracts have a broad spectrum of biological activities, including antimicrobial,
antifungal, antitumor, antiplasmodial, antioxidant, antimutagenic, antigenotoxic, as well as
hallucinogenic properties [130]. Compound 59 also inhibits topoisomerase I, cyclin-dependent
kinases, monoamine oxidase A, and intercalates into DNA [134]. Studies on the biological function
of 59 reported this alkaloid as a potent antiproliferative and cytotoxic agent, with MDR reversal
activity by inhibiting BCRP in a BCRP overexpressing breast cancer cell line (MDA-MB-123) and by
reducing the resistance of mitoxantrone and camptothecin mediated by BCRP but did not inhibit
MDR-1 overexpressing cells growth [135]. More detailed studies of 59 revealed that this compound
failed clinical applications due to low pharmacological effects and neurotoxicity [132,134]. To
improve the therapeutic efficacy of 59, several derivatives were synthesized by modification of
substituents in positions 2, 7, and 9 of harmine (59) ring and with other two different groups — 2-
amino-2-deoxy-D-glucose and methionine, two derivatives were obtained, 2DG-Har-01 (60) and

MET-Har-02 (61), respectively. This study found that substitution at position 7 reduced natural
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toxicity and increased tumor cell uptake ability, at position 9 enhanced cytotoxicity, and at position
2 enhanced the antiproliferative effect [132], and also showed that substituents at position 1 could

be crucial to antitumor potency [136].

HO

Scheme 11. Synthesis of N-methylwelwitindolinone C isothiocyanate (57) by Gang’s approach (a) and Rawal’s
approach (b). Reagents and conditions: (a) 1) iodine promoted bromination, 2) NaNHz, t-BuOH, THEF; 3)
trimethyethylstannane; 4) LiEtsB-D, THF, ClsCCONCO, CH:Cl:, K2COs, MeOH; AgOT{, PhI(OAc)2, CHsCN,
bathophenantroline; 5) NaH, air, THF; (b) 1) TiCls, toluene; 2) Pd(OAc)z, P-tBus, KO-tBu, toluene; 3)
NaBH(OMe)s, THF/EtOH then N:2Hz, AcOH, EtOH; NCS, pyridine; MMPP, TFA, AcOH; 4) Dess-Martin
periodiane, NaHCOs, CH2Clz; NH2OH.HCI, pyridine, MeOH; 5) NCS, DMF, THF, then EtsN.
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SAR studies confirmed that substituents in position 2 and 9 displayed an important role in
modulation of antitumor activities [134]. Derivatives of 59 that possess in R1, R2, and, R3 (Figure 11)

a benzyl and 3’-fluorobenzyl groups are more likely to act as protein synthesis inhibitors [137].

The scaffold of harmine (59, 3-carboline) was a model for the synthesis of novel compounds
which are bivalent (3-carbolines. The different number of methylene units in the linker between two
[-carbolines produced agents which displayed good and selective cytotoxicity against 769-P and KB
cell lines, being the six-methylene unit derivative 62 a potent antitumor compound against Lewis

lung cancer in mice [136].

Increases toxicity
Decreases cell

uptake capacity
Antitumor activity

Decreases cytotoxicity

Important positions for antitumor activity

59 R»]: R2= R3=H
60 R,=2-amino-2-deoxy-D-glucose, R,=CHj;, R3=C;Hg
61 R;= methonine, R,=CH3, R3=H

5 %0

C4Hg

Figure 11. Harmine (59) and analogs 60-62. The dashed circles indicate groups important for biological

functions.

The synthesis of 3-carboline-based alkaloids has been reported using tryptophan as starting
material [138,139]. To the best of our knowledge, there is no report on the total synthesis of 59. Most
of the harmine analogs were synthesized from harmine scaffold using Fridel-Crafts reaction,

molecular modifications, and N-oxidation [132,140-142].

76 |Page



2.4.5. Indolcarbazoles and derivatives

Indolcarbazoles are alkaloids isolated from marine-derived actinomycetes strain Z039-2
which possess a broad spectrum of biological activities including anticancer activity [143]. The
mechanisms of their antitumor effects include topoisomerase I poisoning, inhibition of PKC, PKA,
pyruvate dehydrogenase kinase (PDK)/cyclin B, and cyclin-dependent kinase 5 (CDK5)/p5 [144,145].
The naturally occurring arcyriaflavin (63) and indolcarbazole K252c or staurosporin aglycone (64,
Figure 12) showed the most potent effects in BCRP inhibition in the BCRP-transferred HEK-293 cell
line, with low toxicity in BCRP-transfected cells, and reduced the relative resistance of ABCG2-
transfected cells SN-38 [29,146]. Bisindolylmaleimide analogs 65-69 (Figure 12) were found to be able
to inhibit ['**[]iodoarylazidoprazosin labeling of BCRP by 65 to 80% at 20 uM [146]. These findings
revealed that indolcarbazole and bisindolylmaleimide analogs directly interact with BCRP protein

and may increase oral bioavailability of BCRP substrates.

ZT

/
65 R1=R,= H 68 Ry=H, Ry= /\LN)

66 Rs= H, Ry= Me
69 Ri=H, R,= <~ \UNH,

67 R1=H, R2= /\/\N/
I

Figure 12. Structures of indolcarbazole derivatives 63-69.

The indolcarbazole nucleus was prepared from bis-indolylmaleimides, followed an

oxidative cyclisation to give indolocarbazole (Scheme 12.a). Another way to obtain indolcarbazole
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nucleus was applied in the preparation of N-methyl indolcabazole (70) which was obtained from N-
methyl-pyrrole by bromination and oxidation to give N-methyl-dibromomaleimide which was
coupled with indolylmagnesium bromide to afford bis-indolylmaleimide. Oxidative cyclization of

the later compound led to indolcarbazole 70, as depicted in Scheme 12.b [145,147,148].

O__o0
\/R
I\
N
H

63 and analogs

(b)

Scheme 12. Synthesis of indolcarbazole derivatives 63 and 70. Reagents and conditions: (a) 1) i. EtMgBr, THF,
benzene, ii. N- methylmaleimide; 2) KOH, MeOH or dioxane; 3) NH4OAc; 4) DDQ, PTSA, toluene; (b) 1) Brz,
HNOs; 2) CHsCH2Br, Mg, THF, indole, toluene; 3) DDQ, toluene.

2.4.6. Ecteinascidin 743 (trabectedin) and derivatives

Ecteinascidin 743 or trabectedin (71, Figure 13) is the anticancer tetrahydroisoquinolone
alkaloid already approved by the FDA. This compound was first isolated from the Caribbean
tunicate Ecteinascidia turbinata in a minute quantity. However, this compound could be synthesized
from cyanosafracin B, a starting material obtained from fermentation of Pseudomonas fluorescens

[149]. It is a highly potent anticancer agent and has activity against a number of human solid tumor
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cells. The compound was also showed to reverse the resistance to doxorubicin and vincristine in KB-
C2 and KB-8-5 cells overexpressing P-gp in concentrations of 0.1 nM [150,151]. Trabectedin (71) was
granted as Yondelis®, a medicine for treatment of advanced soft-tissue sarcomas and ovarian cancer.
Although 71 is a substrate for P-gp, this potential mechanism of resistance has only been shown to
be significant at concentrations exceeding clinically relevant values [151]. Moreover, this marine
natural product also inhibits the activation of the MDR-1 gene that encodes for P-gp [152]. Therefore,
71 could be considered a promising model to overcome MDR. For instance, the synthetic agent
lurbinectedin or PM01183 (72), which was obtained by modification of the subunit C of 71, showed
a potent cytotoxic activity against tumor cell line of different origin, and it was introduced in phase
I clinical trials for solid tumor, and phase II for metastatic pancreatic cancer. PM01183 (72) showed
enhanced activity to cisplatin- and oxaliplatin-resistant cell line, and combination of 72 and cisplatin

was the most synergistic toward parental and cisplatin-resistant ovarian carcinoma cells [153].

MeO

MeO

HO

71 72

Figure 13. Structures of trabectedin (71) and lurbinectedin (72).

The synthesis of trabectedin (71) was described by many researchers. In summary, there are
three important pathways (Scheme 13): (A) combination of two fragments (I and II) via an
oxazolidine intermediate, (B) acid-promoted macrocyclization via creation of carbon-sulfur bond
with concomitant formation of a 10-membered ring, and (C) the intramolecular Picted-Spengler
reaction to obtain 71 [154-157]. The straightforward synthesis of 71, using 28 steps with 1.1% yield,

started from L-glutamic acid as the single chiral source [158] while the 31 steps synthesis, with 1.7%
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yield, began from 3-methyl catechol [159]. The first conditions lead to the B-ring formation by
stereoselective Heck reaction between diazonium salt and enamide, oxidative cleavage of the
resulting alkane and intramolecular ortho substitution of phenol by aldehyde. This pathway can form
a diketopiperazine by Perkin condensation and the bicycle [3.3.3]system by an N-acyliminium ion-
mediated cyclization, and a regioselective Suzuki-Miyaura coupling (Scheme 13) [158]. In 2000,
Cuevas et al. established the synthesis of 71 and 72 from cyanosafracin B, which is an antibiotic

obtained from fermentation of the bacterium Pseudomonas fluorescens.

OH OH OH
1,2 3,4,5,6
— —
o) o) CN o NH,

OBn
OMe

OBn
Y NH O 7,8,9, 10

—_—
—_——
MeO,C HNWH MeO,C

i
T

OMe

oTf OMe

OH OMe

Scheme 13. Total synthesis of trabectedin (71). Reagents and conditions: 1) PhI(OAc)2, MeOH; 2) NaCN,
DMEF/H20; 3) BnBr, K2COs, DMF,; 4) aq H202, K2COs, DMSO; 5) PhI(OAc)2, KOH, MeOH; 6) LiOH, EtOH/H:0,
reflux; 7) t-BuOK, THF, DBU, 8) Boc2:O, DMAP, THF, (2 steps); 9) Hz (750psi), Pd/C, EtOAc; 10) H2NNH2.H20,
THEF, evaporation; NaBHs, MeOH, (2 steps); 11) TFA, CFsCH20H; evaporation; PANTf2, DMAP, Cs2COs, MeCN;
12) trimethylboroxine, Pd(PPhs)s, KsPOs, 1,4-dioxane; 13) HCl, EtOAc; CICO2Me, NaHCOs, H20; 14) L-
selectride, THF; 15) CSA, toluene, reflux (2 steps).
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Methoxy-p-quinone of cyanosafracin B was treated with bromochloromethane, followed by Edman
degradation to form thiourea (Scheme 13). The critical substitution of the amino group by an alcohol

group gave the key intermediate to yield 71 through Corey method [149].

2.5. Diketopiperazines
2.5.1. Nocardioazines

Nocardioazines are bridged diketopiperazine alkaloids which were isolated from a non-saline
liquid culture of Nocardiopsis sp. (CMB-M0232). Nocardioazine A (73) is composed of cyclo-(L-Trp-
L-Trp) and cyclo-(L-Trp-D-Trp), as shown in Figure 14. This compound has revealed an effect
compatible with P-gp inhibition in a P-gp overexpressing colon cancer cell line (SW60Ad300) [160].

Figure 14: Structure of nocardioazine A (73).

The first synthesis of (+)-nocardioazine A (73) was reported in 2014 by Wang and Reisman. The
synthetic pathway comprises the building of the pyrroloindoline unit from an enantioselective
formal [3+2] cycloaddition, and an unusual intramolecular diketopiperazine formation. The
synthesis was performed from 3-allylindole in 9 steps which gave the overall yield of 11% of 73
(Scheme 14) [161].
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Scheme 14. Total synthesis of nocardioazine A (73). Reagents and conditions: 1) (S)-BINOL, SnCls, DCM; 2)
OPr-HGII, DCM, reflux; 3) NaBH4, CeCls.7H20, MeOH; 4) (+)-diethyltartrate, Ti(O'Pr)4, tBuOOH, 4A MS, DMC;
5) MsCl, EtsN, THF; 6) TBAI, DIPEA, CHsCN; 7) Pdz(dba)s, dppb, DMBA, DEC; 8) LiOH, THF/H:0; 9) PyBrop,
DIPEA, DMF.

2.5.2. Fumitremorgins and derivatives

Fumitremorgin C (FTC, 74) is an indolyl diketopiperazine alkaloid found in several marine
fungi such as the fungal strain BM939, fungal A-f-11, Aspergillus sydowii, and Aspergillus fumigatus
(YK-7) [162]. Fumitremorgins were found to be tremorgenic mycotoxins by interfering the releasing
neurotransmitters and also showed inhibitory activity on cell cycle [163]. Compound 74 was
reported as a chemo sensitizing agent that could reverse a drug-resistant cell lines that do not
overexpress P-gp and MRP [163,164]. This effect was shown to be due to BCRP expression in the S1-
M1-3.2 cell line resistant to mitoxantrone, topotecan, and doxorubicin [164]. Fumitremorgin C (74)
almost completely reversed resistance mediated by BCRP in MCF-7 cells transfected with this
protein [165]. Moreover, 75 was found to inhibit nitrofurantoin and mitoxantrone (BCRP’s
substrates) transcellular transport in MDCKII and MEF3.8 cell lines [166]. The SAR study using the

ftm gene cluster revealed that the moieties that are essential for inhibitory activity of 74 against BCRP
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are the double bond between C-3 and N-4, as well as the methoxy group at C-18, however, the
hydroxyl groups at C-12 and C-13 lead to a decrease in activity (Figure 15) [167]. Unfortunately, 74
was found to induce tremors or convulsion in mice and other animals [168]. Two derivatives, Ko132
(75) and Ko134 (76), were found to be potent inhibitors of the BCRP-mediated drug efflux in T6400
mouse and T8 human cell lines with low cytotoxicity at an effective concentration of 1 pM [163,169].
In addition, 77 was the most effective inhibitor of BCRP, with very low activity against P-gp or other
known drug transporters [168,170]. In addition, the stereospecificity was shown to be very critical in
the Ko family, for example, compounds having the 35,65,12aS configuration were 18 times more
potent than those with 35,6R,12aS configuration in inhibiting BCRP; however, this stereoselective

effect was not observed in P-gp and MRP-1 [171].

MeO- }increases activity HO- } decreases activity

Double bond - increases activity
74 R=OMe

78 R=H

MeO

Figure 15. Structures of fumitremorgin C (74) and derivatives 75-78 and SAR for BCRP inhibition.

The first synthesis of 74 was reported by Hino ef al. who prepared N-propyl-7-methoxy-[3-
carboline as the key intermediate [172]. Loevezijn et al. reported a solid phase synthesis of
demethoxy-FTC (78), also an inhibitor of BCRP-mediated MDR, by a cyclization/cleavage multiple
parallel syntheses method (Scheme 15.a). This synthetic pathway was based on the formation of the
diketopiperazine rings system, followed by simultaneous cleavage of solid support, which acted as

a leaving group at the cyclization step. The reaction was performed by the Pictet-Spengler
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condensation of the hydroxyethyl functionalized polystyrene resin linked L-tryptophan with excess

of aldehyde (Scheme 15.a) [163,169].

Another alternative to obtain 78 was achieved by Mg(ClOu)z-catalyzed intramolecular allylic
amination with carbamate or sulfonamide as nucleophiles to form substituted piperidine and
pyrrolidine (Scheme 15.b) [173]. The synthesis of Ko143 (77), a potent BCRP inhibitor of the FTC
series was accomplished and optimized by Yuexian et al. which involved ytterbium triflate-
promoted coupling between 6-methoxyindole and optically active 1-benzyl-2-methyl-(S)-1,2-

aziridinedicarboxylate (Scheme 15.c) [174].

2.5.3. Halimide and derivatives

Halimide, is a diketopiperazine secondary metabolite isolated from the marine fungus
Aspergillus ustus. This compound exhibited potential in vitro cytotoxic activity against human colon
and ovarian carcinoma cells [175]. Structurally, halimide is composed of a phenylalanine, a histidine,
and a tertiary butyl group. An analog of halimide, plinabulin (KPU-2, 79, Figure 16), that was
obtained by molecular modification at the phenyl ring, has revealed a potent in vitro antitumor
activity not only against various human tumor cell lines, but also against those with various MDR
profiles [176]. Moreover, 79 was reported to have a similar mechanism of action to that of eribulin
(31) as microtubule-disrupting agent with colchicine-like tubulin-depolymerizing activity, but the
main problem concerning 79 is its poor solubility (<0.1 uM), which can trigger further studies on this
scaffold. The phase I/II clinical trial of 79 in combination with docetaxel was completed in patients
with advanced non-small cell lung cancer, and compound 79 was shown to act synergistically with

docetaxel in murine models of NSCLC [177].

Figure 16. Structure of plinabulin (79).
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Schemel5. Total synthesis of FTC derivatives, dimethoxy-FTC (78) and Ko143 (77). Reagents and conditions:
(a) 1) CH(OMe)s; 2) Fmoc-HCI, pyridine, CH2Clz; 3) piperidine, DMF; 4) Fmoc-L-pro-OH, CIP, DiPEA, MNP; 5)
piperidine, THF; (b) 1) Hg(OOCCEFs)y, KI, I, CH2Clz, then Boc2O, DMAP, MeCN; 2) Pd(OAc)2, Ag2COs, toluene;
3) Mg(ClOa4)2, MeCN;; (c) 1) 1-benzyl-2-methyl-(S)-1,2-aziridinedicarboxylate, ytterbium triflate, CH2Clz; 2) Ha
balloon, MeOH, 10% Pd/C; 3) isovaleraldehyde, TFA, CH:Clz; 4) N-Fmoc-5-t-butyl L-glutamic acid ester,
diisopropylethylamine 2-chloro-1,3-dimethylimmidazolinium hexaflorophosphate, N-methylpyrrolidinone; 5)

piperidine, THF.
2.6. Peptides
2.6.1. Hapalosin and derivatives

Hapalosin (80, Figure 17) is a cyclic depsipeptide, isolated from the lipophilic fraction of the

extract of a cyanobacterium Hapalosiphon welwitschii W. & G.S West, and was found to reverse MDR
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in a P-gp overexpressing, vinblastine-resistant human ovarian adenocarcinoma cell line with higher
effect than the known P-gp inhibitor verapamil [178,179]. At 20 uM concentration, compound 80
significantly enhanced the accumulation of [*H]-paclitaxel in SKVLBI cell and exhibited a similar
activity to verapamil in breast cancer cell MCF-7/ADR in the range of 1.5-10 uM [180,181]. Several
syntheses for 80 and respective analogs have been reported, with the purpose of obtaining
compounds with similar or better MDR reversal activity. Some of the analogs did not fulfill this
objective; for example, the glucose mimic of hapalosin (80) and 8-deoxyhapalosin, the triamide
analogs, and N-demethylhapalosin 81 possessing a trans-amide, exhibited weak MDR reversal
activity [180-182] . Through SAR studies, proline-containing congeners (82 and 83) were found to be
more potent against MCF-7/ADR cells than 81 [182]. Substitution at C-12 in 80 furnished analogs 84-
88, which exhibited higher vincristine accumulation than verapamil and 80 in MDR 2780AD cells at
10 uM [183]. It was postulated that the cis-peptide might be essential to express the MDR-reversing
activity, and the bioactive function of 80 and analogs depends on the S-cis or S-trans configuration
[182,184]. Also, a free hydroxyl and aromatic groups may be important for the anti-MDR activity of
hapalosin (80) and its analogs.

The structure of hapalosin (80) was investigated for synthesis, and it was divided into 3 main
domains: a 3-hydroxy acid (A), a y-amino-p-hydroxy acid (B), and an a-hydroxy acid (C). Hapalosin
(80) was initially synthesized by macro lactonization and by cycloamidation [185]. Nobuki et al.
reported the synthesis of 80 and analogs by cyclization, producing the peptide bond at the end of
the process which allowed obtaining 80 in 44% yield. They used the coupling of N-propionyl-(4S,
5R)-4-methyl-5-phenyl-2-oxazolidinone with octanal (Scheme 16.a) [181,186]. Another synthesis of
hapalosin (80) and its analogs was accomplished by a macro lactonization strategy [187-189]. The
method was based on a chiral acetate reagent, which offered advantages to the aldol reaction and
avoided intramolecular cyclization during amino group deprotection and segment coupling [189].
Shigeru et al. presented the synthesis of hapalosin (80) and derivatives with modification at C-12 by
cyclization producing the peptide bond at the final stage [183]. According to their strategy, hapalosin
(80) and derivatives were commenced by using y-amino-p-hydroxy acid I which was obtained by
either Evans aldol/Curtius combination route [190] or asymmetric dihydroxylation route [191]. Then,
the catalytic hydrogenation of the benzyl ester II was performed, and the generated carboxylic acid
was coupled with an appropriate allyl a-hydroxylate, leading to allyl ester III. After sequential
deprotection, cyclization produced 80 and derivatives (Scheme 16.b). Kumar et al. also described a
flexible and highly diastereoselective synthesis of hapalosin (80) with the addition of an
organometallic reagent to N-fert-butanesulfinylimine, the non-aldol aldol reaction, and the

Yamaguchi esterification as key steps in this strategy [192].
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Figure 17. Structure of hapalosin (80) and analogs 81-88 highlighting the important domains for synthesis (A-
Q).

2.6.2. Botryllamides and derivatives

Botryllamides are a group of dehydrotyrosine derivatives, isolated from styelid ascidians
Botryllus sp. [194,195]. Some botryllamides exhibited weak cytotoxicity against the HCT-116 cell
[195]. Botryllamides exhibited selectivity toward BCRP but have different specificity to other ABC
transporters. Two naturally occurring botryllamides, botryllamide I (89) and J (90) were reported to
have activity against BCRP by inhibiting BCRP-mediated BODIPY FL prazosin transport in BCRP-
transfected HEK293 cells (Figure 18). Both 89 and 90 competed with ['?’[]-iodoarylazidoprazosin
labeling of BCRP and were shown to stimulate BCRP-associated ATPase activity, reversing BCRP-
mediated resistance [196]. In a different study, botryllamide G (91) was reported as the most potent
botryllamide BCRP inhibitor but did not inhibit the efflux of rhodamine out of P-gp overexpressing
cells. In contrast, botryllamide A (92), which is less potent against BCRP, showed that activity against
P-gp [197]. These differences were explained by the present or absent of an 0-methyl group at C-15.
The biological investigation of analogs of botryllamides 92 and 93 suggested that the 2-methoxy-p-
coumaric acid moiety and the number of conjugated double bonds with this group were important
for BCRP inhibition [197]. This study also found that: i) the phenolic hydroxyl group at C-7 was not
important for activity, ii) the binding region with BCRP was between C-4 and C-9 (right side of figure

18) of the aryl ring, and iii) conjugation through C-1 to C-9 was necessary for activity, but extended
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conjugation from C-10 to C-17 (left side of figure 18) of the aryl ring was not required, however, it

might contribute to specificity of activity.
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Scheme 16. Synthesis of hapalosin (80) and derivatives. Reagents and conditions: (a) 1) BuzBOTY, EtsN/CH:Cl,
then Me(CH2)sCHO; 2) n-BuLi, BnOH/THEF; 3) Ref. [193]; 4) NaOH, DCC, DMAP/CH:Cl»; 5) Hz, Pd(OH)2/EtOH,
vinyl-2-hydroxy-3-methylbutanoate, DCC, DMAP/CH:Clz; 6) TFA/CH:Clz, DPPA, i-Pr.NEt/DMEF; (b) 1) i. DCC,
DMAP/CH2Cl, ii. Hz, Pd(OH)2/EtOH, 2) DCC, DMAP/CH:Cl2; 3) i. HF-pyridine, ii. (PhsP)«Pd, morpholine, then
TFA, iii. DPPA, EtN¢#-Pr.

The syntheses of botryllamides G (91) and F (93) were already described and are depicted in
Scheme 17. The strategy started with a condensation of octopamine with 2-methoxy-p-coumaric acid
to generate an amide bond, followed by a dehydration of the adjacent hydroxyl group to provide

the key enamine amide functionality [197].
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Figure 18. Botryllamides 89-93 and SAR studies on BCRP inhibitory activity.
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Scheme 17. Synthesis of boryllamides G (91) and F (93). Reagents and conditions: 1) NaOMe, MeOH, reflux,
overnight; 2) octopamine.HC] or bis-brominated octopamine, WSCl, HOBYt, EtsN; 3) Ac20O, pyridine; 4) K2COs,
DMSO.
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2.6.3. Kendarimide

Kendarimide A (94, Figure 19) is an oligopeptide found in the Indonesian sponge Haliclona sp.
This compound showed the potential of MDR reversal in human carcinoma (KB-C2) cell line
overexpressing P-gp at the concentration of 6 uM, however, it was not active against KB-3-1 at the
same concentration. The combination of 94 (0.1 mg/mL) with colchicine (0.1 mg/mL) was found to
inhibit KB-C2 cell growth by 87% [198]. Kendarimide A (94) is composed of several amino acids such
as N-methylpyroglutamic acid (pyroMeGlu), N-methylated eight membered cysteinyl-cysteine (ox-
[MeCys-MeCys]) together with many N-methyl amino acid residues, similar to cyclosporine A, a
well-known P-gp inhibitor [199]. These data highlight that peptides can be considered as a valuable
scaffold to reverse MDR. From our understanding the total synthesis of compound 94 has not yet
been reported. L-pyroMeGlu-L-Phe-OEt is the moiety that was synthetized as a model compound
to represent pyroMeGlu of 94 as described in Scheme 18.a [198]. Another synthetic model compound
(N-methylcysteinyl-N-methylcysteine ring) to study the absolute stereostructure of the C-terminal
tetrapeptides (N-MeCys-N-MeCys) in 94 was synthesized, and the absolute configuration of both of
the two adjacent N-methylcysteines in 94, which form an eight-membered disulfide ring, was

elucidated to be L. The synthetic pathway was described in Scheme 18.b [199].
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Figure 19. Structure of kendarimide A (94).
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Scheme 18. Synthesis of L-pyroMeGlu-L-Phe-OFEt (a) and L,L-N-methylcysteinyl-N-methylcystein ring (b).
Conditions and reagents: (a) 1) H20, 132°C, 1.9 kg/cm? (autoclave); 2) Na2HCOs, C2Hsl, DMF; 3) TFA, CH2Cl;
4) L-N-pyroMeGlu, DEPC, TEA, DMF, 0°C; (b) 1) acetamido methanol, conc. HCl, (Boc)20, IN NaOH; 2)
(Boc)20, 1IN NaOH, A0, pyridine; 3) TFA, CH:Clz; 4) DEPC, EtsN, DMF; 5) TFA, CH:Cl:, quant.; 6) EDCI,
HOAt, CH2Clz/DMF; 7) I, CH2Cl2/MeOH; 8) TFA, CH2Clz, quant.
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2.6.4. Patellamide and derivatives

Patellamides are thiazole and oxazoline lipophilic cyclic peptides isolated from the tunicate
Lissoclinum patella. These compounds exhibited cytotoxicity and reversed MDR in tumor cells.
Patellamides B (95), C (96), and D (97) showed reversal activity and enhanced the activity of P-gp
inhibitors such as vinblastine, colchicine, and doxorubicin in CEM/VLB100 cell line (Figure 20)
[200,201]. Patellamide D (97) showed a better result than verapamil in modulating drug resistance
in vitro, and colchicine cytotoxicity were enhanced by 2.8 folds. Doxorubicin toxicity was reduced
from ICso > 1000 ng/mL to 110 ng/mL, by 97. This result indicated that patellamide D (97) acts as a

selective antagonist in MDR, and thus can be considered as a potential modulator for drug resistance

[7].
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Figure 20. Structures of patellamides B

The synthesis of patellamide derivatives has been accomplished, using thiazole as starting
material, via two contemporary heterocyclization approaches to form oxazolines and thiazoline via

coupling and cyclodehydration reactions. The example illustrating the synthesis of patellamide A

/,,/ HN
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@
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(2]

(95), C (96), and D (97).

(98) is described in Scheme 19 [202].
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Scheme 19. Synthesis of patellamide A (98). Reagents and conditions: 1) 20% piperidine/DMF, HOBt, HBTU,
DIEA, Fmoc-L-Thr(Trt)-OH; 2) 20% piperidine/DMF, HOBt, HBTU, DIEA, Fmoc-Ile-OH; 3) Pd(PPhs)s, PhSiHs,
CH:Clz, 6h and 20% piperidine/DMF; 4) HOBt, HBTU, DIEA, CH:Clz, 2% TFA, PhSH, CH2Clz; 5) Burgess
reagent, THF, 55°C, 1h then 77°C, 4h; 6) Pd(PPhs)s, PhSiHs, CH2Clz, 2h.

2.7. Miscellaneous
2.7.1. Irciniasulfonic acid derivatives

Irciniasulfonic acids consist of ISA (compound 99-101, [203]) and ISA-B (compound 102-103,
[204]). These acids are esters that were isolated from the marine sponge Ircinia sp [203], and deacyl
irciniasulfonic acid was isolated from tropical Coscinoderma sp sponge (Figure 21) [205].
Irciniasulfonic acids 99-103 were found to reverse MDR against KB/V]J300 overexpressing P-gp at the
concentration of 100 uM in the present of vincristine [203,204,206]. Compound 99-101 were shown
to reverse MDR against KB/V]J300 overexpressing P-pg in the presence of verapamil at the
concentration of 25 uM, and the simplified analog (deacyl ISA, 104) showed to be 13-folds more

potent than other irciniasulfonic acids in reversal the MDR phenotype [203,204].
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Figure 21. Structure of ISA (99-101), ISA-B (102-103), and deacyl ISA (104).

The synthesis of ISA derivatives was accomplished using propylene oxide as starting material
via a convergent approach to achieve both enantiomers of the natural product and allowed also the
incorporation of a range of side chains for optimization of their biological activity. The procedure of

this synthesis is illustrated in Scheme 20 [207].
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Scheme 20. The total synthesis of ISA derivatives. Reagents and conditions: 1) n-BuLi, Et2AICI, toluene; 2) KH;
3) TBS-Cl, imidazole, DMAP, DMF; 4) n-BuLi, Boc2O; 5) CuBr2.SMe2, MeLi, THF; 6) HE-pyridine, 7) TFA,
CH:Cl; 8) (COCl)2, DMF cat, CH2Cl, toluene, reflux.
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2.7.2. Secalonic acid D

Secalonic acid D (105, Scheme 21) is a mycotoxin isolated from the marine fungi Penicillium
oxalicum [208] and Gliocladium sp. T31 [209], which was investigated for antitumor properties as a
DNA topoisomerase I inhibitor [210]. This compound showed a potent cytotoxicity on MDR cells (P-
gp, MRP1, and BCRP-overexpressing cells) and on their parental cells by down-regulating the
expression of BCRP protein [211]. It also decreased the percentage of side population cell in lung
cancer cells. These results highlight 105 as an interesting molecule that has a potent cytotoxic activity
by enduring BCRP degradation and was considered as a lead compound for the development of

new BCRP inhibitors [212].

Chemically, secalonic acid D (105) is the chiral dimeric natural product of ergochrome
xanthone [213]. The synthesis of secalonic acid D (105) started from the intermediate compound (+)-
blennolide B, which was synthesized from 5-hydroxychromone, with a construction of a
hemisecalonic derivative, followed by the conversion with iodide and stannane. This reaction is a
copper-catalyzed C—C bond-forming between the two molecules under oxidative conditions as the
key dimerization step. This reaction is the first challenge to oxidize the xanthone framework which
was previously shown as unsuitable for a direct oxidation. The iodide compound can be pre-
activated at an o-position to make the dimerization regioselective. The total synthesis of secalonic

acid D (105) is illustrated in Scheme 21 [213-216].

2.7.3. Terrein

Terrein (106, Scheme 22) is a fungal metabolite isolated from the marine-derived
thermophilic fungus Aspergillus terreus. This metabolite has been already reported to inhibit cell
proliferation, to induce cell cycle arrest in human ovarian tumor cells (SKOV3,) and to inhibit the
proliferation of ovarian cancer stem-like cells [217], to inhibit the epidermal proliferation of skin
[218], as well as to inhibit melanogenesis [219]. It also displayed a strong cytotoxicity against breast
cancer (MCF-7) cell and suppressed the growth of MCF-7 expressing BCRP cells by inducing
apoptosis caspase-7 pathway and inhibiting the Akt signaling pathway [220].
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Scheme 21. Total synthesis of secalonic acid D (105). Reagents and conditions: 1) 2,6-lutidine, iPrSi(OTf)2,
CH:Cl, then EtsN.3HF; 2) Rh/Al20s, H2, MeOH; 3) NaH, THF; 4) CH2Cl», then NaH, THF.

A simple synthesis of (+)-terrein (106) was reported by using L-tartrate or dimethyl L-tartrate
as starting materials. The whole process included cyclization, Horner-Wadsworth-Emmons, and

deprotection of bis-t-butyldimethylsilyl (bis-TBS) group as shown in Scheme 22 [221].
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Scheme 22. Synthesis of (+)-terrein (106). Reagents and conditions: 1) TBSCIl, imidazole, DMF; 2) n-BulLi,
MePO(OMe)., THF, then benzene-H:0, reflux; 3) NaH, MeCHO, THF; 4) condition (EtsNCl), MeCN or
HF.MeCN or TBAF, MeCN.
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2.7.4. Shornephine A

Shornephine A (107, Figure 22) is a diketomorpholine isolated from the marine fungus
Aspergillus sp. (CMC-MO81F) which was collected from marine sediment. This compound was
described as a non-cytotoxic inhibitor of P-gp in MDR human colon tumor cells (SW60 Ad300) at the
concentration of 20 uM [222].

Figure 22. Structure of shornephine A (107).

3. Future Perspectives

We are now witnessing a renaissance of the interest in efflux transporters not only due to
requirements in regulatory issues but also to the significant role of these carriers in the adsorption,
distribution, metabolism, excretion, and toxicity (ADMET) process of drugs discovery. Therefore, P-
gp and other ABC transporters that mediate drug efflux are recognized as a “team to beat”. Marine
organisms have proven to be an important source in the discovery and development of interesting
compounds, and, in particular, of anticancer agents. These marine-derived compounds, which can
be grouped mainly as alkaloids, polyoxygenated sterols, terpenoids, and peptides have
demonstrated a reversal effect of MDR by themselves. Some compounds showed to increase rather
than decrease cytotoxicity towards MDR cell lines and can be defined as collateral sensitizing agents
or this effect was shown in combination with anticancer drugs, being non-cytotoxic MDR reversal
agents. The major sources of marine MDR reversal agents and mechanisms have been scarcely
studied, and very little is known about their mechanism of action. Several marine compounds which
have shown potent and selective MDR activity against cancer cell lines belong to alkaloids; however,
they present some toxicity. Among marine natural products, trabectedin proved to be the most

promising against MDR with in vitro and in vivo efficacy. Chemically, synthetic analogs of marine
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compounds acting as inhibitors have been investigated to achieve higher activity, less toxicity and
less pharmacokinetic interaction properties, and to establish SAR. With this diversity of scaffolds, it
is not possible to extract common features essential for MDR reversal activity; however, most of the
derivatives are highly lipophilic and contain fused rings and multiple chiral centers, which in turn
reflect their complex total synthesis procedures. Among the synthetic analogs, eriburin has been
shown to be the most promising P-gp modulator, active against MDR in vitro and with proved safety
in clinical patients. These features also open new challenges for medicinal chemists to accomplish
viable synthetic routes and new avenues in the design of analogs with suitable drug-like properties
that could render potential drug candidates. Joining together all the pieces of the chemical-
biological-pharmaceutical puzzle, we can anticipate more effective chemotherapies based on

molecules from the sea.
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Abstract: Many fungal quinazolinone metabolites, which contain the methyl-indole
pyrazino [1,2-b]quinazoline-3,6-dione core, have been found to possess promising
antitumor activity. The purpose of this work was to synthesize the enantiomeric pairs of
two members of this quinazolinone family, to explore their potential as antitumor and
their ability to revert multidrug resistance. The marine natural product fiscalin B (4c), and
anti enantiomers (4b, 5b, and 5¢) were synthesized via a one-pot approach, while the syn

enantiomers (4a, 4d, 5a, and 5d) were synthetized by a multi-step procedure. These
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strategies used anthranilic acid (i), chiral N-protected a-amino acids (ii), and tryptophan
methyl esters (iii) to form the core ring of pyrazino[2,1-b]quinazoline-3,6-dione scaffold.
Four enantiomeric pairs, with different enantiomeric purities, were obtained with overall
yields ranging from 7 to 40%. Compounds 4a—d and 5a—d were evaluated for their growth
inhibitory effect against two tumor cell lines. Differences between enantiomeric pairs were
noted and 5a—-d displayed Glso values ranging from 31 to 52 pM, which are lower than
those of 4a—d. Nevertheless, no effect on P-glycoprotein (P-gp) modulation was observed
for all compounds. This study disclosed new data for fiscalin B (4c), as well as for its

analogues for a future development of novel anticancer drug leads.

Keywords: antitumor; enantiomers; fiscalins; quinazolinones; synthesis

Mar. Drugs 2018, 16, 261; doi:10.3390/md 16080261 www.mdpi.com/journal/marinedrugs

1. Introduction

During the past ten years, great attention has been focused on drug development from
Marine Natural Products (MNPs) as well as on their synthetic and semi-synthetic
analogues. While terrestrial sources such as higher plants and microorganisms have
reached the limelight, the marine environment increasingly becomes the newest and
untapped resource of bioactive compounds [1]. A number of quinazolinone derivatives
have played important roles in medicinal chemistry due to their broad spectrum of
biological properties such as antibacterial, antifungal, anticonvulsant, anti-inflammatory,
anti-HIV, anticancer, and analgesic activities [2,3]. One subclass of quinazolinone-derived
Natural Products is the indolylmethyl pyrazinoquinazoline alkaloids (1) (Figure 1),
characterized by a fused piperazine ring system linked to an indole moiety. So far,
approximately 80 secondary metabolites of this subclass, covering structurally diverse
compounds, have been isolated from fungi, mainly of marine origin. These include (i)
compounds containing only a substituted piperazine ring such as glyantrypine (2), isolated
from the culture broth of the mangrove-derived fungus Cladosporium sp. PJX-41 [4],
fumiquinazoline F (3), isolated from the marine-derived fungus Aspergillus fumigatus strain

H1-04 and Aspergillus sp. [5,6], and fiscalin B (4), isolated from the culture of the fugal strain
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Dichotomomyces cejpii which was recovered from sediments of the Brazilian coast [7]; (ii)
compounds with a more complex structure containing several rings such as
fumiquinazoline K (6), isolated from the Mediterranean sponge-derived fungus Aspergillus
sp., the soft coral (Sinularia sp.)-associated fungus Aspergillus fumigatus KMM 4631 [8], and
a gorgonian-associated fungus [9]; (iii) spiro compounds such as fumiquinazoline C (7),
isolated from the marine-derived fungus Aspergillus fumigatus strain H1-04, and N-
formyllapatin A (8), isolated from the marine-derived fungus Penicillium adametziodes (AS-
53) [10]; (iv) compounds with complex 3-indolyl groups such as cladoquinazoline (9) and
epi-cladoquinazoline (10), isolated from the mangrove-derived fungus Cladosporium sp.
PJX-41 [4], neofiscalin A (11) from Neosartorya siamensis KUFC 6349, which was isolated
from a forest soil [11], as well as from N. siamensis KUFC 6349, isolated from the sea fan
Rumpbhella sp. [12], and fumiquinaziline S (12), isolated from a solid-substrate culture of
Aspergillus sp., collected from a marine-submerged wood [13]; or (v) compounds with
indole glucosides such as fumigatoside A (13), isolated from Aspergillus fumigatus which
was derived from the jellyfish Nemopilema nomurai [14].

Marine alkaloids containing indolymethyl pyrazinoquinazoline ring system can be
considered conformationally constrained peptidomimetics exhibiting very interesting
biological properties [15]. For instance, glyantrypine (2) is an antibacterial agent, active
against Vibrio harveyi [16]; fumiquinazolines are antitumor compounds with moderate
cytotoxicity [17]; fiscalins are substance P inhibitors and anticancer agents [7,18];
cladoquinazolines (9 and 10) are active against influenza A virus (HiN1); fumiquinazoline
S (12) exhibits a weak inhibition against Na‘*/K*-ATPase, and N-acetylardeemin (14) is a
potent inhibitor of multidrug resistant (MDR) tumor cells [4,13,19,20]. Moreover, the
pyrazino[2,1-b]quinazoline ring system has been already ascribed as essential for the above-
mentioned activities, and its enantioselective effects were observed for their antibacterial
activity. For example, neofiscalin A (11) showed potent antibacterial activity against Gram-
negative bacteria [12,21], whereas fiscalin C (15), epi-neofiscalin A (16), and epi-fiscalin C
(17) were inactive in the same study. Interestingly, fiscalin C (15) displayed a synergistic
effect against methicillin-resistant Staphylococcus aureus (MRSA) when combined with
oxacillin [11,22]. Concerning antitumor activity, studies on quinazolinone compounds have

mainly focused on natural or synthetic compounds with different substituents at the
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stereogenic C-1 and C-4; however, there is no report on analogues with different
configurations at C-1 and C-4.

Therefore, the aim of this study was to synthesize the diastereomers of fiscalin B (4c),
i.e., 4a—d, and their homologues 5a—d, to further explore their potential as growth inhibitors
of tumor cells, their ability to revert MDR by inhibiting P-gp activity, as well as to perform
the SAR study.

Iz

2.R=H(4R)
3.R=Me, (1S,4R)
4.R=i-Pr, (1S4R)

11.R"=R%=H, R? = i-Pr, R* = Me

H 15.R'=H, R? = i-Pr, R3 = R* = Me
9. R =i-Pr, (15.49) 16.R' = j-Pr, R2= R® = H, R* = Me
10.R=iPr, (1R4S) 17.R' = iPr, R2 = H,R® = R* = Me

o
o]

N

N
4a,R = i-Pr, (1S, 4S)
4b, R = i-Pr, (1R, 4S)
4c, R = i-Pr, (1S, 4R)
4d,R = i-Pr, (

1R, 4R)
5a, R = i-Bu, (1S, 4S)
5b, R = i-Bu, (1R, 4S)
5¢,R = i-Bu, (1S, 4R)
5d, R = i-Bu, (1R, 4R)

Figure 1. (A) Pyrazino[2,1-b]quinazoline-3,6-dione ring system (1) and some examples of
the marine-derived quinazolinone containing alkaloids (2-17) and (B) synthesized

diastereomers of fiscalin B and their homologues (4-5).
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2. Results and Discussion

2.1. Synthesis of Pyrazinoquinazoline Alkaloids

The pyrazino[2,1-b]quinazoline-3,6-dione ring system (1) is the core structure of
fumiquinazoline-derived group of alkaloids. There are two main methods to synthesize
compounds containing this scaffold (i) the Eguchi-aza Wittig approach that consists of a
selective acylation of diketopiperazines with o-azidobenzoyl chloride, followed by
dehydrative cyclization [23]; and (ii) the Mazurkiewicz—Ganesan approach, consisting of
coupling of linear tripeptides followed by the isomerization of 4-imino-4H-3,1-
benzoxozines to obtain the corresponding quinazolin-4-ones [24,25]. In 2005, Liu et al. [26]
reported a highly effective and environmentally friendly approach using a microwave-
assisted multicomponent one-pot one step polycondensation of amino acids for the total
syntheses of glyantrypine (2), fumiquinazoline F (3), and fiscalin B (4). With this procedure,
the authors reported that the addition of a N-protected a-amino acid (ii) to anthranilic acid
(i), under a conventional heating condition at 55 °C with triphenylphosphite, (PhO)sP,
generated the intermediate benzoxazin-4-one, followed by the addition of tryptophan (Trp)
ester (iii), and then submitted to microwave irradiation at 220 °C for 1.5 min, to furnish the
desired final products. Inspired by this simple and highly efficient methodology, we were
able to prepare 4 and 5 (Scheme 1, method A). Attempts to obtain the syn enantiomers by
this one-pot approach failed since only vestigial amounts could be detected due to the
isomerization to the antienantiomers. The antienantiomers 4b/4c and 5b/5¢ were then
obtained, starting from enantiomeric pure amino acids, from which no syn enantiomer
were isolated (Entry 1-8, Table 1). Therefore, the syn enantiomers 4a/d and 5a/d were
synthesized by the Mazurkiewicz—Ganesan method [25] (Scheme 1, method B) with some
modifications. First, coupling of i with iii, using 1,1,3,3-tetramethylaminium
tetrafluoroborate (TBTU) in basic conditions, afforded the dipeptide (iv). Coupling of iv
with N-protected a-amino acids chloride (v) [27] in a two-phase Schotten-Baumann
condition yielded the tripeptides vi. The intermediates vii were obtained by adding the
dehydrating agent, triphenylphosphine (PhsP), to convert 3-keto amides (vi) to the oxazoles
(vii), followed by Fmoc-deprotection by 20% piperidine to afford 4a/d and 5a/d with a

moderate yield of 21-40%. After purification by chromatographic techniques, the purity of
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4a-d and 5a-d, as determined by a reversed-phase HPLC (C18, MeOH: H20O; 60:40 or

CHsCN:H20; 50:50) was found to be higher than 90%. The enantiomers ratio was

determined by the chiral HPLC equipped with amylose tris-3,5-dimethylphenylcarbamate

column, using hexane: ethanol (80:20) as a mobile phase (Table 1).

Table 1. Enantiomers and diastereomers of the pyrazinoquinazolinone alkaloids 4 and 5.
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a b Cc
% Anti % Syn Enantiomeric Purity
Entry Ra Tryptophan [alp®
Compound Compound Ratio ¢ (%) d
1 L-valine L-tryptophan 10 (4b) - +63.8 40:60 87
2 D-valine L-tryptophan 14 (4b) - +65.2 39:61 89
3  L-valine D-tryptophan 8 (4¢) - -248.1 62:37 90
4 D-valine D-tryptophan 10 (4c) - -100.0 63:37 91
5  L-leucine L-tryptophan 7 (5b) - +44.9 67:33 94
6  D-leucine L-tryptophan 10 (5b) - +89.7 50:50 94
7  L-leucine D-tryptophan 8 (5¢) - -61.7 31:69 90
8  D-leucine D-tryptophan 10 (5¢) - -142.9 46:54 86
9% L-valine L-tryptophan - 28 (4a) +300.5 100:0 94
10* D-valine D-tryptophan - 21(4d) -210.5 7:93 89
11* L-leucine L-tryptophan - 28 (5a) +81.8 90:10 89
12* D-leucine D-tryptophan - 40 (5d)  -186.0 17:83 85

2 R residual of amino acid at C-1 position; » Optical rotation, concentration (g/100 mL); ¢

Calculated from the peak area from chiral HPLC experiments (by using equation X x100/Xn

in which X is the peak area of each peak and Xn is the total peak area); 4 Calculated from

the peak area from reversed-phase HPLC experiments;* Entry of Mazurkiewicz-Ganesan

approach.

The overall yield of this one-step method ranged from 7 to 14% with different

enantiomeric ratios (Table 1). The low yields of this one-pot reaction were attributed to a
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high temperature applied in microwave irradiation to convert the intermediate Boc-
protected-benzoxazin-4-one to the final products. Moreover, the steric hindrance at C-1
could also be a reason, as previously noted by Liu et al. [26] and Wang et al. [24] in the
synthesis of similar compounds. Although a partial epimerization was observed under
these conditions, this one-pot procedure was proved successful in providing the
pyrazinoquinazolinone scaffold and a series of compounds for further biological
investigations. On the other hand, the moderate yields of compounds obtained by
Mazurkiewicz-Ganesan method were related to the mild conditions and a multistep

approach (Table 1 entry 9-12).

0 R

NH,
Fmoc’NH o
—>
MethodB N?)j\
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Method A H
One-pot microwave- iii
-assisted approach

<—

Anti enantiomers Syn enantiomers
R
s R IJ—'moc
N N
\\|/1\NH Y71 NH d) L‘
N _4 ~-
o N o
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N N
N N
H H
4b, R = i-Pr, (1R, 4S) 4a, R = i-Pr, (1S, 4S)
4c, R =i-Pr, (1S, 4R) 4d, R = i-Pr, (1R, 4R)
5b, R = i-Bu, (1R, 4S) 5a, R =i-Bu, (1S, 4S)
5¢c, R=i-Bu, (1S, 4R) 5d, R =i-Bu, (1R, 4R)

Scheme 1. Synthesis of the pyrazinoquinazolinone alkaloids 4 and 5. (Method A) One-pot
microwave-assisted approach. Reagents and conditions: (a) dried-pyridine, (PhO)sP, 55 °C,
16-24 h; (b) dried-pyridine, (PhO)sP, 220 °C, 1.5 min; (Method B) Mazurkiewicz-Ganesan
approach. Reagents and conditions (a) CHsCN, TBTU, Et:N, rt, 5 h; (b) CH2Cl2/aq.Na2COs,
rt, 3 h; (c) dried CH2Clz, PhsP, I, EtN(i-Pr)e, rt, overnight; (d) piperidine in CH2CHo, rt, 12
min, then CH3CN, DMAP, reflux 19 h. i-Pr = isopropyl; i-Bu = isobutyl, Boc = tert-
butyloxycarbonyl; Fmoc = fluorenylmethyloxycarbonyl; DMAP = 4-(dimethylamino)

pyridine, TBTU =1,1,3,3-tetramethylaminium tetrafluoroborate.

In this study, the coupling agent 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(ECD) was replaced by TBTU, which gave a similar yield for the dipeptide iv (81-94%)

when compared to the previous reports. The tripeptides vi were also obtained in a very
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high yield (84-94%). The bottleneck of this multistep approach was the conversion of the
intermediates vii to the final products since their decomposition to form the precursors vi,
similar to what has been previously report by Ganesan et al. [25], was observed.
Compounds 4a/d and 5a/d were purified by preparative TLC (EtOAc:CH2Cl2: MeOH:
50:47.5:2.5) after refluxing in CHsCN in the presence of 4-(dimethylamino)pyridine. The
degrees of epimerization of 4a/d and 5a/d by Mazurkiewicz—-Ganesan method were found
to be lower than those obtained by the microwave method (Table 1). These results could be

also associated with the mild conditions used in the multistep approach.
2.2. Structure Elucidation

The structures of the new compounds, 4a, 4b, and 4d, and of the synthetic fiscalin B
(4c) and their homologues 5a, 5b, 5d, and 5¢, were established by extensive analyses of 1D
and 2D NMR spectra and high-resolution mass spectrometry. The 'H (Table 2) and 3C NMR
data (Table 3) of 4c were in agreement with those reported in the literature for fiscalin B,
which was obtained from the marine sources [24,25]. The chemical shift values of some key
protons allowed the determination of the relative configurations of both stereogenic centres
as well as the conformation of the piperazine ring in 4 and 5, as shown in 4a, 4b and 4c, 4d
(Figure 2). The substituent on C-4 is always in a pseudoaxial position while H-4 is shifted
to du 5.52-5.68 in all compounds, showing the characteristic anisotropic effect of the
coplanar carbonyl group at C-14 on the quasi-equatorial proton, as explained by Herndndez
et al. [28]. The difference between anti and syn enantiomers were observed on H-1. In the
anti enantiomers, the chemical shift value of the axial H-1 of 4b/c and 5b/c at du 2.69-2.73
indicates the folding of the C-4-indolyl substituent over the piperazine ring and the
isopropyl group. This phenomenon was also reported by Hernandez and coworkers for H-
1 signals of quinazolinones whose chemical shift values were ca. 3 ppm for the boat
conformation and the ant ienantiomers, due to the absence of the shielding effect by the
aromatic ring [28]. Meanwhile, for the syn enantiomers, 4a/d and 5a/d, H-1 chemical shift
values were at ca. du 3.95-4.32, indicating the shielding effect from the aromatic ring over
H-1. The chemical shifts of H-1' of the isopropyl group were also different between the anti-
and the syn enantiomers, being ca. o1 0.94-1.06 for 4a/d and du 2.61-2.66 for 4c¢/d, indicating

the different shielding effect of the aromatic ring on the group on C-1.
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Table 2. 'H NMR data (300 MHz, CDCls) for 4 and 5.

. du (J in Hz)
Position
4a 4b 4c 4ad

H-1 3.95, dd (8.4,3.5) 2.69, d (2.4) 2.69, d (2.4) 3.95, dd (8.5, 3.6)
H-2 6.50, d (3.0) 5.85, br 5.80, br 6.39, d (3.2)

H-4 5.52, dd (6.3, 3.8) 5.68, dd (5.0, 2.8) 5.67,dd (5.0, 2.8) 5.52, dd (6.3, 3.8)
H-8 8.38,dd (8.0, 1.1) 8.37,dd (8.0, 1.1) 8.37,dd (8.0, 1.1) 8.38,dd (8.0, 1.2)
H-9 7.54,ddd (8.2,7.2,1.2) 7.54,ddd (7.9,7.7,1.8) 7.54,ddd (8.0, 6.2,1.9)7.54, ddd (8.1, 7.3, 1.1)
H-10 7.79,ddd (8.7,7.7,1.9) 7.77,ddd (7.9,7.7,1.9) 7.77,ddd (8.9, 6.2, 1.9)7.79, ddd (8.5, 7.1, 1.2)
H-11 7.62,d (7.7) 7.57,d (7.7) 7.57,d(7.7) 7.62,d (7.7)

H-1’ 1.06-0.94, m 2.66-2.61, m 2.66-2.61, m 1.06-0.94, m

H-2' 0.48, d (6.6) 0.63, d (2.3) 0.63, d (4.0) 0.48, d (6.6)

H-3' 0.75, d (6.8) 0.66, d (3.7) 0.65,d (4.3) 0.75, d (6.8)
H-4a  3.72,dd (14.9,3.7) 3.69, dd (15.0, 5.3) 3.69, dd (17.8, 4.0) 3.72,dd (14.8,3.7)
H-4b  3.80, dd (14.9, 6.3) 3.77,dd (15.0, 2.9) 3.77,dd (15.0,2.8)  3.80, dd (14.8, 6.4)
H-6' 6.89, d (2.4) 6.60, d (2.3) 6.60, d (2.4) 6.90, d (2.3)

H-7' 8.06, br 8.03, br 8.03, br 8.03, br

H-9' 7.28,d (8.4) 7.28,d (8.2) 7.28,d (8.2) 7.28,d (7.8)
H-10" 7.10, ddd (8.6, 7.6, 1.0) 7.13,t(7.1) 7.13,t(7.1) 7.10, ddd (8.5, 7.5 0.9)
H-11" 6.93, ddd (8.0, 7.1, 1.0) 6.93,1(7.5) 6.93,t(7.5) 6.94,ddd (8.2,7.2,1.0)
H-12' 7.49,d (7.9) 7.44, d (8.0) 7.44,d (8.1) 7.49,d (7.9)

5a 5b 5¢ 5d

H-1 4.32,dt (10.7, 3.2) 2.73,dd (9.7, 3.4) 2.72,d (9.7) 4.31,dt (11.0, 3.2)
H-2 6.45,d (2.5) 5.75, br 5.75, br 6.21,d (2.5)

H-4 5.54,dd (5.2, 3.3) 5.68, dd (5.2, 3.0) 5.68, dd (5.0, 2.9) 5.55,dd (5.2, 3.3)
H-8  8.39,dd (8.0, 1.2) 8.37,d (8.0) 8.37,d (8.0) 8.39,dd (8.0, 1.1)
H-9 7.53,ddd (8.1,7.1,1.0) 7.55 ddd (8.5, 7.1,1.5) 7.55,ddd (8.5,7.1,1.5)7.53, ddd (8.2, 7.2, 1.1)
H-10 7.78,ddd (8.5,7.2,15) 7.78,ddd (8.5, 7.1, 1.5) 7.78, ddd (8.5, 7.1, 1.5)7.79, ddd (8.5, 7.1, 1.6)
H-11 7.57,d (7.8) 7.60, d (7.8) 7.60, d (7.9) 7.59, d (7.8)

H-1’ 2.84-2.44, m 1.43-1.33, m 1.44-1.36, m 2.89-2.56, m
H-2' 2.08-2.00,m  2.01,ddd (12.4,12.5,42) 2.01,dd (13.0, 9.4) 2.07-2.00, m
H-3' 0.75, d (6.0) 0.77, d (6.4) 0.77, d (6.3) 0.74, d (6.0)
H-3" 0.49, d (6.1) 0.28, d (6.5) 0.28, d (6.4) 0.49, d (6.0)
H-4a 3.75,dd (15.0, 3.3) 3.65, dd (15.0, 5.3) 3.65,dd (14.9,5.2)  3.75,dd (15.1, 3.4)
H-4b  3.83,dd (15.0, 5.3) 3.77,dd (15.0, 2.6) 3.78,dd (15.1, 2.8) 3.84, dd (15.0, 5.3)
H-6' 6.68, d (2.3) 6.64, d (2.3) 6.64, d (2.0) 6.68, d (2.4)

H-7' 8.08, br 8.09, br 8.07, br 8.03, br

H-9' 7.28,d (8.1) 7.29,d (8.2) 7.29,d (8.2) 7.29,d (8.3)
H-10' 7.12, ddd (8.5, 7.1, 1.1) 7.13,t (7.6) 7.13, t (8.0) 7.12, ddd (8.1, 7.0, 1.1)
H-11' 6.97, ddd (8.5, 7.0, 1.1) 6.98, t (7.5) 6.98, t (7.5) 6.93, ddd (8.0, 7.1, 1.0)
H-12' 7.41,d (8.0) 7.50, d (8.0) 7.50, d (8.0) 7.42, d (8.0)

HMBC correlations were also used to distinguish the anti-isomers from the syn

counterparts. For the anti isomer 4b (whose indole moiety derived from L-Trp), H-4

exhibited correlations to C-14, C-5', C-4’, and C-3 whereas H-1 showed correlations to C-14,

C-2', C-3', and C-1". On the contrary, in 4c (whose indole moiety is derived from D-Trp), the
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HMBC correlations from H-4 to C-14, C-5', C-4' and from H-1 to C-14, C-3/, and C-2’, were
observed. For the syn isomer 4a (whose indole moiety derived from L-Trp), the HMBC
correlations from H-1 to C-14, and from H-4 to C-14, C-4’, and C-5" were observed while the
HMBC correlations from H-1 to C-3 and C-14 and from H-4 to only C-4’ were observed in

the syn isomer 4d.

Table 3. 3C NMR data (75 MHz, CDCls) for 4 and 5.

oc, Type
Position
4a 4b 4c 4d 5a 5b 5¢ 5d
C-1 61.9, CH 58.1 58.1 61.8 54.1, CH 50.8 50.8 54.1
C-3 167.8, CO 169.5  169.5 167.8 167.6, CO 1694 1694 167.5
C4 57.5,CH 56.8 57.3 57.5 56.7, CH 57.3 57.3 56.7
C-6 161.4, CO 160.9 160.9 161.0 161.0, CO 160.8 160.8 161.1
Cc-7 120.2,C 120.2 120.2 120.2 1204, C 120.3 120.3 120.0
C-8 126.8, CH 126.9 126.9 126.7 126.9, CH 126.9 126.9 126.8
C9 127.1, CH 127.2 127.2 127.1 126.9, CH 127.4 127.4 126.8
C-10 134.7, CH 134.7 134.7 134.7 134.8, CH 134.6 134.6 134.7
C-11 127.1, CH 127.0 127.0 127.1 126.7, CH 127.1 127.1 126.7
C-12 146.8, C 147.1 147.1 146.1 147.2,C 147.0 147.0 147.2
C-14 149.3, C 150.3  150.3 149.8 151.3,C 1515 1515 151.3
C-1 345, CH 294 29.5 34.8 45.8, CH2 40.2 40.2 45.8
C-2' 18.0, CHs 14.8 14.8 18.1 239, CH 24.1 24.1 23.9
C-3" - - - - 204, CHs 19.7 19.7 20.4
C-3' 19.6, CHs 18.8 18.8 19.8 229, CHs 233 233 229
c-4' 27.4, CH 274 274 274 26.4, CH2 27.1 27.1 26.4
C-5' 110.2, C 109.3  109.3 110.2 107.9, C 109.7  109.7 107.9
C-6' 123.5, CH 1236  123.6 123.6 123.6, CH 1236 1236 123.6
C-8 136.0, C 136.0 136.0 135.9 137.1,C 136.1 136.1 137.1
c9 110.9, CH 111.1 111 111 110.2, CH 1111 1111 110.2
C-10' 122.3, CH 122.6 122.6 122.4 122.2, CH 122.8 122.8 122.2
C-11 119.9, CH 120.0 120.0 119.9 119.9, CH 120.2 120.2 119.9
C-12 118.7, CH 118.7 118.7 118.7 119.0, CH 118.8 118.8 119.1
C-13' 127.8,C 127.2 127.2 127.8 126.8, C 127.1 127.1 126.8
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Figure 2. Most relevant chemical shifts and key HMBC correlations of the protons to the

stereogenic centers on the piperazine ring of 4a—d.

Moreover, the NOESY spectrum revealed the cross peak between the C-1" methyl
groups and H-4 for the anti isomer 4c, while for the syn isomer 4a that correlation was
absent. These observations support the identity/identification of the syn and anti

conformational isomers.
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2.3. Tumor Cell Growth Inhibitory Activity

Compounds 4a-d and 5a—-d were tested for their tumor cell growth inhibitory activity
against two human tumor cell lines: NCI-H460 (non-small cell lung cancer) and HCT-15
(colorectal adenocarcinoma), using the sulforhodamine B (SRB) colorimetric assay [29]. Five
serial dilutions of each compound (at a maximum concentration of 150 uM) were tested for
48 h. Doxorubicin was used as a positive control, and the antitumor activity was reported
as Glso (drug concentration that inhibits the growth of cancer cells by 50%).

Compounds 4a-d, 5a, 5b, and 5d were also investigated for their possible modulatory
activity of P-gp, a drug efflux pump associated with drug resistance. P-gp activity was
determined by an assay which measures the mean fluorescence intensity of cells treated
concomitantly with rhodamine 123 (Rh123, a substrate of P-gp), and the tested compounds
[20]. The P-gp inhibitory activity of the compounds was tested on a drug resistant cell line
which overexpresses P-gp (K562Dox), by measuring the intracellular accumulation of
Rh123. After an incubation with the compounds and Rh123, cells were washed, and the
fluorescence of Rh123 was detected by flow cytometry in the FL1 channel. The drug
sensitive counterpart cells (K562) were used as control. The Rh123 accumulation ratio was
calculated as: (Mean FL1kse62pox+Compound — Mean FL1kse2p0x)/Mean FL1kss200x [30].

All the compounds tested showed weak to moderate activity, with the Glso values
ranging from 30 to 80 uM. Some differences were observed among the groups of 4 and 5.
Compounds 4 were more potent in the HCT-15 cell line but exhibited higher Glso values in
the NCI-H460 cell lines. On the other hand, members of 5 were more potent than those of 4
in the NCI-H460 cell line. Compound 5¢ was the most promising in this panel of cell lines
(Table 4). The substituent at C-1 was found to influence the inhibitory effects observed in
the NCI-H460 cell. For example, 4a—d, whose C-1 bears the isopropyl group, exhibited Glso
values ranging from 57 to 81 uM, while 5a—d, whose C-1 bears the isobutyl group, displayed
Glso values ranging from 31 to 42 uM. These findings are in accordance with the SAR
obtained with the natural compounds in vitro antitumor assays. For instance, glyantrypine
(2), whose C-1 bears a hydrogen atom, showed no antitumor activity (Glso > 100 uM) while
the analogue, with the phenyl group on C-1, was more active (Glso = 15 uM) [25]. Moreover,
fumiquinazolines F (3) and G (4), whose C-1 bears a methyl group, showed moderate

activity against P-388 cells (Glso = 13.5 uM) [31]. Likewise, differences in the inhibitory
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effects against the two cell lines were observed between enantiomeric pairs; ie. 4a
(15,4S)/4d (1R,4R) and 4b (15,1R)/4c (1R,4S). Significant differences were detected for Glso
concentration values in the pair 4a/4d in NCI-H460 cells (p = 0.026). Among the fiscalin
series such as epi-fiscalin A (16, 15,4S), epi-fiscalin C (17, 15,4S), fiscalin F (15,4S), and
fiscalin C (15, 1R,4S), the configurations of the stereogenic carbons of the isopropyl
pyrazinone and imidazolone moieties have already been found to influence the antitumor
activity [21,32]. Although this study brought insights into the antitumor activity of fiscalin
B (4c) and the synthetic analogues, none of the compounds showed any effect on the
intracellular accumulation of Rh123, when tested at 10 uM concentrations using verapamil

as a positive control for P-gp inhibition (Figure 3).

Table 4. The Glso of 4a—d and 5a—d in the NCI-H460 and HCT-15 human tumor cell lines.

GI;, (uM)
Compound
NCI-H460 HCT-15
4a 81.33+1.55 40.33+3.12
4b 70.20£3.15 38.15+0.29
4c 57.62+2.08 31.78+1.21
4d 60.10 £2.61 33.30 £1.37
5a 32.52+424 48.18+2.51
5b 41.52+2.52 51.94+4.26
5¢ 31.19+3.01 43.63+0.25
5d 36.47 +3.98 47.00 +1.47

Values were determined with the SRB assay and are the mean + SEM of three independent
experiments. Doxorubicin was used as a positive control, with the following Glso

concentrations: 23.02 + 0.54 nM in NCI-H460 cells, 331.49 + 49 nM in HCT-15 cells.
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Figure 3. Accumulation ratio of Rh123 in K562 and K562Dox cell lines. Cells were
incubated for 1 h with 4a—d, 5a, 5b, and 5d at a final concentration of 10 pM. The activity
of 5¢ was not analyzed due to its quantity we have obtained. Verapamil (10 uM) was
used as a positive control (known P-gp inhibitor), and K562 cells were used as a
negative control. The accumulation ratio in the untreated K562Dox cells was defined as
zero; any value higher than that represents a potential inhibition of P-gp. Results are

the mean of two independent experiments.
3. Materials and Methods

3.1. General Procedure

All reagents were from analytical grade. Dried pyridine and triphenylphosphite were
purchased from Sigma (Sigma-Aldrich Co. Ltd., Gillinghan, UK). Protected amino acids (ii)
and anthranilic acid (i) were purchased from TCI (Tokyo Chemical Industry Co. Ltd., Chuo-
ku, Tokyo, Japan). Column chromatography purifications were performed using flash silica
Merck 60, 230—400 mesh (EMD Millipore corporation, Billerica, MA, USA) and preparative
TLC was carried out on precoated plates Merck Kieselgel 60 Fzs« (EMD Millipore
corporation, Billerica, MA, USA), spots were visualized with UV light (Vilber Lourmat,
Marne-la-Vallée, France). Melting points were measured in a Kofler microscope and are
uncorrected. Infrared spectra were recorded in a KBr microplate in a FTIR spectrometer
Nicolet iS10 from Thermo Scientific (Waltham, MA, USA) with Smart OMNI-Transmission
accessory (Software 188 OMNIC 8.3). 'H and *C NMR spectra were recorded in CDCls

(Deutero GmbH, Kastellaun, Germany) at room temperature unless otherwise mentioned
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on Bruker AMC instrument (Bruker Biosciences Corporation, Billerica, MA, USA),
operating at 300 MHz for 'H and 75 MHz for *C). Carbons were assigned according to
HSQC and or HMBC experiments. Optical rotation was measured at 25 °C using the ADP
410 polarimeter (Bellingham + Stanley Ltd., Tunbridge Wells, Kent, UK), using the emission
wavelength of sodium lamp, concentrations are given in g/100 mL. Qualitative GC-MS
analyses were performed on a Trace GC 2000 Series ThermoQuest gas chromatography
(Thermo Fisher Scientific Inc., Austin, TX, USA) equipped with ion-trap GCQ Plus
ThermoQuest Finnigan mass detector (Thermo Fisher Scientific Inc., Austin, TX, USA).
Chromatographic separation was achieved using a capillary column (30 m x 0.25 mm x 0.25
um, cross-linked 5% diphenyl and 95% dimethyl polysiloxane) from Thermo Scientific™
(Thermo Fisher Scientific Inc., Austin, TX, USA) and high-purity helium C-60 as carrier gas.
High resolution mass spectra (HRMS) were measured on a Bruker FTMS APEX III mass
spectrometer (Bruker Corporation, Billerica, MA, USA) recorded as ESI (Electrospray)
made in Centro de Apoio Cientifico e Tecnoloxico a Investigation (CACTI, University of
Vigo, Pontevendra, Spain). The purity of synthesized compounds was determined by
reversed-phase HPLC with diode array detector (DAD) using C18 column (Kimetex®, 2.6
EVO0 C18 100 A, 150 x 4.6 mm), and the mobile phase was methanol: water (60:40) or
acetonitrile:-water (50:50). Enantiomeric ratio was determined by chiral HPLC (LCMS-
2010EV, Shimadzu, Lisbon, Portugal), employing a system equipped with a chiral column
(Lux® 5 um Amylose-1, 250 x 4.6 mm) and UV-detection at 254 nm, mobile phase was

hexane:ethanol (80:20) and the flow rate was 0.5 mL/min.

3.2. General Conditions for the Synthesis of 4-(1H-indol-3-ylmethyl)-1-isopropyl-2H-
pyrazino[2,1-b] quinazoline-3,6-(1H,4H)-diones (4b/4c)

In a closed vial, anthranilic acid (i) (28 mg, 200 pmol), N-Boc-L-valine (iia) for 4c or N-
Boc-D-valine (iib) for 4b (44 mg, 200 umol), and triphenylphosphite (63 pL, 220 umol) were
added along with 1 mL of dried pyridine. The vial was heated in heating block with stirring
at 55 °C for 16-24 h. After cooling the mixture to room temperature, L-tryptophan methyl
ester hydrochloride (iiia) for 4b or D-tryptophan methyl ester hydrochloride (iiib) for 4c
(61 mg, 200 umol) was added, and the mixture was irradiated in the microwave at a

constant temperature at 220 °C for 1.5 min. Four reaction mixtures were prepared in the
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same conditions and treated in parallel. After removing the solvent with toluene, the crude
product was purified by flash column chromatography using hexane: EtOAc (60:40) as a
mobile phase. The preparative TLC was performed using CH2Cl2:Me2CO (95:5) as mobile
phase. The major compound appeared as a black spot with no fluorescence under the UV
light. The desired compounds 4b/c were collected as yellow solids. Before analysis,

compounds were recrystallized from methanol.

3.2.1. (1R,45)-4-(1H-indol-3-ylmethyl)-1-isopropyl-2H-pyrazino[2,1-b]quinazoline-3,6-
(1H,4H)-dione (4b)

Yield: 14%; mp: 168-169 °C; [a]p = +65.21 (¢ 0.46; CHCls); IR vmax (KBr) 3411, 3066, 1684,
1596, 1471, 1389, 1293 cm™; '"H NMR see Table 2; 3C NMR see Table 3; m/z (rel. intensity,
%): 385.9 (M, 2), 257.1 (29), 214.1 (3), 202.0 (7), 171.1 (10), 143.1 (4), 130.1 (100), 103.0 (18),
77.0 (16); (+)-HRESIMS m/z 387.1810 (M + H)* (calculated for C2sH2N1O», 387.1776).

3.2.2. (15,4R)-4-(1H-indol-3-ylmethyl)-1-isopropyl-2H-pyrazino[2,1-b]quinazoline-3,6-
(1H,4H)-dione (4c)

Yield: 8%; mp: 168-169 °C; [a]p = -248.1 (c 0.43; CHCls); IR vmex (KBr) 3346, 3066, 1683,
1596, 1471, 1389, 1293 cm™; 'H NMR see Table 2; 3C NMR see Table 3; m/z (rel. intensity,
%): 385.9 (M, 5), 257.1 (32), 298.9 (37), 284.2 (6), 254.0 (15), 238.8 (12), 201.8 (18), 189.0 (35),
171.1 (25), 149.1 (32), 130.1 (100), 103.0 (9), 77.0 (13); (+)-HRESIMS m/z 387.1809 (M + H)*
(calculated for C2sH22NO:, 387.1776).

3.3. General Condition for the Synthesis of 4-(1H-indol-3-ylmethyl)-1-isobutyl-2H-pyrazino[2,1-
b] quinazoline-3,6-(1H,4H)-diones (5b/5c)

In a closed vial, anthranilic acid (i) (28 mg, 200 umol), N-Fmoc-L-leucine (iic) for 5c or
N-Fmoc-D-leucine (iid) for 5b (70.68 mg, 200 pumol), and triphenylphosphite (63 uL, 220
umol) were added along with 1 mL of dried pyridine. The vial was heated in heating block
at 55 °C for 16-24 h. After cooling the mixture to room temperature, we added L-tryptophan
methyl ester hydrochloride (iiia) for 5b (51 mg, 200 umol), or D-tryptophan methyl ester
hydrochloride (iiib) 5d (51 mg, 200 pumol), and the mixture was irradiated in the microwave

at a constant temperature at 220 °C for 1.5 min. Four reaction mixtures were prepared in
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the same conditions and treated in parallel. After removing the solvent with toluene, the
mixture was purified by flash column chromatography using hexane: EtOAc (60:40) as a
mobile phase. The preparative TLC was performed using CH2Cl2:Me2CO (95:5) as a mobile
phase. The major compound appeared as a black spot with no fluorescence under UV light.
The desired compounds, 5b/5¢, were collected as yellow solids. Before analysis, compounds

were recrystallized from methanol.

3.3.1. (1R,4S)-4-(1H-indol-3-ylmethyl)-1-isobutyl-2H-pyrazino[2,1-b]quinazoline-3,6-
(1H,4H)-dione (5b)

Yield: 10%; mp: 220 °C; [a]p = +89.74 (c 0.52; CHCIs); IR vmax (KBr) 3334, 3060, 1686, 1457,
1386, 1291 cm™; 'TH NMR see Table 2; *C NMR see Table 3; (+)-HRESIMS m/z 401.1967 (M +
H)* (calculated for C24H24N1O>, 401.1933).

3.3.2. (15,4R)-4-(1H-indol-3-ylmethyl)-1-isobutyl-2H-pyrazino[2,1-b]quinazoline-3,6-
(1H,4H)-dione (5¢)

Yield: 8%; mp: 219 °C; [a]p = —61.72 (¢ 0.54; CHCls); IR vmax (KBr) 3334, 3060, 1682, 1587,
1396, 1298 cm™; 'TH NMR see Table 2; 1*C NMR see Table 3; (+)-HRESIMS m/z 401.1966 (M +
H)* (calculated for C24sH24N1O>, 401.1933).

3.4. General Condition for the Synthesis of Compounds 4a and 5a

3.4.1. Synthesis of N-(2-aminobenzoyl)-L-tryptophan methyl ester (iv-a)

To a mixture of anthranilic acid (287 mg, 2.39 mmol) and TBTU (920 mg, 2.86 mmol,
1.2 equiv) in acetonitrile (20 mL) was added EtsN (833 uL, 4.78 mmol, 2 equiv) and L-
tryptophan methyl ester (521 mg, 2.39 mmol) at room temperature. After stirring for 5 h,
the reaction mixture was concentrated under reduced pressure. The residue was dissolved
in CH2Cl2 and washed with 1 M HCI, extracted with CH2Cl> (3 x 100 mL), dried with
NazSOs, filtered, and concentrated. The residue was purified by flash chromatography
(eluent 1% MeOH in CH:CL) to yield iv-a as a white solid (675.5 mg, 96%), mp 134-135 °C,
IR vmax (KBr): 3424, 1746, 1727, 1645, 1611, 1581; 'H NMR (300, MHz, CDCls): 8.15 (s, 1H),
7.56 (d, 1H, [=7.9 Hz), 7.35 (d, 1H, ] =8.1 Hz), 7.19-7.15 (m, 3H), 7.09 (t, 1H, ] = 7.4 Hz), 7.01
(d, 1H, ] =2.3 Hz), 6.65 (dd, 1H, ] =8,7 and 1.1 Hz), 6.56 (ddd, 1H, ] =7.5 and 0.8 Hz), 5.08
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(dt, 1H, ] = 7.5 and 5.3 Hz), 3.71 (s, 3H), 3.43 (m, 2H); *C NMR (75, MHz, CDCl) 172.6 (CO),
168.8 (CO), 148.8 (C), 136.1 (C), 132.6 (CH), 127.6 (CH), 127.6 (C), 122.8 (CH), 122.3 (CH),
119.8 (CH), 118.7 (CH), 117.3 (CH), 116.7 (CH), 115.3 (C), 111.3 (CH), 110.1 (C), 53.1 (CH),
52.7 (CHs), 27.7 (CHa).

3.4.2. Synthesis of N-[9H-fluoren-9-ylmethoxy)carbonyl]-L-valinyl-2-aminobenzoyl-L-

tryptophan methyl ester (vi-a)

To a solution of iv-a (160 mg, 0.474 mmol) in dried CH2Cl2 (10 mL) was added N-Fmoc-
L-valine-Cl [27] (v-a,182 mg, 0.5 mmol). The mixture was stirred for 30 min, followed by
addition of aqueous Na:COs (1 M, 8 mL, 8 mmol). After continuous stirring for 3 h, the
mixture was extracted with CH2Cl> (4 x 100 mL), dried with Na2SOs, filtered, and
concentrated. The residue was purified by flash chromatography (eluent: 5% MeOH in
CH:CL: to give vi-a as a white solid (296.4 mg, 95%), mp: 194.4-196.3 °C, [a]*’> = +13.22 (c
0.126, CHCls), IR vmax (KBr) 3318, 1727, 1698, 1588 cm™; 'H NMR (300, MHz, CDCls): 11.4 (s,
1H), 8.50 (d, 1H, ] =8.3 Hz), 8.24 (s, 1H), 7.67 (d, 2H, | =7.4 Hz), 7.57 (d, 1H, | =7.4 Hz), 7.51
(d, J=7.3),7.43-7.19 (m, 8H), 7.08 (t, 1H, ] =7.4 Hz), 6.97 (t, 1H, ] =74 Hz), 6.91 (d, 1H, | =
7.5Hz) 6.87 (s, 1H), 6.68 (d, 1H, ] =7.6 Hz), 5.50 (d, 1H, ] =8.5 Hz), 4.97 (dd, 1H, ] =12.7 and
5.2 Hz), 4.32 (dt, 3H, J=17.5 and 10.4 Hz), 4.20 (dt, 1H, ] =13.6 and 6.1 Hz), 3.72 (s, 3H), 3.38
(dd, 1H, J =15.0 and 5.2 Hz), 3.31 (dd, 1H J=14.9 and 5.3 Hz), 1.82 (m, 1H), 0.97 (d, 1H, | =
6.7 Hz), 0.90 (d, 6H, | = 6.8 Hz) C NMR (75, MHz, CDCls) 172.1 (CO), 170.3 (CO), 168.3
(CO), 156.6 (C), 144.1 (2C), 141.3 (2C), 138.9 (C), 136.1 (C), 132.8 (CH), 127.7 (2CH), 127.5
(©), 127.1 (2CH), 127.1(2CH), 127.0 (CH), 125.3 (CH), 125.2 (CH), 123.2 (CH), 122.8 (CH),
122.3 (CH), 121.4 (C), 120.0 (2CH), 119.8 (CH), 118.4 (C), 111.4 (CH), 109.6 (C), 67.3 (CH>),
61.4 (CH), 53.4 (CH), 52.6 (CHs), 47.3 (CH), 31.3 (CH), 27.3 (CHz), 19.4 (CHs), 17.6 (CHbs).

3.4.3. Synthesis of (15,4S)-4-(1H-indol-3-ylmethyl)-1-isopropyl-2H-pyrazino|[2,1-b]
quinazolin-3,6-(1H, 4H)-dione (4a)

To a solution of vi-a (290 mg, 0.440 mmol) in dried CH2Cl> (20 mL) was added PhsP
(576 mg, 2.2 mmol, 5 equiv), - (448 mg, 2.16 mmol. 49 equiv), and N,N-
diisopropylethylamine (774 uL, 4.44 mmol, 10 equiv). The reaction mixture was stirred at

room temperature for 5 h, quenched with aqueous Na:COs, and extracted with CH2Cl2 (3 x

100 mL), dried with Na25Os, filtered and concentrated. Hexane was added to remove an
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excess of PhsP, the precipitate was filtered and treated with CH:Clz (10 mL) and piperidine
(2.5 mL, 20%) at room temperature for 20 min, followed by solvent evaporation to provide
the solid which was triturated with hexane (1 x 200 mL), CH2Cl2/PhMe (1 x 200 mL), and
hexane (1 x 200 mL). The vacuum-dried crude residue was dissolved in CHsCN (10 mL) in
the presence of DMAP (64 mg, 0.53 mmol) and refluxed for 19 h. The reaction mixture was
purified by preparative TLC (EtOAc: MeOH: CH:Cl,, 50:2.5:47.5) to afford 4a (45.5 g, 28%);
mp: 112.8-114.1 °C, [a]*> = +300.55 (c 0.061, CHCIs), IR vmar (KBr) 3417, 3068, 1683, 1594,
1471, 1387, 1333 cm™'; '"H NMR see Table 2; 3C NMR see Table 3; m/z (rel. intensity, %): 386.3
(M, 8), 341.0 (5), 315 (10), 282.0 (8), 257.1 (55), 241.9 (7), 217.1 (17), 186.1 (10), 171.0 (18), 130.1
(100), 103.0 (14), 77.0 (16); (+)-HRESIMS m/z 387.1810 (M + H)* (calculated for C2sH22N4O,
387.1776).

3.4.4. Synthesis of N-[9H-fluoren-9-ylmethoxy)carbonyl]-L-methylpentanyl-2H-

aminobenzoyl-L-tryptophan methyl ester (vi-b)

To a solution of compound iv-a (129 mg, 0.382 mmol) in dried CH2ClL> (10 mL) was
added N-Fmoc-L-leucine-Cl [27] (v-b, 171 mg, 0.458 mmol). The mixture was stirred for 30
min, followed by addition of aqueous Na2COs (1 M, 7.6 mL, 7.6 mmol). After being stirred
for a total 3 h, the mixture was extracted with CH2ClL> (4 x 100 mL), dried with Na2SOs,
filtered, and concentrated. The residue was purified by flash chromatography (eluent 5%
MeOH in CH2Cl2) to give vi-b as a white solid (231.7 mg, 92%), mp: 193.7-194.9 °C, [a]*> =
+18.42 (¢ 0.398, CHCls), IR vmax (KBr) 3405, 1744, 1695, 1586 cm™; "H NMR (300, MHz, CDCls):
11.4 (s, 1H), 8.59 (d, 1H, ] 8.3 Hz), 8.19 (s, 1H), 7.76 (d, 2H, | 7.4 Hz), 7.65 (d, 1H, ] 7.3 Hz),
7.59 (d, 1H, ] 7.4 Hz), 7.52-7.28 (m, 8H), 7.17 (t, 1H, ] 7.3 Hz), 7.06 (d, 1H, ] 7.4 Hz), 7.00 (d,
1H, 7.7 Hz) 6.96 (s, 1H), 6.73 (d, 1H, ] 7.6 Hz), 5.55 (d, 1H, ] 8.5 Hz), 5.05 (dd, 1H, ] 12.6 and
5.2 Hz), 4.39 (d, 2H, ] 6.6 Hz), 4.28 (m, 2H), 3.72 (s, 3H), 3.38 (m, 2H), 2.33 (dt, 1H ] 13.0 and
6.4 Hz), 1.06 (d, 3H, ] 6.8 Hz), 0.98 (d, 3H, ] 6.8 Hz); *C NMR (75, MHz, CDCl): 172.1 (CO),
170.2 (CO), 168.3 (CO), 156.5 (CO), 143.8 (2C), 141.3 (2C), 139.0 (C), 136.1 (C), 132.9 (CH),
127.7 (2CH), 127.5 (C), 127.1 (2CH), 127.1 (2CH), 126.9 (CH), 125.3 (CH), 125.2 (CH), 123.2
(CH), 122.8 (CH), 122.4 (CH), 121.4 (C), 120.2 (2CH), 119.8 (CH), 118.5 (C), 111.4 (CH), 109.7
(CH), 67.2 (CH2), 61.3 (CH), 53.3 (CH), 52.6 (CHs), 38.6 (CH), 47.3 (CH2), 31.4 (CH), 27.3
(CH-2), 19.4 (CH3), 17.5 (CH3).

141 |Page



3.4.5. Synthesis of (15,45)-4-(1H-indol-3-ylmethyl)-1-isobutyl-2H-pyrazino[2,1-
b]quinazolin-3,6-(1H, 4H)-dione (5a)

To a solution of vi-b (232 mg, 0.344 mmol) in dried CH2Cl2 (20 mL) was added PhsP
(451 mg, 172 mmol, 5 equiv), I (428 mg, 1.68 mmol. 4.9 equiv), and N,N-
diisopropylethylamine (605 uL, 3.47 mmol, 10 equiv). The reaction mixture was stirred at
room temperature for 5 h, quenched with aqueous Na2COs, and extracted with CH2Cl2 (3 x
100 mL), dried with Na2SOs, filtered and concentrated. Hexane was added to remove an
excess of PhsP, the precipitate was filtered and treated with CH:Clz (10 mL) and piperidine
(2.5 mL, 20%) at room temperature for 20 min, followed by solvent evaporation to provide
the solid which was triturated with hexane (1 x 200 mL), CH2Cl2/PhMe (1 x 200 mL), and
hexane (1 x 200 mL). The vacuum-dried crude residue was dissolved in CHsCN (10 mL) in
the presence of DMAP (80 mg, 0.66 mmol) and refluxed for 19 h. The reaction mixture was
purified by preparative TLC (EtOAc:MeOH:CH2Cl, 50:2.5:47.5) to afford 5a (39 mg, 28%);
mp: 105.9-106.3 °C, [a]*’o =+81.76 (¢ 0.106, CHCls), IR vmax (KBr) 3435, 3060, 1686, 1602, 1387,
1292 cm!; 'TH NMR see Table 2; 1*C NMR see Table 3; (+)-HRESIMS m/z 401.1933 (M + H)*
(calculated for C24H24N1O:, 401.1933).

3.5. General Condition for the Synthesis Compound 4d and 5d

3.5.1. Synthesis of N-(2-aminobenzoyl)-D-tryptophan methyl ester (iv-b)

To a mixture of anthranilic acid (287 mg, 2.39 mmol) and TBTU (920 mg, 2.86mmol, 1.2
equiv) in CHsCN (20 mL) was added EtsN (833 uL, 4.78 mmol, 2 equiv) and D-tryptophan
methyl ester (521 mg, 2.39 mmol) at room temperature with stirring. After being stirred for
5 h, the reaction mixture was concentrated under reduced pressure. The residue was
dissolved in CH2Cl> and washed with 1M HCI, extracted with CH2Cl (3 x 100 mL), dried
with Na2SO, filtered and concentrated. The residue was purified by flash chromatography
(eluent: 1% MeOH in CH:Cl) to yield iv-b as a white solid (569.7 mg, 81%), mp 131.9-134.3
°C, IR vmax (KBr) 3423, 1746, 1644 cm™, '"H NMR (300, MHz, CDCl): 8.14 (s, 1H), 7.56 (d, 1H,
J=79Hz),7.35(d, 1H, ] =8.1 Hz), 7.19-7.15 (m, 3H), 7.10 (ddd, 1H, ] = 8.0, 7.1, and 1.1 Hz),
7.01 (d, 1H, J=2.4 Hz), 6.65 (dd, 1H, ] = 8,7 and 1.1), 6.60 (s, 1H), 6.59-6.52 (ddd, 2H, | =7.5
and 0.8 Hz), 5.08 (dt, 1H, ] =7.5 and 5.3 Hz), 3.72 (s, 3H), 3.43 (m, 2H); *C NMR (75, MHz,
CDCl): 172.6 (CO), 168.8 (CO), 148.8 (C), 136.1 (C), 132.6 (CH), 127.6 (CH), 127.5 (C), 122.8
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(CH), 122.3 (CH), 119.8 (CH), 118.7 (CH), 117.3 (CH), 116.7 (CH), 115.3 (C), 111.3 (CH), 110.1
(C), 53.1 (CH), 52.5 (CHs), 27.7(CHb).

3.5.2. Synthesis of N-[9H-fluoren-9-ylmethoxy)carbonyl]-D-valinyl-2-aminobenzoyl-D-

tryptophan methyl ester (vi-c)

To a solution of iv-b (140 mg, 0.416 mmol) in dried CH2Cl2 (10 mL) was added N-Fmoc-
D-valine-Cl [27] (v-¢,182 mg, 0.5 mmol). The mixture was stirred for 30 min, followed by
addition of aqueous Na:COs (1 M, 8 mL, 8 mmol). After continuous stirring for 3 h, the
mixture was extracted with CH2Cl> (4 x 100 mL), dried with Na2SOs, filtered, and
concentrated. The residue was purified by flash chromatography (eluent: 5% MeOH in
CH2Cl: to give vi-c as a white solid (220.4 mg, 84%), mp: 197.8-200.2 °C, [a]*’p = —22.72 (c
0.088, CHCls), IR vmax (KBr) 3423, 1724, 1670, 1589 cm™; '"H NMR (300, MHz, CDCls): 11.42
(s, 1H), 8.59 (d, 1H, ] = 8.3 Hz), 8.18 (s, 1H), 7.76 (d, 2H, ] = 7.4 Hz), 7.66 (d, 1H, ] = 7.3 Hz),
7.60 (d, 1H, | =7.3 Hz); 7.53-7.28 (m, 9H), 7.17 (t, 1H, ] =7.3 Hz), 7.08 (d, 1H, | =7.4 Hz), 7.02
(m, 1H), 6.96 (s, 1H), 6.72 (d, 1H, ] =7.6 Hz), 5.55 (d, 1H, | = 8.5 Hz), 5.06 (dd, 1H, | =12.5
and 5.2 Hz), 440 (d, 1H, | = 6.6 Hz), 4.32-4.24 (m, 1H), 3.73 (s, 3H), 3.45-3.31 (m, 2H), 1.65
(s, 3H) 2.40-2.31 (m, 1H), 1.06 (d, 3H, ] =6.8 Hz), 0.98 (d, 3H, ] = 6.9 Hz); *C NMR (75, MHz,
CDCls) 172.0 (CO), 170.2 (CO), 168.3 (CO), 156.5 (C), 144.1 (2C), 141.3 (2C), 139.0 (C), 136.1
(©), 132.9 (CH), 127.7 (2CH), 127.5 (C), 127.1 (2CH), 127.1(2CH), 126.9 (CH), 125.3 (CH),
125.2 (CH), 123.2 (CH), 122.8 (CH), 122.4 (CH), 121.4 (C), 120.2 (2CH), 119.8 (CH), 118.5 (C),
111.4 (CH), 109.7 (C), 67.2 (CH>), 61.3 (CH), 53.3 (CH), 52.6 (CH3s), 47.3 (CH), 31.3 (CH), 27.3
(CH-2), 19.4 (CH3), 17.6 (CH3).

3.5.3. Synthesis of (1R,4R)-4-(1H-indol-3-ylmethyl)-1-isopropyl-2H-pyrazino[2,1-b]
quinazolin-3,6-(1H, 4H)-dione (4d)

To a solution of vi-c (183 mg, 0.278 mmol) in dried CH2Clz (20 mL) was added PhsP
(365 mg, 14 mmol, 5 equiv), b (345 mg, 136 mmol, 49 equiv), and N,N-
diisopropylethylamine (489 uL, 2.81 mmol, 10 equiv). The reaction mixture was stirred at
room temperature for 5 h, quenched with aqueous Na2COs, and extracted with CH2Cl2 (3 x
100 mL), dried with Na2SOs, filtered, and concentrated. Hexane was added to remove an
excess of PhsP, the precipitate was filtered and treated with CH>Cl> (10 mL) and piperidine

(2.5 mL, 20%) at room temperature for 20 min, followed by solvent evaporation to provide
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the solid which was triturated with hexane (1 x 200mL), CH2Cl>/PhMe (1 x 200 mL), and
hexane (1 x 200 mL). The vacuum-dried crude residue was dissolved in CHsCN (10 mL in
the presence of DMAP (64 mg, 0.53 mmol) and refluxed for 19 h. The reaction mixture was
purified by preparative TLC (EtOAc:MeOH:CH2Clz, 50:2.5:47.5) to afford 4d (22.4 mg, 21%),
mp: 111.9-113.0 °C, [a]*®> = -210.53 (c 0.114, MeOH), IR vmax (KBr) 3321, 3068, 1683, 1593,
1471, 1387, 1291 cm™; "H NMR see Table 2; *C NMR see Table 3; m/z (rel. intensity, %): 385.9
(M, 12), 257.1 (29), 214.1 (3), 202.0 (7), 171.1 (10), 143.1 (4), 130.1 (100), 103.0 (18), 77 (16); (+)-
HRESIMS m/z 389.1776 (M + H)* (calculated for C2sH22N4O», 387.1809).

3.5.4. Synthesis of N-[9H-fluoren-9-ylmethoxy)carbonyl]-D-methylpentyl-2-

aminobenzoyl-D-tryptophan methyl ester (vi-d)

To a solution of iv-b (130 mg, 0.386 mmol) in dried CH2Cl2 (10 mL) was added N-Fmoc-
D-leucine-Cl [27] (v-d,172.5 mg, 0.464 mmol). The mixture was stirred for 30 min, followed
by addition of aqueous Na:COs (1 M, 7.7 mL, 7.7 mmol). After continuous stirring for 3 h,
the mixture was extracted with CH2Cl: (4x), dried with Na2SOs, filtered, and concentrated.
The residue was purified by flash chromatography (eluent: 5% MeOH in CH:Cl) to give
vi-d as a white solid (251 mg, 98%), mp: 194.9-196.3 °C, [a]*’b = -31.75 (c 0.105, CHCls), IR
vmax (KBr) 1740, 1645, 1584 cm™; 'H NMR (300, MHz, CDCls): 11.5 (s, 1H), 8.58 (d, 1H, ] =8.3
Hz), 8.23 (s, 1H), 7.76 (d,2H, | =7.4 Hz), 7.66 (d, 1H, ]=7.4 Hz), 7.57 (d, 1H, | =7.4 Hz), 7.51-
7.26 (m, 8H), 7.16 (t, 1H, | = 7.4 Hz), 7.07 (d, 1H, ] = 7.4 Hz), 7.00 (t, 1H, ] = 7.5 Hz) 6.93 (s,
1H), 6.74 (d, 1H, | =7,6 Hz), 5.43 (d, 1H, | = 7.9 Hz), 5.04 (dd, 1H, ] = 12.7 and 5.2 Hz), 4.41
(dt, 3H, J=17.5 and 10.4 Hz), 4.25 (t, 1H, ] = 7.0 Hz), 3.72 (s, 3H), 3.38 (dd, 1H, ] = 15.0 and
5.2 Hz), 3.31 (dd, 1H ] =14.9 and 5.3 Hz), 1.82 (m, 1H), 1.00 (d, 6H, | = 6.2 Hz); 3*C NMR (75
MHz, CDCl): 172.1 (CO), 170.2 (CO), 168.3 (CO), 156.4 (CO), 143.8 (2C), 141.3 (2C), 139.0
(©), 136.1 (C), 132.9 (CH), 127.7 (2CH), 127.5 (C), 127.1 (2CH), 127.1 (2CH), 126.9 (CH), 125.3
(CH), 125.2 (CH), 123.2 (CH), 122.8 (CH), 122.4 (CH), 121.4 (C), 120.2 (2CH), 119.8 (CH),
118.5 (C), 111.4 (CH), 109.7 (CH), 67.2 (CH>), 61.3 (CH), 53.3 (CH), 52.6 (CHs), 47.3 (CH>),
38.6 (CH), 31.4 (CH), 27.3 (CH>), 19.4 (CHs), 17.5 (CHs).

3.5.5. Synthesis of (1R,4R)-4-(1H-indol-3-ylmethyl)-1-isobutyl-2H-pyrazino[2,1-
b]quinazolin-3,6-(1H, 4H)-dione (5d)
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To a solution of vi-d (251 mg, 0.373 mmol) in dried CH2Cl (20 mL) was added PhsP
(489 mg, 1.9 mmol, 5 equiv), o (464 mg, 1.83 mmol, 49 equiv), and N,N-
diisopropylethylamine (656 pL, 3.77 mmol, 10 equiv). The reaction mixture was stirred at
room temperature for 5 h, quenched with aqueous Na:COs, and extracted with CH2Cl2 (3 x
100 mL), dried with Na2SOs, filtered, and concentrated. Hexane was added to remove an
excess of PhsP, the precipitate was filtered and treated with CH2Cl2 (10 mL) and piperidine
(2.5 mL, 20%) at room temperature for 20 min, followed by solvent evaporation to provide
the solid which was triturated with hexane (1 x 200 mL), CH2Cl2/PhMe (1 x 200 mL), and
hexane (1 x 200 mL). The vacuum-dried crude residue was dissolved in CHsCN (10 mL in
the presence of DMAP (84 mg, 0.82 mmol) and refluxed for 19 h. The reaction mixture was
purified by preparative TLC (EtOAc:MeOH:CH2Cl, 50:2.5:47.5) to afford 5d (61.6 mg, 40%),
mp: 103.2-105.6 °C, [a]*> = -186.04 (c 0.086, CHCIs), IR vmer (KBr) 3333, 3061, 1687, 1603,
1296 cm'; 'TH NMR see Table 2; 3C NMR see Table 3; (+)-HRESIMS m/z 401.1966 (M + H)*
(calculated for C2sH2aN4O>, 401.1933).

3.4. Screening Test for Antitumor and Anti-P-Glycoprotein Activity

Compounds 4a-d and 5a-d were reconstituted in sterile DMSO to the final
concentration of 60 mM, and several aliquots were made and stored at 20 °C to avoid
repeated freeze-thaw cycles. For experiments, the compounds were freshly diluted in
medium to the desired concentration. Screening for tumor cell growth inhibition was
carried out in two human tumor cell lines (NCI-H460 and HCT-15), with the
sulforhodamine B (SRB) assay, as previously described [30]. Briefly, tumor cells were plated
in 96-well plates, incubated at 37 °C for 24 h, and then treated for 48 h with 5 serial dilutions
(1:2) of each compound (ranging from 150 puM to 9.375 uM). The effect of the vehicle solvent
(DMSO) was also analyzed as a control. Cells were fixed with 10% ice-cold trichloroacetic
acid, washed with water and stained with SRB. Finally, the plates were washed with 1%
acetic acid and the bound SRB was solubilized with 10 mM Tris Base. Absorbance was
measured in a microplate reader (Synergy Mx, Biotek Instruments Inc., Winooski, VT, USA)
at 510 nm. For each compound, the corresponding Glso (concentration which inhibited 50%
of net cell growth) was determined, as previously described [33]. For the screening of

compounds for drug-efflux inhibitory activity, the flow cytometry determination of
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rhodamine-123 cellular accumulation was carried out as previously described [34]. Briefly,
K562 and K562Dox cells were incubated for 1 h at 37 °C with 20 uM of the compounds, and
1 puM of rhodamine-123 (Rh123, from Sigma, USA). Verapamil was used as a positive
control. Cells were then washed, resuspended in ice cold PBS, and analyzed in a BD
Accuri™ C6 Flow Cytometer (BD Biosciences, San Jose, CA, USA). Data were analyzed using
the Flow]Jo software (version 7.6.1, Tree Star, Inc.). The ratio of Rh123 accumulation in the

cells was then calculated as MFIK562DOX+C0mp0und -MFIKSéZDox)/MFIKSéZDox [30]

4. Conclusions

Inspired by the marine-derived fiscalin B (4c), quinazolinone alkaloid derivatives were
synthesized using two different methodologies: a highly efficient and straightforward
three-component one-pot microwave-assisted approach and also a multistep
Mazurkiewicz-Ganesan approach. While the former proved to be efficient and practical for
broad screening libraries of the compounds, the latter, although with a more intricate
methodology, proved to be a good approach for the synthesis of the syn enantiomers.
Moreover, we have found that partial epimerization under the reaction conditions could
occur. In vitro growth inhibitory activity of two tumor cell lines revealed that among this
series of synthesized compounds, six new analogues were found to exhibit tumor cell
growth inhibitory activity. Consequently, this marine-inspired synthesis can bring new

insights into discovery of new lead compounds in the oncology area.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-
3397/16/8/261/s1.
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Chapter 4

Synthesis of new proteomimetic

quinazolinone alkaloids and evaluation of

their neuroprotective and antitumor effects
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Abstract: New quinazolinone derivatives of the marine-derived alkaloids fiscalin B (3) and
fumiquinazoline G (1), with neuroprotective and antitumor effects, were synthesized.
Eleven quinazolinone-containing indole alkaloids were synthesized, proceeding the anti
analogs via a one-pot method, and the syn analogs by the Mazurkiewicz-Ganesan
approach. The neuroprotection capacity of these compounds on the rotenone-damage
human neuroblastoma cell SH-SY5y was evaluated using the MTT assay. Compounds 1,
3, 5, and 7 showed more than 25% protection. The antitumor activity was investigated

using the sulforhodamine B assay and some compounds were tested on the non-malignant
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MCF-12A cells. Fumiquinazoline G (1) was the most potent compound, with Gls values
lower than 20 uM. Compounds 5, 7, and 11 were more active in all tumor cell lines when
compared to their enantiomers. Compounds 5, 7, 10, and 11 had very little effect in the
viability of the non-malignant cells. Differences between enantiomeric pairs were also
noted as being essential for these activities the R-configuration at C-4. These results
reinforce the previously described activities of the fiscalin B (3) as substance P inhibitor
and fumiquinazoline G (1) as antitumor agent showing potential as lead compounds for
the development of drugs for treatment of neurodegenerative disorders and cancer,

respectively.

Keywords: antitumor; neuroprotection; quinazolinones; fiscalin B; fumiquinazoline;

enantioselectivity.

Molecules 2019, 24, 534; d0i:10.3390/molecules24030534 www.mdpi.com/journal/molecules

1. Introduction

The pathophysiology of neurodegenerative diseases is poorly understood, and there
are few therapeutic options, making neuroprotective drug discovery appealing for
medicinal chemists. Although cancer and neurodegeneration have very distinct
pathological disorders, over recent years growing evidence indicates that they share
common molecular pathways [1]. Furthermore, it is recognized that several drugs used in
the treatment of neurodegenerative diseases display antitumor effects while some
antitumor drugs are neuroprotective [2].

Marine-derived indolylmethylpyrazinoquinazoline alkaloids, with a pyrazino[2,1-
b]quinazoline-3,6-dione linked to an indole moiety (Figure 1), have attracted our attention
due to their promising antitumor activities [3], with epi-fiscalin A [4], fumiquinazoline A
[5-9], fumiquinazoline G [7], and versiquinazolines [10] as the most active analogs.
Moreover, the response of fiscalins A-C [11] and (-)-spiroquinazoline [12] (Figure 1A) as
substance P inhibitors was also reported as a novel neuroprotective therapy in the

intrastriatal 6-hydroxydopamine model of early stage of Parkinson’s disease (PD) [13]. It is
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well known that among compounds

implicated in neurodegeneration, non-proteinogenic

amino acids may cause significant collateral neurodegenerative damage [14].

Fiscalin A, R1 =R3=H, Ry = i-Pr
Substance P inhibitor to NK-1 receptor (Ki = 57 pM)
Fiscalin C, R4 = CH3, Ry =i-Pr, R3 = H
Substance P inhibitor to NK-1 receptor (Ki = 68 uM)
epi-fiscalin A, Ry =Ry = H, Rz = i-Pr
Cytotoxicity against MCF-7 (ICso = 24.4 uM)
Fumiquinazoline A, R1 =Rz =H, R; = Me
Cytotoxicity against P-388 (EDsg = 6.1 uM)

(-)-Spiroquinazoline
Inhibits binding to substance P to
human astrocytoma cell
(MIC = 95uM)

Fiscalin B, R4 = H, Ry = i-Pr
Substance P inhibitor to NK-1 receptor
(Ki =174 uM)
Fumiquinazoline G, Ry = Me, R, = H
Cytotoxicity against P-388
(EDsp = 13.8 uM)
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Figure 1: (A) Structure of natural quinazolinone-containing piperazine linked to an indole

moiety such as substance P receptor antagonists and antitumor agents. (B) Proposed

conformation constraint peptidomimetics synthetic quinazolinone alkaloids with different

substituents at C-1.2.

Rodgers et al. [15] reported that proteomimetic L-tyrosine of L-DOPA is cytotoxic in

vitro and capable of generating protein aggregation, whereas non-protein amino acid 3-

methylamino-L-alanine (BMAA) has been linked to neurological diseases such as

amyotrophic lateral sclerosis (ALS) and PD since BMAA was detected in brain protein of

157 |Page



LAS and PD patients. In the previous work, we have described syntheses of a series of
fiscalin B derivatives, which showed weak to moderate antitumor activity against non-
small cell lung cancer (NCI-H460) and colorectal adenocarcinoma (HCT-15) cell lines [16].
These findings led us to develop a small library of proteomimetic quinazolinone-derived
compounds (Figure 1B) with different configurations at C-1 and C-4 to investigate their
action on neurodegenerative disorders as well as to further explore their potential as tumor
cell growth inhibitors, putting in evidence the influence of the stereochemistry of the

derivatives.

2. Results
2.1. Chemistry

Two synthetic approaches were used to prepare the syn and anti enantiomers of
quinazolinone alkaloids. The syn enantiomers 1 (fumiquinazoline G) and 2 were
synthesized by the Mazurkiewicz-Ganesan procedure [17] (Scheme 1.A) by coupling
anthranilic acid (i) with D-tryptophan methyl ester (ii) for 1 or with L-tryptophan methyl
ester (vi) for 2, using 1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU) in alkaline
condition to obtain the dipeptide iii or vii. Then, the coupling of iii or vii with N-protected
a-amino acid chloride in a two-phase Schotten-Baumann condition yielded a tripeptide
(dehydrate [3-keto amides) v or ix. The oxazole intermediates were obtained by adding the
dehydrating agent, triphenylphosphine (PhsP), and 1> to dehydrate 3-keto amide v or ix,
and N-deprotection by 20% piperidine afforded 1 and 2. On the other hand, a highly
effective and environmentally friendly approach using a microwave-assisted
multicomponent polycondensation of amino acids was used to prepare a series of the anti
enantiomers of pyrazinoquinazoline alkaloids [18], as described in our previous work [16].
This methodology was used to synthesize new derivatives of fiscalin B (3) and
fumiquinazoline G (1), 4, 5, 6, 7, and 8 (Scheme 1.B). The syn isomer 9 was obtained along
with 8, and both were isolated by preparative thin layer chromatography (TLC).
Diastereoisomers of 10 and 11 were obtained after deprotection of O-benzyl group from 8
and 9, respectively, using boron trichloride, according to Okaya et al. [20] with a slight

modification. Compound 12 was also synthesized using microwave irradiation from 3,5-
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dichloroanthranilic acid (xiii). The purity of the compounds was determined by a reversed-
phase liquid chromatography (LC, C18, MeOH:H20; 60:40 or CH3CN:H20; 50:50) and was
found to be higher than 90%. The enantiomeric ratio (er) was determined by a chiral LC
equipped with amylose tris-3,5-dimethylphenylcarbamate column, using hexane:EtOH
(80:20) or (70:30) as a mobile phase.

The reaction carried out using microwave with high temperature resulted not only in
low yields of the products in the range of 2.2 to 21.7%, but also with a high degree of
epimerization (Scheme 1). Contrary to what has been found in our previous study [16] that
the reaction under a microwave irradiation was regioselective and yielded only anti
isomers, the synthesis of 8, by a microwave irradiation, produced also its syn epimer, 9 [4-
(benzyloxy)-1-methylbenzyl at C-1], with a 22% yield. This study suggested that microwave
irradiation is beneficial for the synthesis of quinazolinone alkaloids with bulky substituents
at C-1 which was previously reported as unsuccessful by Mazurkiewicz-Ganesan method
[17]. However, this methodology failed for the synthesis of syn enantiomers as described in
the experimental section for 4 and 6. The syn enantiomers of 1 and 2 were synthesized by
Mazurkiewicz-Ganesan approach [17] and gave moderate yields (37 and 26%, respectively).
Compounds 10 and 11 were obtained by deprotection in good yields (30 and 69%,
respectively).

Moreover, the methodology involving microwave irradiation was characterized by
producing partial epimerizations. Surprisingly, 4 and 5, with three stereogenic centers, gave
a higher enantiomeric ratio (er) of 99%. Similar to the previous report for fiscalin B analogs
[16], the multi-step approach gave a better yield and, in most cases, higher enantiomeric
ratios due to milder conditions; nonetheless, the one-pot reaction is a faster alternative to

provide anti enantiomers with diversity of substituents at C-1.
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6, (1R, 4S), R= CH,CH,SCHj, 6.1 %, er: 43:57

7, (1S, 4R), R= CH,CH,SCHj, 7.9 %, er: 53:47

8, (1R4S), R = CH,CgH,OCH,CeHs, 14.8 %, er: 63:37

9, (15,4S), R = CH,CqgH,OCH,CgHs, 21.7 %, er: 29:71

10, (1R, 4S), R = CH,CgH,OH, 4.4%, er: 64:36

11, (1S, 4S), R = CH,CgH,OH, 14.9%, er: 37: 63

12, (1S, 4R), R = CH,CgH,0CH,CeHs,R' =Cl, 2.2 %, er: 67:33

Method B

Scheme 1. (A) Mazurkiewicz-Ganesan approach for 1 and 2. Reagents and conditions (a)
CHsCN, TBTU, EtsN, rt, 5 h; (b) CH2Cl2/aq.NaxCOs, rt, 3 h; (¢) dried CH2Clz, PhsP, I, EtN(i-
Pr)2, rt, overnight; (d) piperidine in CH2CHy, rt, 12 min, then CH3CN, DMAP, reflux 19 h.
Fmoc = fluorenylmethyloxycarbonyl; DMAP = 4-(dimethylamino)pyridine, TBTU =1,1,3,3-
tetramethylaminium tetrafluoroborate. (B) One-pot synthesis of pyrazinoquinazolinone
alkaloids 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12. Reagents and conditions: a) dried pyridine,
(PhO)sP, 55 °C, 16-24 h; b) dried pyridine, (PhO)sP, 220 °C, 1.5 min; ¢) BCls, CH2Cl», =78 °C
for 10 min then 25 °C for 6 h ; Boc = tert-butyloxycarbonyl, R’= H when no mentioned; er =
enantiomeric ratio calculated from the peak area from chiral LC experiments (by using
equation X x 100/Xn in which X is the peak area of each peak and Xn is the total peak area.

* referred to previous work [16].
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2.2. Structure Elucidation

A series of 1D and 2D NMR experiments and HRMS were used to confirm the
structures of all the new compounds (Supplementary information, Figures S1-557). The
amide proton (H-2) appeared as a broad singlet (brs) in the anti isomers, i.e., 4,5, 6,7, 8, 10,
and 12, but as a doublet (d) in the syn isomers, ie., 1, 2, 9, and 11 (Supplementary
information, Figure S1-21). Each stereoisomer exhibited different chemical shift values for
H-2, H-4, and H-1. For example, for isomers 2, 4, and 5, with the isobutyl group at C-1, the
syn and the anti isomers were distinguished by the chemical shift values of H-1 and H-1’;
which were ca. ou 4.03 and 0.93, respectively for the syn isomer (2), and at ca. ou 2.80 and
2.3, respectively, for the anti isomers (4 and 5), due to the absence of the shielding effect by
the aromatic ring of the indole moiety [20].

This assignment was also confirmed by HMBC correlations which distinguished
between the isomers of 2, 4, and 5 by the presence or absence of correlations from H-2 to C-
3, C-4, and C-14. In 2, H-2 showed no correlation to C-3, C-4, and C-14 whereas in 4 and 5,
H-2 showed correlations to those three carbons. H-4 also showed correlations to different
carbons among isomers. H-4 showed correlations to C-3 and C-4" in 2, but to C-3, C-14, C-
4’, and C-5" in 4, while there were no such correlations observed in 5. H-1 of the syn isomer
of 2 showed correlation only to C-14 while in the anti isomer of 4 and 5, it displayed
correlations to C-14, C-1" and C-3” (Figure 2). In contrast, in 1, H-2 and H-4 showed no
correlations to carbons that are two or three bonds away (¥ or 3]), and H-1 showed cross
peaks to C-3 and C-14. Furthermore, H-8 and H-10 of 12 (with Cl at C-9 and C-11) appeared
as two doublets (0u 8.26, ] = 2.4 Hz and ou 7.85, ] = 2.4 Hz, respectively) while in other
compounds H-8 appeared as a double doublet and H-10 as double-double doublet. The
NOESY spectrum for compound 6 with an anti configuration (IR, 45) showed correlations
from H-1 to H-1" and H-3" (methyl group attached to S atom) and H-2, while H-4 showed
cross peak to H-4" (Supplementary information, Figure S56). The NOESY spectrum for the
syn configuration compound 2 (1S5, 45) exhibited correlations between H-1 and H-1’, H-2/,
H-3”, and H-2 as well as from H-4 to H-4'. Also, correlations between H-4" and H-1" in the
syn configuration compound 2 could be noted while these was absent in the anti
configuration compound 6 (Supplementary information, Figure S-57). These observations

were similar to the previously described for fiscalin B isomers [16].
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Figure 2. Key HMBC correlations for 2, 4, 5, and 12.

2.3 Neuroprotection Activity

The neuroprotection assay was performed on human neuroblastoma cell SH-SY5y
treated with rotenone, a toxin that acts by interfering with the electron transport chain in
mitochondria, inhibiting the transfer of electron from iron-sulfur centers in complex I to
ubiquinone. This in turn interferes with NADH, therefore creating reactive oxygen species
(ROS), which can damage DNA and other components, leading to cell death [21,22]. In
animal experimentation, rotenone reproduces features of PD, including selective
nigrostriatal dopaminergic degeneration and alpha-synuclein-positive cytoplasmic
inclusions [23]. Furthermore, rotenone triggers mitochondrial impairment, oxidative
damage, and cell death in neuronal culture, phenomena that are common in
neurodegenerative diseases [24].

In this assay, the SH-SY5y cells were treated with 2 uM of rotenone for 24 h. The MTT
assay, which assesses cell metabolic activity through the activity of NAD(P)H-dependent
cellular oxidoreductase enzyme that reflect the number of viable cells [24], was used for
quantifying the cell death. The cellular protectionof1, 2,4, 5, 6,7, 8,9, 10, 11, and 12 against
the toxin was determined by MTT assay and expressed as percentage referred to the cell
treated with rotenone at 10 different concentrations to produce the dose-dependent curve.
Synthetic fiscalin B (3), previously obtained by some of us [16] and was reported as a

substance P antagonist [12], was also tested in this assay for comparison.
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Figure 3. Neuroprotective effect of 1-12 against rotenone-induced neuron cell death.

Neuroblastoma cells were treated with 2 uM rotenone to induce cell injury. Compounds

were assayed at several concentrations (0.1 to 100 pM) for 24 h. Cell death was determined

using MTT test. The data represent the percentage of rotenone-induced cell death (means

and errors), performed in triplicate. Statistically significance of differences from rotenone-

treated cells was examined with the Student’s t-test (*p < 0.05).
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Compounds considered as neuroprotective must have (i) more than 25% of protection,
(ii) statistically significant difference, and (iii) protection is more than one dose [23,24].

Most of the compounds, at the highest concentration tested (100 uM), were found to
increase toxicity, which ensures that the compounds were assayed at their maximal
tolerated dose (MTD). Compounds 1, 2, 3, 4, 5, 10, 11, and 12 showed high toxicity at 100
puM and some of them also at 50 uM. The compounds which showed neuroprotective
activity in rotenone-treated in vitro model were 1, 3, 5, and 7. Additionally, some
neuroprotective effect was also observed for 11 while 2, 4, 6, 8, 9, 10, and 12 did not display
any neuroprotection (Figure 3). Compound 1, 3, 5, and 7 showed more than 25% of
protection of the cell death at least in one concentration. Compound 7 exhibited the best
neuroprotective activity, with rotenone inhibitory of 47, 40, 42, 39, and 31% at the

concentrations of 1.56, 3.13, 6.25, 12.5, and 25 puM, respectively.

2.4. Tumor Cell Growth Inhibitory Activity

Compounds 1-2, 4-8, 10 and 11 were tested for tumor cell growth inhibitory activity
on three human tumor cell lines: NCI-H460 (non-small cell lung cancer), BxPC3 (human
pancreatic adenocarcinoma), and PANC1 (human pancreatic adenocarcinoma) using the
sulforhodamine B (SRB) colorimetric assay [16,25]. Cells were exposed to five
concentrations of each compound (at a maximum concentration of 25, 150 or 200 uM,
depending on the compound) for 48 h. Doxorubicin was used as a positive control for NCI-
H460 cell line, and gemcitabine was used as a positive control for the BxPC3 and PANC1
cell lines. The antitumor activity was reported as Gls concentration (drug concentration
that inhibits the growth of cancer cells by 50%).

Compounds 2, 4-8, 10, and 11 showed weak to moderate growth inhibitory, with Glso
ranking from 27.93 + 0.8 to 151.07 + 2.9 uM (Table 2). In general, compounds with the
indolylmethyl substituent on C-4 whose configuration of C-4 is R showed better antitumor
activity in all cell lines when compared to those with 4S configuration. This was evidenced
by stronger antitumor activities of 1, 5, and 7 than those of 2, 4, and 6. Only fumiquinazoline
G (1) with R-configuration for both C-1 and C-4 showed strong growth inhibitory effect in

all cancer cell lines tested (Gls ranging from 7.62 + 0.7 to 17.34 + 1.7 uM). In addition, these
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results agree with those reported in our previous publication in which enantiomers with R-

configuration at C-1 and C-4 showed better antitumor activity than enantiomers with S-

configuration [16]. Unfortunately, 9 and 12 tested in this study could not be evaluated

regarding their tumor cell growth inhibitory activity due to contamination of the

compounds (data not shown).

Table 2: Growth inhibition (Gls0) concentration of 1-2, 4-8, 10, and 11 against NCI-H460,

BxPC3, and PANC1 human tumor cell lines.

GI,, (uM)
Compounds

NCI-H460 BxPC3 PANC1
1 7.62+0.7 17.34£1.7 10.06 £ 0.8
2 65.38 +4.0 104.77 £ 10.9 86.30 +11.1
4 69.26 £2.9 88.81+9.6 78.17 + 8.4
5 40.11+£5.0 57.44 +4.7 60.68 + 4.8
6 151.07 +2.9 126.06 + 21.5 112.44 +12.7
7 61.37+2.3 99.10 +5.8 76.65 +4.8
8 72.68 +6.2 11542 £12.1 7490 +£7.2
10 38.00 1.5 50.59 +2.3 3413+1.8
11 46.25+5.8 29.87 +3.7 27.93+0.8
Gemcitabine - 0.20 + 0.08 0.73+0.22
Doxorubicin 0.0124 + 0.0018 - -

The Glso concentrations (M) were determined by the SRB assay and results are the mean

of + SEM of three independent experiments. Gemcitabine was use as a positive control for

the BxPC3 and PANCT1 cell lines, and doxorubicin as a positive control for the NCI-H460

cell line. (-) indicates not-determined.

2.5. Activity in Non-Tumor Cells

Compounds presenting the best neuroprotection and/or antitumor effects, namely 5, 7,

10, and 11, were also evaluated against the non-malignant MCF-12A human breast

epithelial cells. For that, one concentration of each compound (corresponding to

approximately the highest Gls value obtained in the cell growth inhibitory activity assay)
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was tested and the percentage of cell growth inhibition was determined by the SRB assay.
In this assay, the duration of the SRB assay had to be longer since non-malignant cells have
a much slower growth rate than tumor cells. This longer duration of the assay also allowed
to evaluate possible delayed effects of the compounds in these non-malignant cells.
Therefore, the assay in the MCF-12A cells was performed following 7 days of treatment
with compounds (48 h with compound incubation plus 5 days without the compounds).
As shown in Table 3, all the tested compounds caused a small effect in the growth of these
non-malignant cells, meaning that the cell growth inhibition detected in MCF-12A cells
after 7 days of treatment was much lower than that detected in the tumor cell lines after 2

days of treatment (when tested at the same concentration).

Table 3. The percentage of cell growth inhibition (relative to the control) of 5, 7, 10, and 11

in the non-malignant MCF-12A human breast epithelial cells.

% Cell growth inhibition
Compounds Concentration (uM) *
(relative to the control)

5 65 71.69+7.9
7 100 89.56 £ 3.7
10 50 75.63 +4.7
11 50 71.15+2.0

*These concentrations correspond to approximately the highest Glso concentrations determined in
the tumor cell lines tested (from Table 2). The values were determined by the SRB assay and results

are the mean of + SEM of three independent experiments.

3. Structural-Activity Relationship (SAR)

Structure-activity relationship analysis showed that the obtained results were
consistent with data previously reported for the natural product fumiquinazoline G [26]
and fiscalin B [11,27-29] and their derivatives [16] (Figure 4). Moreover, it was found that
the configurations of C-1 and C-4 have strong influence on antitumor activity since
fumiquinazoline G (1), with R-configurations at C-1 and C-4, showed the strongest
antitumor effect against NCI-H460, BxPC3, and PANCI1 cell lines. Comparing the

enantiomeric pairs 4 and 5, compound 5 with also R-configuration at C-4 and S at C-1
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showed stronger antitumor effect. In contrast, their isomer, compound 2, with S-
configurations both at C-1 and C-4 were S exhibited the weakest inhibitory effect on all cell
lines. In addition, the substituent at C-1 also affected the antitumor activity. Alkyl residues
(isoleucine residues) in 2, 4, and 5 showed better antitumor activity than that found in
compounds with a sulfur atom (methionine residues) such as 6 and 7. Aromatic groups
such as the tyrosine residue present in 10 and 11 produced good antitumor activity, with
GIso values ranging from 27.93 + 0.8 to 50.59 + 2.3 uM, but the substitution by benzyl groups
as in the case of 8 caused a 2-fold decrease in the antitumor activity. Regarding
neuroprotection capacity, SAR suggests that the R-configuration at C-4 is also important
(when comparing compounds 6 and 7, Figure 2); however, increasing the molecular weight
of C-1 substituent has a negative effect in neuroprotection. In addition, this study confirmed
that quinazolinone alkaloids which act as substance P inhibitors (i.e., fiscalin B, 3), showed
a potential as neuroprotective agents. Therefore, the studied fumiquinazoline-derived

alkaloids showed promising antitumor and neuroprotection effects and deserves to be

further explored.
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Figure 4. Structure-activity relationship studies of quinazolinone alkaloids 1-12 with

antitumor and neuroprotective activities.

4. Materials and Methods

4.1. General Procedure

All reagents were from analytical grade. Dried pyridine and triphenylphosphite were
purchased from Sigma (Sigma-Aldrich Co. Ltd., Gillingham, UK). Anthranilic acid (i) and
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Protected amino acids (ii and vii) were purchased from TCI (Tokyo Chemical Industry Co.
Ltd., Chuo-ku, Tokyo, Japan). Column chromatography purifications were performed
using flash silica Merck 60, 230-400 mesh (EMD Millipore corporation, Billerica, MA, USA)
and preparative TLC was carried out on precoated plates Merck Kieselgel 60 Fzs:« (EMD
Millipore corporation, Billerica, MA, USA), spots were visualized with UV light (Vilber
Lourmat, Marne-la-Vallée, France). Melting points were measured in a Kofler microscope
and are uncorrected. Infrared spectra were recorded in a KBr microplate in a FTIR
spectrometer Nicolet i510 from Thermo Scientific (Waltham, MA, USA) with Smart OMNI-
Transmission accessory (Software 188 OMNIC 8.3, Thermo Fisher Scientific Inc., Austin,
TX, USA). 'H and *C NMR spectra were recorded in CDCls or DMSO-ds (Deutero GmbH,
Kastellaun, Germany) at room temperature unless otherwise mentioned on Bruker AMC
instrument (Bruker Biosciences Corporation, Billerica, MA, USA), operating at 300 MHz for
'H and 75 MHz for ®*C). Carbons were assigned according to HSQC and or HMBC
experiments. Optical rotation was measured at 25 °C using the ADP 410 polarimeter
(Bellingham + Stanley Ltd., Royal Tunbridge Wells, Kent, UK), using the emission
wavelength of sodium lamp, concentrations are given in g/100 mL. Qualitative GC-MS
analyses were performed on a Trace GC 2000 Series ThermoQuest gas chromatography
(Thermo Fisher Scientific Inc., Austin, TX, USA) equipped with ion-trap GCQ Plus
ThermoQuest Finnigan mass detector (Thermo Fisher Scientific Inc.). Chromatographic
separation was achieved using a capillary column (30 m x 0.25 mm x 0.25 um, cross-linked
5% diphenyl and 95% dimethyl polysiloxane) from Thermo Scientific™ (Thermo Fisher
Scientific Inc.) and high-purity helium C-60 as carrier gas. High resolution mass spectra
(HRMS) were measured on a Bruker FTMS APEX III mass spectrometer (Bruker
Corporation, Billerica, MA, USA) recorded as ESI (Electrospray) made in Centro de Apoio
Cientifico e Tecnoloxico a Investigation (CACTI, University of Vigo, Pontevendra, Spain).
The purity of synthesized compounds was determined by reversed-phase LC with diode
array detector (DAD) using C18 column (Kimetex®, 2.6 EV0 C18 100 A, 150 x 4.6 mm), and
the mobile phase was methanol:water (60:40) or acetonitrile:water (50:50). Enantiomeric
ratio was determined by chiral LC (LCMS-2010EV, Shimadzu, Lisbon, Portugal),
employing a system equipped with a chiral column (Lux® 5 um Amylose-1, 250 x 4.6 mm)

and UV-detection at 254 nm, mobile phase was hexane:ethanol (80:20) and the flow rate
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was 0.5 mL/min. Compound 3 was obtained according to previous described method [17].
Neuroprotection studies were performed in Fundacion Centro de Excelencia en

Investigacion de Medicamentos Innovadores en Andalucia, MEDINA (Granada, Spain).

4.2. General Conditions for the Synthesis of Compound (1R,4R)-4-((1H-indol-3-yl)methyl)-1-((R)-
methyl)-1,2-dihydro-6 H-pyrazino[2,1-blquinazoline-3,6(4H)-dione (1)

To a mixture of anthranilic acid (i, 287 mg, 2.39 mmol) and TBTU (920 mg, 2.86 mmol,
1.2 equiv) in acetonitrile (20 mL) was added EtsN (833 uL, 4.78 mmol, 2 equiv) and D-
tryptophan methyl ester (ii, 521 mg, 2.39 mmol) at room temperature. After stirring for 5 h,
the reaction mixture was concentrated under reduced pressure. The residue was dissolved
in CH2Cl2 and washed with 1 M HCI, extracted with CH2Cl> (3 x 100 mL), dried with
NazSOs, filtered, and concentrated. The residue was purified by flash chromatography
(eluent 1% MeOH in CH:Cl) to yield iii as a white solid. 'H NMR and *C NMR referred to
the previous work [16]. To a solution of iii (140 mg, 0.416 mmol) in dried CH2Cl2 (10 mL)
N-Fmoc-D-alanine-Cl [30] (iv,182 mg, 0.5 mmol) was added. The mixture was stirred for 30
min, followed by the addition of aqueous Na:COs (1 M, 8 mL, 8 mmol). After continuous
stirring for 3 h, the mixture was extracted with CH2Cl2 (4 x 100 mL), dried with Na2SOs,
filtered, and concentrated. The residue was purified by flash chromatography (eluent: 5%
MeOH in CH:CL) to give v (220.4 mg, 84.2%) as a white solid. '"H NMR (300 MHz, CDCls)
611.48 (s, 1H), 8.58 (d, 1H, ] = 8.4 Hz), 8.13 (s, 1H), 7.76 (d, 2H, ] =7.5 Hz), 7.66 (d, 1H, | =
7.1 Hz), 7.59 (t, 1H, | = 7.4 Hz), 7.49-7.26 (m, 8H), 7.17 (t, 1H, ] =7.2 Hz), 7.06 (t, 1H, ] =7.6
Hz), 7.00 (t, 1H, J=7.7 Hz), 6.97 (s, 1H), 6.71 (d, 1H, ] =7.6 Hz), 5.55 (d, 1H, ] = 6.8), 5.03 (dt,
1H, ] =7.6, 5.3 Hz), 4.44 (m, 2H), 4.36 (1m, 1H), 4.26 (t, 1H, ] =7.0 Hz), 3.73 (s, 3H), 3.40 (dd,
1H, J=15.3, 5.8 Hz), 3.34 (dd, 1H, ] =15.3, 5.3 Hz), 1.53 (d, 3H, | =7.0 Hz) and *C NMR (75
MHz, CDCls) 172.7, 172.2, 168.8, 156.6, 144.2, 143.8, 141.4, 138.6, 136.4, 132.8, 127.8, 127 4,
127.2,125.3, 123.4, 123.3, 122.1, 121.6, 120.9, 120.0, 119.5, 118.3, 111.7, 109.2, 67.3, 53.6, 52.7,
52.2,47.3,27.3,18.4 (See in [31]). To a solution of v (183.2 mg, 0.278 mmol) in dried CH2Cl2
(20 mL) PhsP (365 mg, 1.39 mmol, 5 equiv), > (345 mg, 1.36 mmol. 4.9 equiv), and N,N-
diisopropylethylamine (489 pL, 2.81 mmol, 10 equiv) were added. The reaction mixture
was stirred at room temperature for 5 h, quenched with aqueous Na:COs, and extracted

with CH2Cl2 (3 x 100 mL), dried with Na2SOs, filtered, and concentrated. Hexane was added
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to remove an excess of PhsP, the precipitate was filtered and was treated with CH2Cl2 (10
mL) and piperidine (2.5 mL, 20%) at room temperature for 20 min, followed by solvent
evaporation to provide the solid which was triturated with hexane (1 x 200 mL),
CH:Cl2/PhMe (1 x 200 mL), and hexane (1 x 200 mL). The vacuum-dried crude residue was
dissolved in CHsCN (10 mL) in the presence of DMAP (64 mg, 0.53 mmol) and refluxed for
19 h. The reaction mixture was purified by preparative TLC (EtOAc:MeOH:CH:Cls,
50:2.5:47.5) to afford 1. Yield: 22.4 mg, 21.11%; er = 7:93; mp: 105.9-106.5 °C; [a]3’ = -117.64
(c 0.034; CHCls); vmax (KBr) 3406, 2924, 2852, 1678, 1473, 1329, and 1261 cm™; 'H NMR (300
MHz, CDCls): 6 8. 38 (dd, 1H, ] =8.0 and 1.1 Hz, CH), 8.18 (br, 1H, NH-Trp), 7.78 (ddd, 1H,
J=8.5,7.1,and 1.6 Hz, CH), 7.57 (d, 1H, ] 7.4 Hz, CH), 7.54 (dd, 1H, ] = 8.0 and 1.0 Hz, CH),
7.29 (d, 1H, ] = 3.1 Hz, CH-Trp), 7.27 (d, 1H, ] = 2.0 Hz, CH-Trp), 7.08 (ddd, 1H, ] =9.5, 7.0
and 0.9 Hz, CH-Trp), 6.83 (ddd, 1H, ] =8.7, 7.1 and 1.0 Hz, CH-Trp), 6.73 (d, 1H, ] =2.3 Hz,
CH-Trp), 6.70 (d, 1H, ] =2.0 Hz, NH-amide), 5.54 (dd, 1H | =5.2 and 3.6 Hz, CH*-Trp), 4.46
(qd, 1H, ] = 6.9 and 2.8 Hz, CH*-ala), 3.78 (dd, 1H, ] = 14.9 and 5.3 Hz, CH>-Trp), 3.70 (dd,
1H, | = 149 and 3.4 Hz, CH2-Trp), 0.58 (d, 3H, | = 7.0 Hz, CHs-ala); *C NMR (75 MHz,
CDCl): 6 167.3 (C=0), 161.0 (C=0), 151.2 (C=N), 147.2 (C), 135.7 (C-Trp), 134.9 (CH), 127.9
(C-Trp), 126.9 (CH), 126.8 (CH), 126.7 (CH), 123.7 (CH-Trp), 122.3 (CH-Trp), 120.1 (C), 119.9
(CH-Trp), 118.7 (CH-Trp), 111.1 (CH-Trp), 109.4 (C-Trp), 56.9 (CH*-Trp), 51.9 (CH*-ala),
27.1 (CH2-Trp), 22.8 (CHs-ala. (+)-HRMS-ESI m/z 359.1505 (M + H)*, (calculated for
Ca1H1sN1O, 358.1430).

4.3. General Conditions for the Synthesis of Compound (15,45)-4-((1H-indol-3-yl)methyl)-1-((S)-
sec-butyl) -1,2-dihydro-6H-pyrazino[2,1-b]quinazoline-3,6(4H)-dione (2)

To a mixture of anthranilic acid (i, 287 mg, 2.39 mmol) and TBTU (920 mg, 2.86 mmol,
1.2 equiv) in acetonitrile (20 mL), EtsN (833 uL, 4.78 mmol, 2 equiv) and L-tryptophan
methyl ester (vi, 521 mg, 2.39 mmol) were added at room temperature. After stirring for 5
h, the reaction mixture was concentrated under reduced pressure. The residue was
dissolved in CH2Cl> and washed with 1 M HClI, extracted with CH2Cl (3 x 100 mL), dried
with Na:SOy, filtered, and concentrated. The residue was purified by flash chromatography
(eluent 1% MeOH in CH:Cl) to yield vii as a white solid. "H NMR and *C NMR referred

to the previous work [16]. To a solution of vii (304 mg, 0.901 mmol) in dried CH2Cl2 (30
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mL), N-Fmoc-L-isoleucine-Cl [30] (viii, 395 mg, 1.08 mmol) was added. The mixture was
stirred for 30 min, followed by addition of aqueous Na2COs (1 M, 16 mL, 16 mmol). After
continuous stirring for 3 h, the mixture was extracted with CH2Cl2 (4 x 100 mL), dried with
Na:50, filtered, and concentrated. The residue was purified by flash chromatography
(eluent: 5% MeOH in CH:CL: to give ix (475.8 mg, 86.2%) as a white solid. 'H NMR (300
MHz, CDCls): 6 11.43 (s, 1H), 8.59 (d, 1H, | = 8.3 Hz), 8.19 (s, 1H), 7.76 (d, 2H | = 7.4 Hz),
7.69-7.56 (m, 2H), 7.53-7.28 (m, 7H), 7.17 (t, 1H, ] = 7.3 Hz), 7.06 (t, 1H, ] = 7.4 Hz), 7.01 (d,
1H, ] =7.6 Hz), 6.96 (d, 1H, ] = 3.5 Hz), 6.72 (d, 1H, ] = 7.6 Hz), 5.55 (d, 1H, ] = 8.4 Hz), 5.06
(dd, 1H, ] = 12.6 and 5.2 Hz), 4.39 (dd, 2H, | = 16.4 and 9.1 Hz), 3.73 (s, 3H), 3.37 (m, 2H),
2.11-2.00 (m, 1H), 1.68-1.48 (m, 2H), 1.03 (d, 3H, ] = 6.8 Hz), 0.96 (t, 3H, ] = 7.3 Hz) and *C
NMR (75 MHz, CDCls) 172.1, 170.2, 168.6, 144.1, 143.8, 141.3, 139.0, 136.1, 132.9, 127.7, 127.5,
127.1, 127.1, 126.9, 125.3, 125.2, 123.2, 122.8, 122.4, 121.4, 120.2, 120.0, 119.8, 118.5, 1114,
109.7, 67.2, 61.3,53.3, 52.6, 47.3, 37.9, 31.4, 27.3,15.8, 11.7. To a solution of ix (291.5 mg, 0.432
mmol) in dried CH2Cl2 (20 mL) PhsP (565 mg, 2.16 mmol, 5 equiv), I (448 mg, 2.12 mmol.
4.9 equiv), and N,N-diisopropylethylamine (753 uL, 4.32 mmol, 10 equiv) were added. The
reaction mixture was stirred at room temperature for 5 h, quenched with aqueous Na2COs,
and extracted with CH2CL (3 x 100 mL), dried with Na2SOs, filtered, and concentrated.
Hexane was added to remove an excess of PhsP, the precipitate was filtered and was treated
with CH2Clz2 (10 mL) and piperidine (2.5 mL, 20%) at room temperature for 20 min, followed
by solvent evaporation to provide the solid which was triturated with hexane (1 x 200 mL),
CH:CI/PhMe (1 x 200 mL), and hexane (1 x 200 mL). The vacuum-dried crude residue was
dissolved in CHsCN (10 mL) in the presence of DMAP (158 mg, 1.39 mmol) and refluxed
for 19 h. The reaction mixture was purified by preparative TLC (EtOAc: MeOH: CH:C,
50:2.5:47.5) to afford 2. Yield: 36 mg, 36.2%; enantiomeric ratio (er) =73:27; m.p: 181-183 °C;
[a]3° = +346.40 (c 0.051; CHCls); vmex (KBr) 3375, 3187, 2880, 1684, 1662, 1472, 1434, and 1261
lem; "H NMR (300 MHz, CDCls): 6 8.38 (dd, 1H, ] = 8.0 and 1.1 Hz, CH), 8.07 (br, 1H, NH-
Trp), 7.79 (ddd, 1H, J=8.5, 7.1, and 1.6 Hz, CH), 7.62 (dd, ] =8.2 and 0.5 Hz, CH), 7.54 (ddd,
1H,]=8.2,7.2,and 1.2 Hz, CH), 7.48 (d, 1H, | 7.9 Hz, CH-Trp), 7.28 (d, 1H, | = 8.5 Hz, CH-
Trp), 7.12 (ddd, 1H, ] = 8.1, 7.1 and 1.1 Hz, CH-Trp), 6.94 (ddd, 1H, ] =8.0, 7.1 and 1.0 Hz,
CH-Trp), 6.87 (d, 1H, ] =2.3 Hz, CH-Trp), 6.55 (d, 1H, ] = 3.1 Hz, NH-amide), 5.52 (dd, 1H,
J =6.4 and 3.6 Hz, CH*-Trp), 4.03 (dd, 1H, ] = 8.0 and 3.5 Hz, CH-Ile), 3.83 (dd, 1H, | =14.9
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and 6.4 Hz, CHz-Trp), 3.73 (dd, 1H, ] = 14.8 and 3.5 Hz, CH>-Trp), 0.99 — 0.85 (m, 1H, CH?*-
Ile), 0.85 — 0.69 (m, 2H, CHz-Ile), 0.66 (d, 3H, ] = 6.5 Hz, CHs-Ile), 0.58 (t, 3H ] = 7.1 Hz, CHa-
Ile) ; ®C NMR (75 MHz, CDCl3): 6 167.8 (C=0), 161.4 (C=0), 149.4 (C=N), 146.8 (C), 135.9 (C-
Trp), 134.7 (CH), 127.9 (C-Trp), 127.1 (CH), 127.1 (CH), 126.8 (CH), 123.5 (CH-Trp), 122.3
(CH-Trp), 120.3 (C), 120.0 (CH-Trp), 119.0 (CH-Trp), 111.0 (CH-Trp), 110.2 (C-Trp), 60.8
(CH*-Ile), 57.6 (CH*-Trp), 40.8 (CH*-Ile), 27.1 (CH2-Trp), 24.3 (CHz-Ile), 15.3 (CHx-Ile), 10.4
(CHs-Tle); (+)-HREM-ESI m/z 401.1967 (M + H), 423.1787 ( M + Na)* (calculated for
C2sH2sN1O2, 400.1899).

4.4. General Conditions for the Synthesis of Quinazolinone-3,6-(4H)-Diones Compound 4, 5, 6, 7,
8, and 9

In a closed vial anthranilic acid (i, 28 mg, 200 pumol), N-Boc-L-isoleucine (x, 44 mg, 200
pumol) for 4 and 5, or N-Boc-L-methionine (xi, 46 mg, 200 pmol) for 6 and 7, or N-Boc-0-Bn-
Tyrosine (xii, 74 mg, 200 umol) for 8 and 9, and triphenylphosphite (63 uL, 220 umol) were
added along with 1 mL of dried pyridine. The vial was heated in heating block with stirring
at 55 °C for 16-24 h. After cooling the mixture to room temperature, D-tryptophan methyl
ester hydrochloride (ii) for 5, and 7, L-tryptophan methyl ester hydrochloride (vi) for 4, 6,
8 and 9 (51 mg, 200 umol) was added, and the mixture was irradiated in the microwave at
the constant temperature at 220 °C for 1.5 min. Reaction mixtures were prepared in the
same conditions and treated in parallel. After removing the solvent with toluene, the crude
product was purified by flash column chromatography using hexane:EtOAc (60:40) as a
mobile phase. The preparative TLC was performed using CH2Cl:Me2CO (95:5) as mobile
phase. The major compound appeared as a black spot with no fluorescence under the UV
light (366 nm). The desirable compounds 4, 5, 6, 7, 8, and 9 were collected as yellow solids.

Before analysis, compounds were recrystallized from methanol.

(1R,4S5)-4-((1H-indol-3-yl)methyl)-1-((S)-sec-butyl)-1,2-dihydro-6 H-pyrazino[2,1-b]quinazoline-

3,6(4H)-dione (4). Yield: 29.2 mg, 7.1%; er = 3:97; m.p: 220-221 °C; [a]3° = + 484.7 (c 0.037;
CHCls); vmax (KBr) 3373, 3059, 2880, 1684, 1662, 1472, 1434, and 1261cm™"; 'H NMR (300 MHz,
CDCls): 0 8.38 (dd, 1H, J=7.9 and 1.2 Hz, CH), 8.07 (br, 1H, NH-Trp), 7.78 (ddd, 1H, ] =8.4,
7.1, and 1.6 Hz, CH), 7.57 (d, ] = 8.0 Hz, CH), 7.52 (d, 1H, ] = 6.0 Hz, CH), 7.47 (d, 1H, ] =8.0
Hz, CH-Trp), 7.28 (d, 1H, ] = 8.2 Hz, CH-Trp), 7.12 (t, 1H, ] = 7.1 Hz, CH-Trp), 6.96 (t, 1H, |
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=7.5 Hz, CH-Trp), 6.57 (d, 1H, ] = 2.4 Hz, CH-Trp), 5.68 (dd, 1H, | =5.2 and 2.7 Hz, CH*-
Trp), 5.64 (s, 1H, NH-amide), 3.76 (dd, 1H, | = 14.8 and 2.7 Hz, CH>-Trp), 3.63 (dd, 1H, | =
14.9 and 5.3 Hz, CH2-Trp), 2.80 (d, 1H, ] = 2.4 Hz, CH*-Ile), 2.36 (dt, 1H, ] 14.9 and 7.5 Hz,
CH*-Ile), 0.98 (m, 2H, CH>-Ile), 0.88 (d, 3H, ] = 6.5 Hz, CHzs-Ile), 0.64 (t, 3H ] = 6.4 Hz, CHs-
Ile) ; BC NMR (75 MHz, CDCls): 6 169.5 (C=0), 160.9 (C=0), 150.7 (C=N), 147.1 (C), 136.1 (C-
Trp), 134.7 (CH), 127.2 (CH), 127.1 (CH), 127.0 (C-Trp), 126.9 (CH), 123.6 (CH-Trp), 122.8
(CH-Trp), 120.2 (C), 120.1 (C-Trp), 118.8 (CH-Trp), 111.1 (CH-Trp), 109.4 (C-Trp), 56.8 (CH*-
Trp), 55.1 (CH*-1le), 35.8 (CH*-Ile), 27.4 (CH2-Trp), 25.8 (CH>-Ile), 13.2 (CHs-Ile), 11.0 (CHs-
Ile; (+)-HRMS-ESI m/z 401.1964 (M + H)* (calculated for C2sH2sN4O2, 400.1899).

(1S,4R)-4-((1H-indol-3-yl)methyl)-1-((S)-sec-butyl)-1,2-dihydro-6 H-pyrazino[2,1-b]quinazoline-
3,6(4H)-dione (5). Yield: 27.2 mg, 6.6%; er = 3:97; m.p: 218-220 °C; [a]3’ = -372.6 (c 0.034;
CHCls); vmar (KBr) 3373, 3059, 2880, 1684, 1662, , 1472, 1434, 1261cm™; '"H NMR (300 MHz,
CDCls): 6 8.37 (dd, 1H, J=7.9 and 1.2 Hz, CH), 8.07 (br, 1H, NH-Trp), 7.78 (ddd, 1H, | =8.4,
7.1,and 1.6 Hz, CH), 7.57 (d, ] = 8.0 Hz, CH), 7.52 (d, 1H, ] = 6.0 Hz, CH), 7.47 (d, 1H, ] = 8.0
Hz, CH-Trp), 7.28 (d, 1H, ] = 8.2 Hz, CH-Trp), 7.12 (t, 1H, ] = 7.1 Hz, CH-Trp), 6.96 (t, 1H, |
=7.5Hz, CH-Trp), 6.57 (d, 1H, ] = 2.4 Hz, CH-indole), 5.68 (dd, 1H, ] =5.2 and 2.7 Hz, CH*-
Trp), 5.52 (s, 1H, NH-amide), 3.76 (dd, 1H, ] = 14.8 and 2.7 Hz, CH>-Trp), 3.63 (dd, 1H, | =
14.9 and 5.3 Hz, CH2-Trp), 2.80 (d, 1H, | = 2.4 Hz, CH*-Ile), 2.37 (dt, 1H, ] = 14.9 and 7.5 Hz,
CH*-Ile), 0.88 (m, 2H, ] = 6.7 Hz, CH>-Ile), 0.62 (d, 3H, ] = 6.5 Hz, CHz-Ile), 0.46 (t, 3H ] = 6.4
Hz, CHs-Ile) ; ®C NMR (75 MHz, CDCls): 6 169.4 (C=0), 160.9 (C=0), 150.1 (C=N), 147.1 (C),
136.1 (C-Trp), 134.7 (CH), 127.2 (CH), 127.2 (CH), 127.0 (CH-Trp), 126.9 (CH), 123.6 (CH-
Trp), 122.7 (CH-Trp), 120.2 (C), 120.1 (C-Trp), 118.8 (CH-Trp), 111.1 (CH-Trp), 109.4 (C-
indol), 56.8 (CH*-Trp), 55.5 (CH*-Ile), 35.6 (CH*-Ile), 27.4 (CH2-Trp), 25.9 (CHz-Ile), 13.2
(CHs-1le), 11.0 (CHs-Ile; (+)-HRMS-ESI m/z 401.1973 (M + H)* (calculated for C2sH2sN4Oo,
400.1899).

(1R,45)-4-((1H-indol-3-yl)methyl)-1-(2-(methylthio)ethyl)-1,2-dihydro-6 H-pyrazino[2,1-

blquinazoline-3,6(4H)-diones (6).Yield: 27 mg, 6.1%; m.p: 198-200.7 °C; [a]3’ = +74.1 (c 0.045;
CHCls); vmax (KBr) 3295, 3067, 2915, 1682, 1600, 1470, 770, and 697 cm™'; '"H NMR (300 MHz,
CDCls): 6 8.37 (dd, 1H, J=8.0 and 1.2 Hz, CH), 8.07 (br, 1H, NH-Trp), 7.78 (ddd, 1H, ] =8.4,
7.0, and 1.5 Hz, CH), 7.57 (d, 1H, ] = 2.5 Hz, CH), 7.53 (dd, 1H, ] = 8.2 and 1.1 Hz, CH), 7.41
(d, 1H, ] = 8.0 Hz, CH-Trp), 7.30 (d, 1H, ] = 8.3 Hz, CH-Trp), 7.13 (t, 1H, ] = 7.7 Hz, CH-Trp),
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6.93 (t, 1H, ] = 7.0 Hz, CH-Trp), 6.71 (d, 1H, | = 2.4 Hz, CH-Trp), 6.37 (s, 1H, NH-amide),
5.67 (dd, 1H, ] =5.2 and 3.0 Hz, CH*-Trp), 3.74 (dd, 1H, ] = 15.0 and 3.0 Hz, CH2-Trp), 3.65
(dd, 1H, ] =14.9 and 5.3 Hz, CH2-Trp), 2.99 (dd, 1H, ] = 6.6 and 3.6 Hz, CH*-Met), 2.49-2.13
(m, 4H, CH>-Met), 1.96 (s, 3H, CHs-Met) ; *C NMR (75 MHz, CDCls): 6 169.3 (C=0), 161.1
(C=0), 150.3 (C=N), 147.1 (C), 136.0 (C-Trp), 134.7 (CH), 127.2 (CH), 127.2 (C-Trp), 126.9
(CH), 123.5 (CH-Trp), 122.7 (CH-Trp), 120.2 (C), 120.2 (C-Trp), 118.7 (CH-Trp), 111.1 (CH-
Trp), 109.5 (C-Trp), 57.2 (CH*Trp), 52.8 (CH*-Met), 30.7 (CH2-S-Met), 29.7 (CH2-Met), 27.2
(CH2-Trp), 15.3 (CHs-Met); HRMS-ESI m/z 419.1544 (M + H)* (calculate for C2sH23N4O:S,
418.1463).

(15,4R)-4-((1H-indol-3-yl)methyl)-1-(2-(methylthio)ethyl)-1,2-dihydro-6 H-pyrazino[2,1-
blquinazoline-3,6(4H)-diones (7). Yield: 34.8 mg, 7.9%; er = 49: 51; m.p.: 197-200 °C; [a]3° =
=56.9 (c 0.041; CHCls); vmar (KBr) 3290, 3058, 2918, 2854, 1684, 1670, 1602, 773, and 695 cm™;
'H NMR (300 MHz, CDCls): 6 8. 37 (dd, 1H, ] = 8.0 and 1.1 Hz, CH), 8.12 (br, 1H, NH-Trp),
7.78 (ddd, 1H, ] = 8.4, 7.2, and 1.5 Hz, CH), 7.57 (d, ] = 8.3 Hz, CH), 7.54 (d, 1H, ] = 7.0 Hz,
CH), 7.40 (d, 1H, ] = 8.0 Hz, CH-Trp), 7.30 (d, 1H, ] = 8.2 Hz, CH-Trp), 7.12 (t, 1H, J= 7.1 Hz,
CH-Trp), 6.92(t, 1H, ] = 7.0 Hz, CH-Trp), 6.71 (d, 1H, ] = 2.4 Hz, CH-Trp), 5.67 (dd, 1H, ] =
5.4 and 3.1 Hz, CH*-Trp), 6.54 (s, 1H, NH-amide), 3.73 (dd, 1H, ] = 15.0 and 2.9 Hz, CHo>-
Trp), 3.65 (dd, 1H, ] =15.1 and 5.5 Hz, CH>-Trp), 3.01 (dd, 1H, | = 6.6 and 3.6 Hz, CH*-Met),
2.48-2.20 (m, 4H, CH>-Met), 1.96 (s, 3H, CH3-Met); 3C NMR (75 MHz, CDCL): 5 169.5 (C=0),
161.0 (C=0), 150.6 (C=N), 146.9 (C), 136.1 (C-Trp), 134.7 (CH), 127.2 (C-Trp), 127.2 (CH),
126.9 (CH), 123.5 (CH-Trp), 122.6 (CH-Trp), 120.2 (C), 120.1 (C-Trp), 118.7 (CH-Trp), 111.2
(CH-Trp), 109.5 (C-Trp), 57.2 (CH*-Trp), 52.8 (CH*-Met), 30.7 (CH:z-5-Met), 29.7 (CH2-Met),
27.2 (CHz-Trp), 15.3 (CHs-Met); (+)-HRMS-ESI m/z 419.1526 (M + H)*, (calculated for
C2H23N4O:S5, 418.1463).

(1R,4S5)-4-((1H-indol-3-yl)methyl)-1-(4-(benzyloxy)benzyl)-1,2-dihydro-6 H-pyrazino[2,1-

blquinazoline-3,6(4H)-diones (8). Yield: 81.9 mg, 14.8%; er = 63:37; m.p.: 226.9-227.9 °C; [a]3’
=+46.7 (¢ 0.05; CHCls); vmax (KBr) 3393, 3268, 2954, 1671, 1611, 1511, 1465, 1240, 772, and 697
cm™; "H NMR (300 MHz, CDCls): 6 8. 39 (dd, 1H, ] =8.0 and 1.2 Hz, CH), 8.05 (br, 1H, NH-
Trp), 7.80 (ddd, 1H, ] =8.5,7.2 and 1.5 Hz, CH), 7.62 (d, ] =8.0 Hz, CH), 7.56 (dt, 1H, | =7.3,
7.7, and 1.1 Hz, CH), 7.45-7.39 (m, 5H, CH-Bz), 7.32 (d, 2H, ] = 8.0 Hz, CH-Trp), 7.17 (t, 1H,
J=7.5Hz, CH-Trp), 6.88 (t, 1H, | =7.5 Hz, CH-Trp), 6.76 (d, 2H, ] =9.0 Hz, CH-Tyr), 6.61 (d,
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1H, ] =3.0 Hz, CH-Trp), 6.39 (d, 2H, ] = 8.5 Hz, CH-Tyr), 5.64 (dd, 1H, ] =5.2 and 2.7, CH*-
Trp), 5.35 (s, 1H, NH-amide), 5.05 (s, 2H, CH2-Bz), 3.76 (dd, 1H, ] = 14.9 and 2.6 Hz, CH>-
Trp), 3.67 (dd, 1H, ] =15.0 and 5.3 Hz, CH2-Trp), 3.52 (dd, 1H, ] =14.7 and 3.6 Hz, CH2-Tyr),
2.89 (dd, ] = 11.1 and 3.6 Hz, CH*-Tyr), 2.46 (dd, 1H, | = 14.7 and 11.2 Hz, CH>-Tyr); *C
NMR (75 MHz, CDCls): 6 169.2 (C=0), 160.7 (C=0), 157.9 (C-Tyr), 151.0 (C=N), 147.0 (C),
137.0 (C-Trp), 136.1(C-Bz), 134.8 (CH), 128.7 (CH-Tyr (2)), 128.6 (CH-Bz (2)), 128.0 (C-Tyr),
127.4 (CH-Bz), 127.3 (CH-Trp), 127.2 (CH), 127.1 (CH-Bz (2)), 127.0 (CH), 126.9 (CH), 123.8
(CH-Trp), 122.8 (CH-Trp), 120.6 (C), 120.4 (CH-Trp), 119.0 (CH-Trp), 115.5 (CH-Tyr (2H)),
111.1 (CH-Trp), 109.7 (C-Trp), 70.1 (CH2-Bz), 57.4 (CH*-Trp), 52.9 (CH*-Tyr), 37.1 (CH2-Tyr),
29.7 (CH2-Trp); (+)-HRMS-ESI m/z 541.2232 (M + H)*, (calculated for CssH20N4Os, 540.2161).

(1S,45)-4-((1H-indol-3-yl)methyl)-1-(4-(benzyloxy)benzyl)-1,2-dihydro-6 H-pyrazino[2,1-
blquinazoline-3,6(4H)-diones (9). Yield: 119.9 mg, 21.7%; er = 29:71; m.p.: 165.9-166.6 °C; [a]3’
=+205.8 (¢ 0.076; CHCls); vmax (KBr) 3489, 3364, 2923, 1674, 1612, 1512, 1467, 1249, 774, and
695 cm™; 'TH NMR (300 MHz, CDCls): 6 8. 42 (dd, 1H, | = 8.0 and 1.1 Hz, CH), 8.08 (br, 1H,
NH-Trp), 7.83 (ddd, 1H, ] 8.5, 7.1, and 1.5 Hz, CH), 7.66 (d, ] 7.7 Hz, CH), 7.62-7.52 (m, 2H,
CH), 7.39 (t, 4H, | = 2.6 Hz, CH-Bz), 7.35 (ddd, ] = 6.2, 3.4, and 1.5 Hz, 1H, CH-Bz), 7.30 (d,
1H, ] = 8.1 Hz, CH-Trp), 7.20 (td, 1H, ] =7.6 and 1.1 Hz, CH-Trp), 6.10 (td, 1H, ] = 7.5 and
1.0 Hz, CH-Trp), 6.74 (d, 2H, ] = 8.7 Hz, CH-Tyr), 6.60 (d, 1H, ] = 2.3 Hz, CH-Trp), 6.23 (d,
2H, | = 8.6 Hz, CH-Tyr), 5.56 (t, 1H, | = 4.2 Hz, CH*-Trp), 5.55 (s, 1H, NH-amide), 4.99 (s,
2H, CH:-Bz), 4.33 (dt, 1H, ] = 11.7 and 2.8 Hz, CH*-Tyr), 3.86 (dd, 1H, ] = 14.9 and 3.0 Hz,
CH-Trp), 3.80 (dd, 1H, | = 14.9 and 4.4 Hz, CH>-Trp), 2.95 (dd, 1H, ] =13.3 and 3.1 Hz, CH>-
Tyr), 0.53 (dd, ] = 13.1 and 11.9 Hz, CH>-Tyr) ; *C NMR (75 MHz, CDCls): 6 166.5 (C=0),
160.9 (C=0), 158.0 (C-Tyr), 150.2 (C=N), 147.2 (C), 136.9 (C-Trp), 135.8 (C-Bn), 134.9 (CH),
130.28 (CH-Tyr (2)), 128.6 (CH-Bz (2)), 128.1 (C-Tyr), 128.0 (CH-Bz), 127.7 (C-Trp), 127.4
(CH), 127.0 (CH-Bz (2)), 126.9 (CH), 123.5 (CH-Trp), 122.8 (CH-Trp), 120.5 (C), 120.2 (C-
Trp), 119.5 (CH-Trp), 115.2 (CH-Tyr (2)), 111.4 (CH-Trp), 109.7 (C-Trp), 70.0 (CH2-Bz), 57.9
(CH*-Tyr), 56.8 (CH*-Trp), 42.0 (CH2-Tyr), 26.6 (CH2-Trp(+)-HRMS-ESI m/z 541.2221 (M +
H), (calculated for CasH20N1Os, 540.2161).

4.5. General Conditions for the Synthesis of (1S)-4-((1H-indol-3-yl)methyl)-1-(4-hydroxybenzyl)-
1,2-dihydro -6H-pyrazino[2,1-b]quinazoline-3,6(4H)-dione (10 and 11).
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In an oven-dried round-bottomed flash equipped with Teflon-coated magnetic stir bar,
a rubber septum, a glass stopper, and nitrogen gas inlet compound 8 or 9 (50 mg, 0.092
mmol) dissolved with anhydrous CH:2Cl: (5 mL) was added. After cooled the mixture to
—78 °C, 1M boron trichloride in CH2Cl2 (190 pL, 0.19 mmol, 2eq) was added dropwise over
5 min at =78 °C. After stirring for 45 min at -78 °C, the mixture was quenched by syringe
addition of CHCls/MeOH (10/1, 10 mL) at -78 °C and was warmed to ambient temperature.
The solvent was evaporated, and the content was purified by flash column chromatography
using hexane: EtOAc (6:4) as mobile phase. Compounds 10 or 11 were obtained as pale-

yellow solids. Before analysis, compounds were recrystallized from methanol.

(1R,4S5)-4-((1H-indol-3-yl)methyl)-1-(4-hydroxybenzyl)-1,2-dihydro-6 H-pyrazino[2,1-
blquinazoline-3,6(4H)-dione (10). Yield: 12.5 mg, 30%; er = 36:65; m.p.: 134-136 °C; [a]3P =
+39.5 (c 0.034; CHsOH); vmax (KBr) 3427, 1677, 1603, 1515, 1468, 1159, 1025, 998, and 765 cm™;
'"H NMR (300 MHz, DMSO-de): 6 10.48 (s, 1H, NH-Trp), 8.89 (d, 1H, | = 4.9 Hz, OH-Tyr),
8.32 (dd, 1H, ] = 8.0 and 1.2 Hz, CH), 7.81 (dd, 1H, ] =7.7 and 1.6 Hz, CH), 7.61 (d, ] =7.9
Hz, CH), 7.56 (dd, 1H, | =12.7 and 7.2 Hz, CH), 7.39 (dd, 1H, ] = 8.0 and 5.4 Hz, CH-Trp),
7.34 (dt, 1H, J=8.1 Hz, CH), 7.13 (dd, 1H, ] =13.4 and 6.7 Hz, CH-Trp), 6.84 (dd, 1H, [ =13.4
and 6.7 Hz, CH-Trp), 6.60 (d, 1H, | = 3.4 Hz, CH-Trp), 6.58(dd, 2H, | = 8.5 and 6.0 Hz, CH-
Tyr), 6.53 (d, 1H, | =4.4 Hz, NH-amide) , 6.46 (dd, 2H, ] =7.9 and 5.7 Hz, CH-Tyr), 5.44 (dd,
1H, ] =5.0 and 2.8 Hz, CH*-Trp), 3.64 (dd, 1H, ] = 14.8 and 2.7 Hz, CH>-Trp), 3.56 (dd, 1H, |
=14.9 and 5.3 Hz), 3.26 (dt, | = 13.4 and 3.6 Hz, CH>-Tyr), 3.03 (dt, 1H, | =8.9 and 4.7 Hz,
CH*-Tyr), 2.67 (dt, 1H, ] =13.3 and 10.5 Hz); *C NMR (75 MHz, CDCls): 6 168.1 (C=0), 160.0
(C=0), 150.5 (C-Tyr), 146.3 (C), 135.8 (C-Trp), 134.1 (CH), 129.4 (CH-Tyr (2)), 126.7 (C-Trp),
126.6 (CH), 126.4 (CH), 126.1 (CH), 124.9 (C-Tyr), 123.7 (CH-Trp), 121.2 (CH-Trp), 119.6
(CH-Trp), 118.9 (CH-Trp), 115.0 (C-Tyr), 111.2 (CH-Trp), 108.0 (C-Trp), 56.6 (CH*-Trp), 52.8
(CH*-Tyr), 36.3 (CH2-Tyr), 26.5 (CH2-Trp); (+)-HRMS-ESI m/z 451.1766 (M + H)*, 473.1576
(M + Na)* (calculated for C2zH23N4Os, 450.1692).

(1S,45)-4-((1H-indol-3-yl)methyl)-1-(4-hydroxybenzyl)-1,2-dihydro-6 H-pyrazino[2,1-

blquinazoline-3,6(4H)-dione (11). Yield: 25.7 mg, 68.7%; er = 61:39; m.p.: 102-103 °C; [a]3° =
+75.9 (c 0.079; CHsOH); vmax (KBr) 3428, 2927, 1667, 1610, 1592, 1474, 1337, 1232, 772, and 699
cm; "TH NMR (300 MHz, DMSO-de): 6 10.54 (s, 1H, NH-Trp), 8.86 (s, 1H, OH-Tyr), 8.34 (dd,
1H, ] =8.0 and 1.2 Hz, CH), 7.83 (dd, 1H, ] =7.7, and 1.6Hz, CH), 7.62 (d, ] = 7.9 Hz, CH),
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7.56 (dt, 1H, J=7.6,7.6, and 0.6 Hz, CH), 7.49 (d, 1H, ] = 7.9 Hz, CH-Trp), 7.30 (d, 1H, ] =8.1
Hz, CH), 7.20 (d, 1H, ] = 3.3 Hz, NH-amide), 7.09 (dt, 1H, | = 7.6 and 0.6 Hz, CH-Trp), 6.94
(dt, 1H, J=7.5 and 0.5 Hz, CH-Trp), 6.66 (d, 1H, ] = 2.3 Hz, CH-Trp) 6.57(d, 2H, ] =5.6 Hz,
CH-Tyr), 6.45 (d, 2H, ] = 8.4 Hz, CH-Tyr), 5.37 (dd, 1H, ] = 5.2 and 3.3 Hz, CH*-Trp), 4.36
(dt, 1H, J =10.5 and 3.4 Hz, CH*-Tyr), 3.63 (dd, 1H, | = 14.8 and 3.1 Hz, CH-Trp), 3.55 (dd,
1H, ] = 14.9 and 5.4 Hz, CH2-Trp), 2.69 (dd, | = 13.4 and 3.6 Hz CH>-Tyr), 0.86 (dd, 1H, | =
13.3 and 10.5 Hz, CH»-Tyr); *C NMR (75 MHz, CDCls): 6 165.8 (C=0), 160.2 (C=0), 155.8
(C-Tyr), 150.4 (C=N), 146.7 (C), 135.6 (C-Trp), 134.2 (CH), 129.9 (CH-Tyr (2)), 127.4 (CH-
Trp), 126.3 (CH), 126.2 (CH), 126.1 (CH-Trp), 125.9 (C-Tyr), 123.7 (CH-Trp), 121.1 (CH-Trp),
119.5 (CH-Trp), 118.7 (CH-Trp), 114.9 (CH-Tyr (2)), 111.2 (CH-Trp), 108.0 (C-Trp), 57.2
(CH*-Trp), 56.3 (CH*-Tyr), 41.8 (CH2-Tyr), 26.1 (CH2-Trp); (+)-HRMS-ESI m/z 451.1771 (M
+H)*, 473.1564 (M + Na)*(calculated for C27H23N4Os, 450.1692).

4.6. General Conditions for the Synthesis of (1S,4R)-4-((1H-indol-3-yl)methyl)-1-(4-
(benzyloxy)benzyl)-8,10 -dichloro-1,2-dihydro-6 H-pyrazino[2,1-blquinazoline-3,6(4H)-dione (12)

In a closed vial 3,5-dichloro anthranilic acid (xiii, 41 mg, 200 pmol), N-Boc-0-Bn-
Tyrosine (xii, 74 mg, 200 umol), and triphenylphosphite (63 uL, 220 umol) were added
along with 1 mL of dried pyridine. The vial was heated in heating block with stirring at 55
°C for 16-24 h. After cooling the mixture to room temperature, D-tryptophan methyl ester
hydrochloride (ii, 51 mg, 200 umol) was added, and the mixture was irradiated in the
microwave at the constant temperature at 220 °C for 1.5 min. Reaction mixtures were
prepared in the same conditions and treated in parallel. After removing the solvent with
toluene, the crude product was purified by flash column chromatography using hexane:
EtOAc (60:40) as a mobile phase. The preparative TLC was performed using CH2Cl2:Me2CO
(95:5) as mobile phase. The major compound appeared as a black spot with no fluorescence
under the UV light (366 nm). Compound 12 was collected as orange solids. Before analysis,
compound was recrystallized from methanol. Yield: 26.2 mg, 2.2%; er 67:33; m.p.: 233-235
°C; [a]3® = +244.44 (c 0.045; CHsOH); vmax (KBr) 3424, 3334, 2921, 1681, 1593, 1511, 1455,
1247,1012, 695, and 420 cm™'; 'H NMR (300 MHz,CDCls): 6 8.26 (d, 1H, | =2.4 Hz, CH), 8.09
(br, 1H, NH-Trp), 7.85 (d, 1H, ] = 2.4 Hz, CH), 7.44 (dd, 5H, ] = 6.4 and 2.0 Hz, CH-Bz), 7.39
(d, 2H, ] =8.2 Hz, CH-Trp), 7.19 (t, 1H, | = 7.7 Hz, CH-Trp), 6.96 (t, 1H, | =7.5 Hz, CH-Trp),
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6.75 (d, 2H, ] =8.7 Hz, CH-Tyr), 6.62 (d, 1H, | =2.3 Hz, CH-Trp), 6.40 (d, 2H, ] = 8.5 Hz, CH-
Tyr), 5.56 (dd, 1H, ] =5.2 and 2.6, CH*-Trp), 5.41 (s, 1H, NH-amide), 5.06 (s, 2H, CH:-Bz),
3.77 (dd, 1H, ] =15.0 and 2.6 Hz, CH>-Trp), 3.62 (dd, 1H, ] = 15.6 and 4.1 Hz, CH>-Trp), 3.50
(dd, 1H, J=17.5 and 4.4 Hz, CH>-Tyr), 2.95 (dd, ] = 10.8 and 3.6 Hz, CH*-Tyr), 2.51 (dd, 1H,
J=14.8 and 10.9 Hz, CH>-Tyr); *C NMR (75 MHz, CDCls): 6 168.7 (C=0), 159.2 (C=0), 158.0
(C-Tyr), 152.0 (C=N), 142.4 (C), 136.9 (C-Bz), 136.1(C-Trp), 135.1 (CH), 133.2 (C-Cl), 132.6
(C-Cl), 129.6 (CH-Tyr (2)), 128.7 (CH-Bz (2)), 128.1 (CH-Bz), 127.4 (CH-Bz(2)), 126.9 (C-Trp),
126.6 (C-Tyr), 125.2 (CH), 123.7 (CH-Trp), 122.9 (CH-Trp), 122.4 (C), 118.9 (CH-Trp), 115.5
(CH-Tyr (2H)), 111.2 (CH-Trp), 109.4 (C-Trp), 70.1 (CH2-Bz), 57.6 (CH*-Trp), 53.1 (CH*-Tyr),
36.9 (CHz-Tyr), 27.1 (CHz-Trp). (+)-HRMS-ESI m/z 609.1427 (M + H)*, (calculated for
CasH27N4OsClz, 608.1382).

4.7. Neuroprotection Assay

Compounds 1, 2,4,5,6,7,8,9, 10,11, and 12¢c together with fiscalin B (3) were assayed
in co-treatment with rotenone at eight concentrations per triplicate. The SH-SY5y cells
(ATCC Ref.: CRL-2266) were seeded at a density of 40,000/well in a 96-well plate and were
incubated in a humidified atmosphere at 37 °C with 5% CO: for overnight. The compounds
were dissolved in DMSO at the concentration of 10 mM and the higher concentration
assayed was 100 uM. The negative control was 1% DMSO. After 24 h of co-treatment, plates
were treated with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) at
5 pg/mL in Minimum Essential Medium Eagle (MEM) for 3 h at the standard culture
condition. Then, DMSO was added to the plates to solubilizing the formazan crystal formed
in viable cells and plates were put in the stirring for 5 min to homogenize the solution.

Absorbance at 570 nm was measured by VICTOR Multilabel Plate Reader (PerkinElmer).

4.8. Screening Test for Antitumor Activity

Compounds 1, 2, 4, 5, 6,7, 8, 10, and 11 were reconstituted in sterile DMSO to the final
concentration of 60 mM, and several aliquots were made and stored at —20 °C to avoid
repeated freeze-thaw cycles. For experiments, the compounds were freshly diluted in
medium to the desired concentration. Screening for tumor cell growth inhibitory activity
was carried out in three human tumor cell lines (NCI-H460, BxPC3 and PANCT1), with the

sulforhodamine B (SRB) assay, as previously described [34]. Briefly, tumor cells were plated
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in 96-well plates, incubated at 37 °C for 24 h, and then treated for 48 h with 5 serial dilutions
(1:2) of each compound (ranging from 25 pM to 1.5625 uM, 150 uM to 9.375 uM or 200 uM
to 12.5 uM, depending on the compound and for reasons related with solubility). The effect
of the vehicle solvent (DMSO) was also analyzed as a control. Cells were fixed with 10%
ice-cold trichloroacetic acid, washed with water, and stained with SRB. Finally, the plates
were washed with 1% acetic acid and the bound SRB was solubilized with 10 mM Tris Base.
Absorbance was measured in a microplate reader (Synergy Mx, Biotek Instruments Inc.,
Winooski, VT, USA) at 510 nm. For each compound, the corresponding Glso (concentration

which inhibited 50% of net cell growth) was determined, as previously described [33].

4.9. Testing Effect of Compounds on Non-malignant Breast Cells

Compounds 5, 7, 10 and 11 (which presented simultaneously the best neuroprotection
and antitumor effects) were tested against the non-malignant MCF-12A human breast
epithelial cells. For that, cells were incubated with specific concentrations of each
compound (corresponding to approximately the highest Glso concentration obtained in the
antitumor activity screening) for 48 h, followed by removal of the compound, addition of
new medium to the cells and then 5 more days in culture. At the end of the 7 days in total,

the sulforhodamine B (SRB) assay was performed, as previously described [32].

5. Conclusions

New quinazolinone alkaloid derivatives with anti and syn stereochemistry were
synthetized by combining both a one-pot microwave-assisted reaction and a multi-step
approach. Interestingly, fumiquinazoline G (1) presented a better antitumor activity in all
the tumor cell lines tested, with Glso values lower than 20 uM. The antitumor activity of the
remaining compounds was not relevant, with Glso values higher than 20 uM in the tested
cell lines. The effect of the synthesized compounds in the growth of the tested non-
malignant cells was smaller than the effect on the studied tumor cells. It is worth noting
that among the compounds tested, only 1, 3, 5, and 7 showed potential for neuroprotection
in a PD in vitro model. This finding highlights new insights into marine natural products

belonging to the proteomimetic quinazolinone alkaloids.

Supplementary Materials: The following are available online Figures S1-S57.
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ABSTRACT. A series of halogenated indolomethyl pyrazino [1,2-b]quinazoline-3,6-diones was

synthesized by a highly effective and environmentally friendly approach using a one-pot microwave-
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assisted multicomponent polycondensation of amino acids. All the synthesized compounds were
evaluated for their antimicrobial activity against a panel of nine bacterial strains and five fungal
strains. Out of all prepared analogs, compounds 26 and 27 (with MIC values of 4 pg/mL) were the
most effective against Staphylococcus aureus ATCC 29213 reference strain and a methicillin-
resistant isolate (MRSA) with MIC values of 8 ng/mL. Following enantioselective preparative LC,
it was possible to infer that enantiomer (-)-26 was responsible for the antibacterial activity (MIC 4
pg/mL) while (+)-26 had no activity. Compounds 26, 28, and 29 showed a weak antifungal activity
against clinical isolate Trichophyton rubrum with MIC 128 pg/mL and presented a synergistic effect
with fluconazole. Generally, chloro-quinazolinones were the most promising regarding both

antibacterial and antifungal activities compared to bromo and iodo derivatives.

INTRODUCTION

Infectious diseases caused by microorganisms stand as a major threat to public health!?. Since
antibiotics were first introduced as medicines, these drugs have been used to prevent or treat
infections in several applications®*. Nonetheless, antibacterial resistance has increased dramatically,
becoming an emergency in healthcare during the last 40 years®. Among 50 emerging infectious
agents that have been identified, 10% have developed resistance to multiple drugs including

antibiotics such as vancomycin®’, methicillin®, carbapenems’®, and cephalosporins'®-'?

. Despite
enormous efforts, the number of therapeutically useful compounds that aim for circumventing the
resistance is continuously decreasing and no truly novel class of compounds has been introduced into
therapy, causing the world to face the “post-antibiotic era”'*!*. In order to make stop the clinical
consequences of the development and spread of antimicrobial resistance both the preservation of
current antimicrobials through their appropriate use, as well as the discovery and development of
new agents are mandatory'.

Several reports emphasized the discovery of new sophisticated antimicrobials from marine sources

as a promising strategy to overcome the ever increasing drug-resistant infectious diseases'®!’. In the

last years, fungal alkaloids containing a indolomethyl pyrazino[1,2-b] quinazoline-3,6-dione scaffold
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were isolated from marine organisms and presented very interesting antimicrobial activities. For
instance, glyantypine (1, Figure 1) isolated from Cladosporium sp. PJX-41, exhibited moderate
inhibitory activity against bacteria Vibrio harveyi (MIC = 32 pug/mL)*** and neofiscalin A (2) found
in Neosartorya siamensis KUFC 6349 exhibited a potent antibacterial activity against
Staphylococcus aureus and Enterococcus faecalis (MIC = 8 ng/mL)*?°, Regarding antifungal
activity, 2’-epi-fumiquinazoline D (3), obtained from culture of Aspergillus fumigatus L.N-4 showed
good activity (MIC = 12.5-50 ug/mL)?’ and cottoquinazoline D (4), obtained from Aspergillus
versicolor LCJ-5-4 showed moderate antifungal activity against Candida albicans (MIC = 22.6
uM)?®. Inspired by these marine models and the need for new antimicrobial agents to fight resistance,
in the last years we have committed to coursing in the synthesis of fumiquinazolines and related
alkaloids®’. Our first approach (Figure 1) was to synthesize enantiomeric pairs of two members of
this quinazolinone family (structural modifications at C-1 and C-4 stereochemistry), including the
marine-derived alkaloid fiscalin B (7)*°. The second approach (Figure 1) consisted in the synthesis
of other derivatives of these natural alkaloids, but this time with modification of the C-1 side chain
and stereochemistry, by using different amino acids®'. Influenced by the high amount of halogenated
marine natural products with interesting antimicrobial activities isolated over the last few years®*33,
in the present work (Figure 1) we present a third approach in the synthesis of indolomethyl
pyrazino[1,2-b]quinazoline-3,6-dione analogues: the introduction of halogen atoms in the aromatic
ring of the anthranilic acid (Ant) and further antimicrobial evaluation of the new as well as previously

obtained libraries of synthesized compounds®*->'.
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Figure 1. Marine antimicrobials 1-4 and rational of this work.

RESULTS AND DISCUSSIONS

Chemistry. The eleven new indolomethyl pyrazino[1,2-b]quinazoline-3,6-dione derivatives were

synthesized by a previously described approach using a microwave assisted multicomponent

polycondensation of amino acids (Table 1)**3'34 The coupling of halogenated commercial

anthranilic acids (33) to N-protected L-a-amino acids (34), and further dehydrative cyclization using

triphenyl phosphite [(PhO);P], generated the intermediates benzoxazin-4-ones 35 which, followed

by the addition of D-tryptophan methyl ester (36) under microwave irradiation, furnished the

desirable final products 22-32 (2-14 % yield) with partial epimerization (Table 1).
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Table 1. Synthesis of halogenated quinazolinone derivatives 22-32 *

HCI

CO,CH;,
R b) N R R
R a) Hozc/'\N/Boc R R N Nz P N A
NH H H = NH
2 34 AN 36 N,
R /©:H/OH "/©;‘/O éoc R0 o
5 ) o © ~ NH
» % 2232
Compound R R’ R” Yield (%) [a]p® er. %"
22 i-Pr Cl H 5 -273 56:44 99
23 i-Bu Cl H 3 +154 44:56 92
24 s-Bu Cl H 2 +130 46:54 92
25 i-Pr Cl Cl 5 +140 43.57 92
26 i-Bu Cl Cl 4.5 -169 60:40 92
27 s-Bu Cl Cl 2.6 -264 71:29 99
28 i-Pr I H 4.1 -175 51:49 90
29 i-Pr Br H 1.2 -170 50:50 99
30 i-Bu I H 11.8 -165 51:49 90
31 i-Bu Br H 13.8 -243 51:49 91
32 i-Bu I I 3.5 -229 54:46 91

2Reaction conditions: a) dried-pyridine, (PhO)3P, 55 °C, 16-24 h; b) dried-pyridine, (PhO)3P, 220 °C, 1.5 min; ® Optical
rotation; ¢ e.r. = enantiomeric ratio determined by enantiosselective LC (column: amylose, Lux® 5 m Amylose-1, 250 x

4.6 mm, flow rate: 0.5ml/min, mobile phase: hexane/EtOH, 9:1), ¢ = % purity determined by RP-LC.

Using this methodology only anti isomers were produced (1S, 4R) and the different side chains at
C-1 were obtained by selecting diverse L-o. amino acids — valine, leucine, and isoleucine. The purities
of the compounds were determined by reversed-phase liquid chromatography, (RP-LC, C18, MeOH:

H,0; 60:40 or CH3CN:H,0; 50:50) and was found to be higher than 90 %.
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Microbiology

Antibacterial susceptibility testing. An initial screening of the antibacterial activity of the
compounds 5-32 against different reference strains of Gram-positive, Gram-negative bacteria, as
well as clinically relevant multidrug-resistant (MDR) strains was performed by the disk diffusion
method®>3¢, This primary assessment was followed by the determination of minimal inhibitory
concentrations (MIC) of reference strains. For active compounds, this determination was also made
for MDR strains. In the range of concentrations tested, none of the compounds was active against
Gram-negative bacteria, and none of 5-21, 28, 29 and 32 was active against any of the tested strains
(results not shown). The results of antibacterial activity on Gram-positive strains regarding all other
compounds are presented in Table 2. None of halogenated derivatives exhibit antibacterial activity
against Gram-negative, similarly to the described for the natural isolated neofiscalin A (2). Regarding
antimicrobial activity against Gram-positive bacteria, 22, 23, and 24 had an inhibitory effect on both
Enterococcus faecalis ATCC 29212 and Staphylococcus aureus ATCC 29213 reference strains,
while 25, 26, 27, 30, and 31 only showed an inhibitory effect on S. aureus ATCC 29213. The most
effective compounds against S. aureus reference strain were 26 and 27, with MIC values of 4 pg/mL.
All of those compounds presented a bacteriostatic activity, with minimal bactericidal concentrations
(MBC) greater than 64 pg/mL (Table 2). Analogue 24 was the most effective, with MIC values of
32 pg/mL and 16 pg/mL against E. faecalis ATCC 29212 and S. aureus ATCC 29213, respectively.
When tested against vancomycin-resistant Enterococcus (VRE) that was sensitive to ampicillin, the
MICs obtained for 22, 23 and 24 were higher than those obtained for the reference strain (64 pg/mL
as opposed to 32 pg/mL). In the range of concentrations tested, all these compounds were ineffective
against E. faecalis B3/101, a VRE strain that was also resistant to ampicillin (Table 2). Regarding
S. aureus, 22, 23 and 24 inhibited the growth of the strain 40/61/24 (MIC 64 pg/mL), which is
sensitive to the most commonly used antibiotic families, but not of methicillin-resistant S. aureus
(MRSA) 66/1. More importantly, compounds 26 and 27 showed a greater inhibitory capacity on both

sensitive (40/61/24) and methicillin-resistant S. aureus (66/1) strains, with MIC values of 8 pg/mL.
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Synergistic effects with vancomycin and oxacillin were evaluated for MDR strains, but no effect
was found. These antibiotics are relevant in the treatment of infections caused by Enterococcus spp.

and Staphylococcus aureus, respectively.

Table 2. Antibacterial activity of quinazolinones 22-27, 30, 31 on Gram-positive reference and

clinically relevant strains.

E. faecalis
S. aureus S. aureus S. aureus E. faecalis E. faecalis
A5/102
ATCC 29213 40/61/24 66/1 (MRSA) ATCC 29212 B3/101 (VRE)
(VRE)

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC

2 32 > 64 64 >64  >64  >64 64 >64 64  >64 >64  >64

22a >64 >64 ND ND ND ND >64 >64 ND ND ND ND

22b  >64 >64 ND ND ND ND >64 >64 ND ND ND ND

23 32 > 64 64 >64 >64 >64 32 >64 64 >64 >64 >64

23b  >64 ND ND ND ND ND >64 >64 ND ND ND ND

24 16 > 64 64 >64  >64  >64 32 >64 64  >64 >64  >64

25 16 > 64 >64 >64 >64 >64 >64 >64 ND ND ND ND

26 4 > 64 8 >64 8 >64 >64 >64 ND ND ND ND

26a 4 >64 4 >64 4 >64 >64 >64 ND ND ND ND

26b  >64 >64 ND ND ND ND >64 >64 ND ND ND ND

27 4 > 64 8 >64 8 >64 >64 >64 ND ND ND ND

30 16 > 64 64 >64 >64 >64 >64 >64 ND ND ND ND

31 16 > 64 >64 >64 >64 >64 >64 >64 ND ND ND ND

MIC, minimal inhibitory concentration; MBC, minimal bactericidal concentration; VRE, vancomycin-resistant
Enterococcus; MRSA, methicillin-resistant Staphylococcus aureus; ND, not determined. MIC and MBC are

expressed in pg/mL. Cefotaxime (CTX) was used as control with the concentrations range 0.031-16pg/mL.

The compounds showed activity only for Gram-positive strains and, overall, this activity was
greater for reference strains than for clinically relevant strains, whether MDR or not. Regarding
Gram-positive strains, the range was not equal for all compounds, with a greater number of

compounds being active against S. aureus than E. faecalis. Whereas for E. faecalis there appeared to
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exist an inverse relationship between compound activity and resistance against clinically important
antibiotics, there was not a clear tendency for S. aureus. It would be interesting to further study the

promising inhibitory effect of compounds 26 and 27 on MRSA.

Antifungal activity. The antifungal activity of the test compounds was evaluated against Candida
albicans, Aspergillus fumigatus and Trichophyton rubrum by determining MICs *"¥, None of the
compounds tested showed activity against C. albicans nor A. fumigatus strains. Nevertheless,
compounds 26, 28, and 29 presented a weak inhibitory effect on a dermatophyte strain (7. rubrum
FF5) with MIC values of 128 pg/mL and a minimal fungicidal concentration (MFC) higher than 128
ug/mL, suggesting that this compound has fungistatic activity (Table 3). Given these results, 26, 28
and 29 were tested against two additional dermatophyte strains (Microsporum canis FF1 and
Epidermophyton floccosum FF9), but no activity was observed (Table 3). Compounds 26, 28, and
29 were also evaluated for synergistic effects for 7. rubrum. A synergistic effect was observed for

28 and 29 with fluconazole (data not shown).

Table 3. Antifungal activity of quinazolines 26, 28, 29 against dermatophyte strains.

T. rubrum FF5 M. canis FF1 E. floccosum FF9

MIC MFC MIC MFC MIC MFC

26 128 >128 >128 >128 >128 >128
26a >128 >128 ND ND ND ND
26b >128 >128 ND ND ND ND
28 128 >128 >128 >128 >128 >128
29 128 >128 >128 >128 >128 >128

MIC, minimum inhibitory concentration; MFC, minimum fungicidal concentration;
ND, not determined. MIC and MFC are expressed in pg/mL. Voriconazole MIC for

Candida krusei ATCC 6258 was used as quality control.
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Enantioselective liquid chromatography. In order to evaluate the in vitro activities, such as
antibacterial and antifungal, the most promising derivatives 22, 23, and 26, were obtained in
milligram scale by semipreparative enantioselective liquid chromatography, employing a tris-3,5-
dimethylphenylcarbamate amylose column with multiple injection in a 200 uL loop. The analytical
method presented good separation (a0 > 1.2) and resolution values (Rs > 8) for all compounds to allow
the scale-up to the preparative mode. The semipreparative separation was optimized by adjusting the
sample volume from the analytical method. The optimized mobile phase of analytical system
(hexane: EtOH, 90:10) was transferred without any modification to semipreparative mode and 245

was chosen as minimum wavelength absorption.

Table 4: Separation performance on the amylose #ris-3,5 dimethylphenylcarbamate phase for compounds 22,

23, and 26.

Compounds structure Analytical column * Semipreparative column ?
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2 Flow rate: 0.5 mL/min, loop 20 pL, detection: 245 nm, column: Lux® 5 pm Amylose-1, (250 mm x 4.6 mm), mobile
phase hexane: EtOH, 90:10. k = Retention factor, Rs = Resolution, a = Separation factor

® Flow rate: 2 mL/min, loop 200 pL, loading ca. 1.5 mg/mL in hexane:EtOH (50:50), detection 245 nm, column:
amylose tris-3,5-dimethylphenylcarbamate coated with Nucleosil (200 mm x 7 mm); mobile phase n-hexane: EtOH,
90:10.
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The column diameter was enlarged to a scale-up factor of 2. The flow rate was increase from 0.5
to 2 mL/min, and the retention times were between 15 to 50 min. The loading effect in
semipreparative mode was examined by keeping the concentration of the feed solution at the
maximum (1.5 mg/mL) and by varying the volume (100 to 200 pL). The mobile phase composition,
chromatograms, and chromatographic parameter are summarized in Table 4 at analytical and
semipreparative scales. The elution order, specific rotation, and enantiomeric ratio (e.r) of resolved
enantiomers were measured and the data is presented in Table 5. The e.r was greater than 97% for

each enantiomer.

Table S: Elution order, specific rotation, and enantiomeric excess (e.r) of the resolved compound

22,23, and 26 enantiomers.

Enantiomer Elution order [a]D (c)* e.r (%)°
(-)-22 (22a) First -0.06 (0.08) 99:1
(+)-22 (22b) Second +0.04 (0.10) 99:1
(-)-23 (23a) First -0.08 (0.05) 99:1
(+)-23 (23b) Second +0.22 (0.12) 99:1
(-)-26 (26a) First -0.16 (0.03) 97:3
(+)-26 (26b) Second +0.15 (0.03) 99:1

# Specific rotation in methanol with ¢ = concentration in g/mL

® Enantiomeric ratio (e.r) determinated by enantioselective LC under condition

The pure enantiomers of 22, 23, and 26 were evaluated for antibacterial and antifungal activity.
Enantiomer 26a showed a MIC of 4 pg/mL for reference strain S. aureus ATCC 29213, sensitive
clinical isolate S. aureus 40/61/24, and methicillin-resistant strain S. aureus 66/1, while enantiomer
26b showed no effect (Table 2). Noteworthy, these derivatives showed higher potency than the
natural product neofiscalin A (2), (tested by the group with the same conditions)**2%. None of the

pure enantiomers was active against the fungi tested.
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Structure-activity relationship (SAR) study. Regarding antibacterial activity, SAR suggested
that the presence of a halogen atom at positions C-9 or C-11 plays a crucial role for this activity,
since all the non-halogenated compounds were inactive against all the tested strains (Figure 2). In
fact, compounds containing chlorine atoms at one or both positions exhibited better antibacterial
activity compared to those having bromine and iodine. Higher antibacterial activities were obtained
when the halogen atom is present at both C-9 and C-11 positions (i.e., compound 25, 26, 27 and 32)
and/or the presence of longer side chains at C-1. Compounds 26, 28, and 29 were also evaluated for
synergistic effects for 7. rubrum. A synergistic effect was observed for compounds 28 and 29 with
fluconazole (data not shown). The enantiopure compound 26a showed significant antibacterial effect
against a resistant strain of S. aureus while its antipode (26b) did not. This emphasizes that

configuration (/S,4R) is crucial the for antibacterial activity of quinazolinone scaffold.

Structure-activity relationship

* X=Cl > Br, I: crucial for . .
Longer side chains

antibacterial activity; R' R
* Halogen present at N\I)\
s Y"1 NH
both positions N4 Stereochemisty:

R" &) 15, 4R: important for

> antibacterial activity

5-32

Figure 2. Structure-activity relationship for antibacterial activity of the library of quinazolinones.

CONCLUSIONS

A series of halogenated and non-halogenated indolomethyl pyrazino [1,2-b]quinazoline-3,6-
diones was designed and synthesized. Among all the obtained compounds, 26 and 27 exhibited a
potent antibacterial activity against S. aureus strains, with MIC values of 4 ug/mL for a reference

strain and MIC values of 8 pug/mL for a sensitive clinical isolate (S. aureus 40/61/24) and a
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methicillin-resistant strain (S. aureus 66/1). Isolation of the enantiomers of 26 revealed that only
enantiomer (1S, 4R), 26a, was active, indicating that stereochemistry is vital for the referred activity.
Comparing with the marine natural product neofiscalin A (2), a two-fold reduction in the MIC was
observed. Regarding structure complexity and synthetic pathways, the excellent and inspiring results
obtained in the present study show that simpler molecules than neofiscalin A (2) are a promising way
to find new MDR agents. The presence of five stereocenters in neofiscalin A (2) makes its synthesis
a challenge, while with this one-pot microwave-assisted multicomponent polycondensation of amino

acids, highly active compounds were obtained in one single step.

MATERIALS AND METHODS

General Procedure. All reagents were from analytical grade. Dried pyridine and
triphenylphosphite were purchased from Sigma (Sigma-Aldrich Co. Ltd., Gillinghan, UK).
Anthranilic acids (33) and protected amino acids 34 and 36 were purchased from TCI (Tokyo
Chemical Industry Co. Ltd., Chuo-ku, Tokyo, Japan). Column chromatography purifications were
performed using flash silica Merck 60, 230—400 mesh (EMD Millipore corporation, Billerica, MA,
USA) and preparative TLC was carried out on precoated plates Merck Kieselgel 60 Fass (EMD
Millipore corporation, Billerica, MA, USA), spots were visualized with UV light (Vilber Lourmat,
Marne-la-Vallée, France). Melting points were measured in a Kofler microscope and are uncorrected.
Infrared spectra were recorded in a KBr microplate in a FTIR spectrometer Nicolet iS10 from
Thermo Scientific (Waltham, MA, USA) with Smart OMNI-Transmission accessory (Software 188
OMNIC 8.3). 'H and '3C NMR spectra were recorded in CDCl; (Deutero GmbH, Kastellaun,
Germany) at room temperature unless otherwise mentioned on Bruker AMC instrument (Bruker
Biosciences Corporation, Billerica, MA, USA), operating at 300 MHz for 'H and 75 MHz for *C).
Carbons were assigned according to HSQC and or HMBC experiments. Optical rotation was
measured at 25 °C using the ADP 410 polarimeter (Bellingham + Stanley Ltd., Tunbridge Wells,
Kent, UK), using the emission wavelength of sodium lamp, concentrations are given in g/100 mL.

High resolution mass spectra (HRMS) were measured on a Bruker FTMS APEX III mass

198 |Page



spectrometer (Bruker Corporation, Billerica, MA, USA) recorded as ESI (Electrospray) made in
Centro de Apoio Cientifico e Tecnoldxico & Investigation (CACTI, University of Vigo, Pontevendra,
Spain). The purity of synthesized compounds was determined by reversed-phase LC with diode array
detector (DAD) using C18 column (Kimetex®, 2.6 EVO C18 100 A, 150 x 4.6 mm), the mobile phase
was MeOH: H,O (50:50), and flow rate was 1mL/mL. Enantiomeric ratio was determined by
enantioselective LC (LCMS-2010EV, Shimadzu, Lisbon, Portugal), employing a system equipped
with a chiral column (Lux® 5 pm Amylose-1, 250 x 4.6 mm) and UV-detection at 254 nm, mobile
phase was hexane:EtOH (90:10) and the flow rate was 0.5 mL/min. for semipreparative
chromatography, a HLPC system consisted of a Shimadzu LC-6AD pump with a 200 pL loop was
used with an amylose tris-3,5-dimethylphenylcarbamate coated with Nucleosil (500 A, 7m, 20%,
w/w) packed into a stainless-steel (200 mm x 7 mm LD. size) column, prepared in the UFSCar

laboratory*’.

General conditions for the synthesis of compounds 22-32. In a closed vial, 5-chloro anthranilic
acid, 33a, 34 mg, 200 umol for 22, 23, and 24, or 3,5-dichloro anthranilic acid, (33b, 41 mg, 200
umol) for 25, 26, and 27, or 5-iodoanthranilic acid, (33¢, 53 mg, 200 umol) for 28 and 30, or 5-
bromo anthranilic acid, (33d, 43 mg, 200 pmol) for 29 and 31, or 3,5-diodo anthranilic acid (33e, 78
mg, 200 pmol) for 32; was added N-Boc-L-valine (34a, 44 mg, 200 umol) for 22, 25, 28 and 29, or
N-Boc-L-leucine (34¢, 46 mg, 200 pmol) for 23, 26, 30, and 32 , or N-Boc-L-isoleucine (34d, 46 mg,
200 pmol) for 24 and 27 (as present in Table 1), and triphenylphosphite (63 pL, 220 pmol) were
added along with 1 mL of dried pyridine. The vial was heated in heating block with stirring at 55 °C
for 1624 h. After cooling the mixture to room temperature, D-tryptophan methyl ester hydrochloride
(36, 51 mg, 200 umol) was added, and the mixture was irradiated in the microwave at a constant
temperature at 220 °C for 1.5 min. Four reaction mixtures were prepared in the same conditions and
treated in parallel. After removing the solvent with toluene, the crude product was purified by flash
column chromatography using hexane: EtOAc (60:40) as a mobile phase. The preparative TLC was

performed using CH>Cl2:Me>CO (95:5) as mobile phase. The major compound appeared as a black
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spot with no fluorescence under the UV light. The desired compounds were collected as yellow

solids. Before analysis, compounds were recrystallized from methanol.

(18,4R)-4-((1H-indol-3-yl)methyl)-8-chloro-1-isopropyl-1,2-dihydro-6 H-pyrazino|[2,1-
b]quinazoline-3,6(4H)-dione (22). Yield: 39.8 mg, 7%; er = 56:44; mp: 200.3-202.4C; [a]3° = -
273 (¢ 0.05; CHCl3); viar (KBr) 3277, 2924, 1682, 1592, 1470, 1323, 741 cm’™'; "H NMR (300 MHz,
CDCl3): 6 8. 33 (d, 1H, J 2.4 Hz, CH), 8.33 (br, 1H, NH-indol), 7.70 (dd, 1H, J = 8.7 and 2.5 Hz,
CH), 7.50 (d, /= 8.7 Hz, CH), 7.39 (d, 1H, J = 8.0 Hz, CH-Trp), 7.30 (d, J = 8.2 Hz, CH-Trp), 7.12
(t, IH, J=7.6 Hz, CH-Trp), 6.92 (t, 1H, J = 7.5 Hz, CH-Trp), 6.63 (d, 1H, J = 2.3 Hz, CH-indol),
5.64 (dd, 1H, J = 5.3 and 2.7, CH*-Trp), 5.72 (s, 1H, NH-amidee), 3.73 (dd, 1H, J = 15.0 and 2.7
Hz, CH,-Trp), 3.63 (dd, 1H, J=15.0 and 5.4 Hz, CH>-Trp), 2.76 (d, J = 2.3 Hz, CH*-val), 2.60 (dtd,
1H, J = 13.9, 6.9, and 2.3 Hz, CH-val), 0.64 (d, 6H, J = 6.1 Hz, CHs-val); *C NMR (75 MHz,
CDCls): 0 169.2 (C=0), 159.9 (C=0), 150.6 (C=N), 145.6 (C), 136.1 (C-Trp 135.7 (CH), 132.8 (C),
128.9 (CH), 127.2 (C-Trp), 126.2 (CH), 123.6 (CH-indol), 122.5 (CH-Trp), 121.2 (C), 119.9 (CH-
Trp), 118.6 (CH-Trp), 111.1 (CH-Trp), 109.1 (C-indol), 57.0 (CH*-Trp), 58.0 (CH*-val), 29.3 (CH-
val), 27.3 (CH>-Trp), 18.8 (CHs-val), 14.8 (CHs-val); (+)-HRMS-ESI m/z: 421.1442 (M + H)",

443.1264 (M + Na)* (calculated for C23H22N402C1, 421. 1432; C23H21N402C1Na, 443, 1252).

(15,4R)-4-((1 H-indol-3-yl)methyl)-8-chloro-1-isobutyl-1,2-dihydro-6 H-pyrazino[2,1-
b]quinazoline-3,6(4H)-dione (23). Yield: 12.3 mg, 3%; er = 44:56; mp: 208.8-210.1C; [a]3’ =
+154 (¢ 0.15; CHCl3); vmax (KBr) ) 3277, 2924, 1682, 1592, 1470, 1323, 741 cm™; "H NMR (300
MHz, CDClz): 6 8. 33 (d, 1H, J 2.4 Hz, CH), 8.07 (br, 1H, NH-indol), 7.70 (dd, 1H, J= 8.7 and 2.5
Hz, CH), 7.54 (d, J= 8.7 Hz, CH), 7.46 (d, 1H, J = 8.0 Hz, CH-Trp), 7.29 (d, J = 8.2 Hz, CH-Trp),
7.13 (t, 1H, J = 7.6 Hz, CH-Trp), 6.98 (t, 1H, J = 7.5 Hz, CH-Trp), 6.65 (d, 1H, J = 2.2 Hz, CH-
indol), 5.71 (s, 1H, NH-amide), 5.65 (dd, 1H, J=5.2 and 2.8, CH*-Trp), 3.76 (dd, 1H, J=15.1 and
2.7 Hz, CH»-Trp), 3.63 (dd, 1H, J=15.1 and 5.4 Hz, CH»-Trp), 2.70 (dd, J = 9.7 and 2.3 Hz, CH*-
Leu), 1.97 (ddd, 1H, J=11.8, 7.7, and 2.1 Hz, CH-Leu), 1.39—1.30 ( m, 2H), 0.77 (d, 3H, J = 6.4

Hz, CHs-Leu), 0.28 (d, 3H, J - 6.5 Hz, CHs-Leu); *C NMR (75 MHz, CDCls): 6 169.1 (C=0), 159.8
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(C=0), 151.9 (C=N), 145.5 (C), 136.0 (C-Trp 135.1 (CH), 132.9 (C), 129.1 (CH), 127.2 (C-tyr),
126.2 (CH), 123.6 (CH-indol), 122.7 (CH-Trp), 121.2 (C), 120.2 (CH-Trp), 118.7 (CH-Trp), 111.1
(CH-Trp), 109.5 (C-indol), 57.5 (CH*-Trp), 50.8 (CH*-Leu), 40.2 (CH»-Leu), 27.2 (CH»-Trp), 24.1
(CH-Leu), 23.3 (CH3s-Leu), 19.7 (CHs-Leu); (+)-HRMS-ESI m/z: 435.1579 (M + H)", 457.1206 (M

+ Na)* (calculated for C24H24N402C1, 435.1588; C24H23N402C1Na, 457. 1408).

(1S,4R)-4-((1H-indol-3-yl)methyl)-1-((S)-sec-butyl)-8-chloro-1,2-dihydro-6 H-pyrazino[2,1-
b]quinazoline-3,6(4H)-dione (24). Yield: 16.7 mg, 3%; er = 46:54; mp: 209.1-211.2C; [a]3° =
+130 (¢ 0.03; CHCI3); vimax (KBr) 3277, 2924, 1682, 1592, 1470, 1323, 741 cm™; "H NMR (300 MHz,
CDCl): ¢ 8. 33 (d, 1H, J 2.4 Hz, CH), 8.05 (br, 1H, NH-indol), 7.70 (dd, 1H, J = 8.7 and 2.4 Hz,
CH), 7.49 (d, J=8.7 Hz, CH), 7.38 (d, 1H, J = 8.0 Hz, CH-Trp), 7.29 (d, J = 8.2 Hz, CH-Trp), 7.13
(t, 1H, J=17.9 Hz, CH-Trp), 6.92 (t, 1H, J = 7.8 Hz, CH-Trp), 6.63 (d, 1H, J = 2.4 Hz, CH-indol),
5.64 (dd, 1H, J= 5.2 and 2.8, CH*-Trp), 5.80 (s, 1H, NH-amide), 3.72 (dd, 1H, J=15.1 and 2.7 Hz,
CH»-Trp), 3.62 (dd, 1H, J = 15.0 and 5.4 Hz, CH>-Trp), 2.29 (ddd, 1H, J = 11.6, 7.9, and 4.8 Hz,
CH-Ile), 2.69 (d, J=2.2 Hz, CH*-Ile), 0.99—0.79 ( m, 2H), 0.70 (d, 3H, J = 7.4 Hz, CHs-Ile), 0.63
(d, 3H, J - 7.2 Hz, CH3-Ile); *C NMR (75 MHz, CDCls): 6 169.1 (C=0), 159.9 (C=0), 150.7 (C=N),
145.5 (C), 136.0 (C-Trp 135.1 (CH), 132.8 (C), 128.9 (CH), 127.2 (C-tyr), 126.2 (CH), 123.5 (CH-
indol), 122.7 (CH-Trp), 121.1 (C), 120.1 (CH-Trp), 118.6 (CH-Trp), 111.1 (CH-Trp), 109.2 (C-
indol), 58.3 (CH*-Ile), 57.0 (CH*-tyr), 36.2 (CH-Leu), 27.3 (CH>-Trp), 23.1 (CH»-Ile), 15.6 (CHas-
Ile), 12.0 (CHs-Ile); (+)-HRMS-ESI m/z: 435.1580 (M + H)", 457.1394 (M + Na)" (calculated for

C24H24N402C1, 434.1588; C24H23N402C1Na, 457.1408).

(15,4R)-4-((1H-indol-3-yl)methyl)-8,10-dichloro-1-isopropyl-1,2-dihydro-6 H-pyrazino|2,1-
b]quinazoline-3,6(4H)-dione (25). Yield: 22.1 mg, 5%; er = 43:57; mp: 232.9-235.1C; [a]3® =
+140 (c 0.038; CHCI3); vimax (KBr) 3293, 2954, 1671, 1611, 1511, 1465, 1240, 772, and 697 cm™'; 'H
NMR (300 MHz, DMSO-d¢): ¢ 10.2 (br, 1H, NH-indol), 8. 20 (d, 1H, J 2.4 Hz, CH), 7.83 (d, 1H, J
= 2.4 Hz, CH), 7.37 (d, 1H, J = 8.1 Hz, CH-Trp), 7.33 (d, J = 8.1 Hz, CH-Trp), 7.11 (s, 1H, NH-

amide), 7.07 (t, 1H, J = 7.7 Hz, CH-Trp), 6.87 (t, 1H, J= 7.5 Hz, CH-Trp), 6.66 (d, 1H, J=2.3 Hz,
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CH-indol), 5.50 (dd, 1H, J = 5.2 and 2.9, CH*-Trp), 3.69 (dd, 1H, J = 14.9 and 3.0 Hz, CH»-Trp),
3.58 (dd, 1H, J = 14.9 and 5.4 Hz, CHa-Trp), 2.76 (d, J = 2.2 Hz, CH*-val), 2.60- 254 (m, 1H, CH-
val), 0.71 (dd, 6H, J = 8.4 and 7.2 Hz, CH3-val); *C NMR (75 MHz, CDCl;): 6 169.2 (C=0), 159.9
(C=0), 150.6 (C=N), 145.7 (C), 136.0 (C-Trp), 135.1 (CH), 132.8 (C), 128.9 (CH), 127.2 (C-Trp),
126.2 (CH), 123.6 (CH-indol), 122.7 (CH-Trp), 121.2 (C), 120.1 (CH-Trp), 118.6 (CH-Trp), 111.1
(CH-Trp), 109.2 (C-indol), 58.1 (CH*-val), 57.0 (CH*-Trp), 29.3 (CH-val), 27.3 (CHy-Trp), 18.8
(CHs-val), 14.8 (CHs-val; (+)-HRMS-ESI m/z: 455.1436 (M + H)" (calculated for Ca3HzN4O:Cl,

455.1041).

(1S,4R)-4-((1H-indol-3-yl)methyl)-8,10-dichloro-1-isobutyl-1,2-dihydro-6 H-pyrazino[2,1-
b]quinazoline-3,6(4H)-dione (26). Yield: 41.8 mg, 4.5%; er = 60:40; mp: 253.4-254.3C; [a]3° = -
169 (¢ 0.04; CHCl3); vimax (KBr) 3289, 2960, 1680, 1600, 1556, 1315, 757, 720 cm™'; '"H NMR (300
MHz, DMSO-d¢): 10.22 ( br, 1H, NH-indol), ¢ 8. 13 (d, 1H, J 2.4 Hz, CH), 7.75 (d, 1H, J = 2.4 Hz,
CH),, 7.33 (d, 1H, J= 8.0 Hz, CH-Trp), 7.25 (d, J = 8.2 Hz, CH-Trp), 7.19 (br, NH-amide), 7.00 (t,
1H, J = 8.0 Hz, CH-Trp), 6.82 (t, 1H, J= 7.8 Hz, CH-Trp), 6.60 (d, 1H, J= 2.4 Hz, CH-indol), 5.42
(dd, 1H, J=5.3 and 2.9, CH*-Trp) , 3.63 (dd, 1H, J=15.0 and 2.9 Hz, CH>-Trp), 3.50 (dd, 1H, J=
15.0 and 5.4 Hz, CH,-Trp), 2.68 (dd, J = 7.3 and 4.9 Hz, CH*-Leu), 1.94-1.86 (m, 1H CH»-Leu),
1.50 (tt, 1H, J = 13.2 and 6.5 Hz, CH-Leu), 1.29-1.22 (m, 1H, CHx-Leu), 0.56 (d, 3H, J = 6.6 Hz,
CHs-Leu), 0.35 (d, 3H, J = 6.6 Hz, CHs-Leu); '*C NMR (75 MHz,DMSO-ds): J 168.4 (C=0), 158.8
(C=0), 152.8 (C=N), 142.0 (C), 135.9 (C-Trp), 134.1 (CH), 132.6 (C), 131.4 (C), 126.5 (C-Trp),
124.3 (CH), 123.5 (CH-indol), 121.6 (CH-Trp), 121.5 (C), 118.9 (CH-Trp), 117.7 (CH-Trp), 111.1
(CH-Trp), 107.7 (C-indol), 57.3 (CH*-Trp), 50.6 (CH*-Leu), 39.6 (CHz-Leu), 26.2 (CH>-Trp), 23.8
(CH-Leu), 22.1 (CHs-Leu), 20.5 (CHs-Leu); (+)-HRMS-ESI m/z: 469.1186 (M + H)", 491.1008 (M

+ Na)* (calculated for C24H23N402C12, 469.1 198; C24H22N402C12Na, 491. 1018).

(15,4R)-4-((1H-indol-3-yl)methyl)-1-((:S)-sec-butyl)-8,10-dichloro-1,2-dihydro-6 H-
pyrazino[2,1-b]quinazoline-3,6(4H)-dione (27). Yield: 22.4 mg, 2.6%; er = 71:29; mp: 252.9-

254.7°C; [a]3 = -264 (c 0.034; CHCI3); vimax (KBr) 3373, 3074, 2922, 1698, 1609, 1550, 1450, 1262,
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794 cm’!; 'TH NMR (300 MHz, CDCls): 6 8. 33 (d, 1H, J 2.4 Hz, CH), 8.05 (br, 1H, NH-indol), 7.70
(dd, 1H, J = 8.7 and 2.4 Hz, CH), 7.38 (d, 1H, J = 8.0 Hz, CH-Trp), 7.29 (d, J = 8.2 Hz, CH-Trp),
7.13 (t, 1H, J = 7.9 Hz, CH-Trp), 6.92 (t, 1H, J = 7.8 Hz, CH-Trp), 6.63 (d, 1H, J = 2.4 Hz, CH-
indol), 5.64 (dd, 1H, J=5.2 and 2.8, CH*-Trp), 5.80 (s, 1H, NH-amide), 3.72 (dd, 1H, J=15.1 and
2.7 Hz, CH,-Trp), 3.62 (dd, 1H, J=15.0 and 5.4 Hz, CH>-Trp), 2.29 (ddd, 1H, J=11.6, 7.9, and 4.8
Hz, CH-Ile), 2.69 (d, J = 2.2 Hz, CH*-Ile), 0.99—0.79 ( m, 2H), 0.70 (d, 3H, J = 7.4 Hz, CHzs-lle),
0.63 (d, 3H, J - 7.2 Hz, CHs-Ile); *C NMR (75 MHz, CDCls): 6 168.9 (C=0), 159.5 (C=0), 151.3
(C=N), 142.5 (C), 136.1 (C-Trp) 135.0 (CH), 133.2 (C), 132.4 (C), 127.1 (C-tyr), 125.1 (CH), 123.5
(CH-indol), 122.9 (CH-Trp), 122.1 (C), 120.2 (CH-Trp), 118.6 (CH-Trp), 111.1 (CH-Trp), 109.2 (C-
indol), 58.2 (CH*-Ile), 57.3 (CH*-tyr), 36.2 (CH-Leu), 27.1 (CH,-Trp), 23.6 (CH,-Ile), 15.5 (CHs-
Ile), 12.1 (CHs-lIle; (+)-HRMS-ESI m/z: 469.1186 (M + H)", 491.1024 (M + Na)* (calculated for

C24H23N402C12, 469.1 198; C24H22N402C12Na, 491.101 8).

(1S,4R)-4-((1H-indol-3-yl)methyl)-8-iodo-1-isopropyl-1,2-dihydro-6 H-pyrazino|[2,1-
b]quinazoline-3,6(4H)-dione (28). Yield: 21.2 mg, 4.1%; er = 51:49; mp: 246.5-248.2°C; [a]3° = -
175 (¢ 0.041; CHCl3); vimax (KBr) 3311, 3192, 2963, 1681, 1655, 1588, 1464, 1246, 828, and 741 cm’
I; TH NMR (300 MHz, CDCls): 6 8. 71 (d, 1H, J 2.4 Hz, CH), 8.04 (br, 1H, NH-indol), 8.02 (dd, 1H,
J=28.6 and 2.1 Hz, CH), 7.41 (d, 1H, J= 8.0 Hz, CH-Trp), 7.30 (d, /= 8.4 Hz, CH) 7.29 (d, /= 8.4
Hz, CH-Trp), 7.13 (ddd, 1H, J = 8.0, 7.1 and 0.9 Hz, CH-Trp), 6.94 (ddd, 1H, J= 8.0, 7.1 and 0.9
Hz, CH-Trp), 6.61 (d, 1H, J = 2.4 Hz, CH-indol), 5.64 (dd, 1H, J= 5.4 and 2.8, CH*-Trp), 5.67 (s,
1H, NH-amide), 3.73 (dd, 1H, J = 14.9 and 2.7 Hz, CH>-Trp), 3.61 (dd, 1H, J=15.1 and 5.4 Hz,
CH»-Trp), 2.64 (d, J = 2.4 Hz, CH*-val), 2.63-2.56 (m, 1H, CH-val), 0.63 (d, 6H, J = 6.8 Hz, CH:s-
val); ®C NMR (75 MHz, CDCls): d 169.1 (C=0), 159.5 (C=0), 151.0 (C=N), 146.3 (C), 143.5 (CH),
136.0 (C-Trp 135.7 (CH), 129.0 (CH), 127.2 (C-Trp), 123.5 (CH-indol), 122.7 (CH-Trp), 121.7 (C),
120.2 (CH-Trp), 118.7 (CH-Trp), 111.1 (CH-Trp), 109.3 (C-indol), 91.4 (C), 58.1 (CH*-val), 57.0
(CH*-Trp) 29.7 (CH-val), 27.3 (CH>-Trp), 18.8 (CHs-val), 14.8 (CHs-val); (+)-HRMS-ESI m/z:

513.0778 (M + H)" (calculated for C23H22N40-1, 513.0787).
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(15,4R)-4-((1H-indol-3-yl)methyl)-8-bromo-1-isopropyl-1,2-dihydro-6 H-pyrazino|[2,1-
b]quinazoline-3,6(4H)-dione (29). Yield: 10.9 mg, 1.2%; er = 50:50; mp: 236.5-238.0°C; [a]3° = -
170 (c 0.03; CHCl3); vimax (KBr) 3292, 3193, 2958, 1681, 1666, 1592, 1466, 1237, 832, and 742 cm’
!; 'TH NMR (300 MHz, CDCls): 6 8. 50 (d, 1H, J 2.2 Hz, CH), 8.05 (br, 1H, NH-indol), 7.84 (dd, 1H,
J=8.7and 2.3 Hz, CH), 7.41 (t,J= 8.0 Hz, CH), 7.41 (t,J= 8.0 Hz, CH-Trp ), 7.29 (d, /= 8.2 Hz,
CH-Trp), 7.13 (ddd, 1H, J = 8.0, 7.1 and 1.0 Hz, CH-Trp), 6.93 (ddd, 1H, J=8.0, 7.1 and 1.1 Hz,
CH-Trp), 6.62 (d, 1H, J= 2.4 Hz, CH-indol), 5.64 (dd, 1H, J= 5.4 and 3.0, CH*-Trp), 5.63 (s, 1H,
NH-amide), 3.73 (dd, 1H, J = 14.9 and 2.7 Hz, CH,-Trp), 3.62 (dd, 1H, J= 15.0 and 5.4 Hz, CHo-
Trp), 2.66 (d, J = 2.4 Hz, CH*-val), 2.60 (m, 1H, CH-val), 0.65 (d, 3H, J = 6.5 Hz, CH3-val), 0.63
(d, 3H, J= 6.4 Hz, CH;-val); *C NMR (75 MHz, CDCl3): 6 169.1 (C=0), 159.7 (C=0), 150.9 (C=N),
145.9 (C), 138.1 (CH), 136. (C-Trp), 129.4 (C), 129.1 (CH), 127.2 (C-tyr), 123.5 (CH-indol), 122.7
(CH-Trp), 121.5 (C), 120.6 (CH-Trp), 120.2 (C), 118.7 (CH-Trp), 111.1 (CH-Trp), 109.3 (C-indol),
57.0 (CH*-tyr), 53.8 (CH*-val), 29.7 (CH-val), 27.3 (CHz-Trp), 18.8 (CH3-val), 14.8 (CH3-val); (+)-
HRMS-ESI m/z: 465.0987 (M + H)", 487.0726 (M + Na)" (calculated for C23H2N4O,Br: 465.0926;

C23H2]N402BI‘N32 487.0746) .

(15,4R)-4-((1H-indol-3-yl)methyl)-8-iodo-1-isobutyl-1,2-dihydro-6 H-pyrazino[2,1-
b]quinazoline-3,6(4H)-dione (30). Yield: 62.4 mg, 11.8%; er = 51:49; mp: 192.1-194.3C; [a]3° =
-165 (¢ 0.038; CHCl3); vimar (KBr) 3318, 2956, 1671, 1686, 1593, 1464, 1247, 790, and 740 cm™'; '"H
NMR (300 MHz, CDCls): 6 8. 70 (d, 1H, J 2.0 Hz, CH), 8.03 (br, 1H, NH-indol), 8.03 (dd, 1H, J =
8.6 and 2.1 Hz, CH), 7.44 (d, /= 7.9 Hz, CH-Trp), 7.33 (d, 1H, J= 8.6 Hz, CH), 7.29 (d, /= 8.2 Hz,
CH-Trp), 7.13 (t, 1H, J = 7.8 Hz, CH-Trp), 6.98 (t, 1H, J = 7.8 Hz, CH-Trp), 6.68 (d, IH, J=2.4
Hz, CH-indol), 5.96 (s, 1H, NH-amide), 5.65 (dd, 1H, J=5.2 and 2.8, CH*-Trp) , 3.76 (dd, 1H, J =
15.0 and 2.8 Hz, CH»-Trp), 3.63 (dd, 1H, J=15.0 and 5.3 Hz, CH,-Trp), 2.69 (dd, J = 9.6 and 3.3
Hz, CH*-Leu), 2.02-1.92 (m, 1H, CH-Leu), 1.40-1.30 ( m, 2H, CH»-Leu), 0.79 (d, 3H, J = 6.5 Hz,
CHs-Leu), 0.29 (d, 3H, J = 6.4 Hz, CHs-Leu); *C NMR (75 MHz, CDCl;): § 169.5 (C=0), 159.4
(C=0), 152.1 (C=N), 146.3 (C), 143.4 (CH), 136.1 (C-Trp), 135.7 (C), 129.2 (CH), 127.1 (C-tyr),

123.5 (CH-indol), 122.9 (CH-Trp), 121.8 (C), 120.4 (CH-Trp), 118.7 (CH-Trp), 111.2 (CH-Trp),
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109.5 (C-indol), 91.5 (C), 57.4 (CH*-tyr), 51.0 (CH*-Leu), 40.1 (CHa-Leu), 27.1 (CH,-Trp), 24.1
(CH-Leu), 23.3 (CHs-Leu), 19.7 (CHs-Leu); (+)-HRMS-ESI m/z: 527.0936 (M + H)*, 549.0748 (M

+ Na)* (calculated for C24H24N40:1, 527.0944; C24H23N40,INa, 549.0764).

(1S,4R)-4-((1H-indol-3-yl)methyl)-8-bromo-1-isobutyl-1,2-dihydro-6 H-pyrazino[2,1-
b]quinazoline-3,6(4H)-dione (31). Yield: 64.6 mg, 13.8%; er = 51:49; mp: 227.0-228.2C; [a]3° =
- 243 (¢ 0.037; CHCl3); vimax (KBr) 3284, 2959, 1686, 1658, 1599, 1433, 1245, 746, and 684 cm™'; 'H
NMR (300 MHz, CDCL): 6 8. 50 (d, 1H, J 2.3 Hz, CH), 8.06 (br, 1H, NH-indol), 7.84 (dd, 1H, J =
8.7 and 2.3 Hz, CH), 7.47 (dd, J= 8.2 and 1.9 Hz, CH), 7.47 (dd, 1H, J= 8.2 and 1.9 Hz, CH-Trp),
7.29 (d, J = 8.2 Hz, CH-Trp), 7.14 (t, 1H, J = 7.9 Hz, CH-Trp), 6.92 (t, 1H, J= 7.8 Hz, CH-Trp),
6.65 (d, 1H, J=2.4 Hz, CH-indol), 5.65 (dd, 1H, J=5.2 and 2.9, CH*-Trp), 5.71 (s, 1H, NH-amide),
3.76 (dd, 1H, J=15.0 and 2.8 Hz, CH»-Trp), 3.63 (dd, 1H, J=15.0 and 5.3 Hz, CH»-Trp), 2.70 (dd,
J=9.7 and 3.3 Hz, CH*-Leu), 2.07-1.89 (m, 1H, CH-Leu), 1.38—1.21 ( m, 2H, CH,-Leu), 0.77 (d,
3H, J = 6.3 Hz, CH;-Leu), 0.28 (d, 3H, J = 6.5 Hz, CHs-Leu); *C NMR (75 MHz, CDCl3): 6 169.1
(C=0), 159.7 (C=0), 152.0 (C=N), 145.8 (C), 137.8 (CH), 136.8 (C-Trp), 129.4 (C), 129.2 (CH),
127.1 (C-Trp), 123.8 (CH-indol), 122.9 (CH-Trp), 121.6 (C), 120.6 (CH), 120.4 (CH-Trp), 118.7
(CH-Trp), 111.2 (CH-Trp), 109.6 (C-indol), 57.5 (CH*-Trp), 50.8 (CH*-Leu), 40.1 (CHz-Leu), 27.1
(CHz-Trp), 24.1 (CH-Leu), 23.3 (CHs-Leu), 19.7 (CHs-Leu); (+)-HRMS-ESI m/z: 479.1086 (M +

H)", 501.0912 (M + Na) * (calculated for C24H24N40,Br, 479.1082; C24H23N40,BrNa, 501.0900).

(18,4R)-4-((1H-indol-3-yl)methyl)-8,10-diiodo-1-isobutyl-1,2-dihydro-6 H-pyrazino|[2,1-

b]quinazoline-3,6(4H)-dione (32). Yield: 22.5 mg, 3.5%; er = 54:46; mp: 242.8-243.8C; [a]3° = -
229 (¢ 0.032; CHCLs); vinax (KBr) 3313, 2955, 1681, 1599, 1462, 1261, 772, and 669 cm™'; 'H NMR
(300 MHz, DMSO-ds): 10.17 ( br, 1H, NH-indol), § 8. 62 (d, 1H, J 1.9 Hz, CH), 8.55 (d, 1H, J= 1.9
Hz, CH), 7.41 (d, 1H, J = 8.0 Hz, CH-Trp), 7.33 (d, J = 8.0 Hz, CH-Trp), 7.11 (br, NH-amide), 7.09
(t, 1H, J = 7.9 Hz, CH-Trp), 6.91 (t, 1H, J = 7.5 Hz, CH-Trp), 6.68 (d, 1H, J = 2.3 Hz, CH-indol),
5.50 (dd, 1H, J=5.1 and 2.9, CH*-Trp) , 3.72 (dd, 1H, J = 14.9 and 2.9 Hz, CH»-Trp), 3.58 (dd, 1H,

J=15.0 and 5.3 Hz, CH»-Trp), 2.75 (dd, J= 6.6 and 5.3 Hz, CH*-Leu), 1.68-1.53 (m, 1H CHz-Leu),
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1.38-1.23 (m, 2H, J=13.2 and 6.5 Hz, CH»-Leu), 0.62 (t, 3H, J = 6.5 Hz, CHs-Leu), 0.47 (d, 3H, J
= 6.6 Hz, CHs-Leu); *C NMR (75 MHz,DMSO-d¢): § 168.4 (C=0), 162.0 (C=0), 153.0 (C=N),
151.1 (C), 136.2 (C-Trp), 135.9 (C), 127.1 (C-Trp), 123.4 (CH-indol), 121.8 (C), 121.5 (CH-Trp),
119.0 (CH-Trp), 117.8 (CH-Trp), 111.0 (CH-Trp), 107.8 (C-indol), 91.5 (CH), 89.2 (CH), 57.4
(CH*-Trp), 50.5 (CH*-Leu), 39.4 (CH:-Leu), 26.3 (CH>-Trp), 23.9 (CH-Leu), 21.8 (CH3-Leu), 20.6
(CHs-Leu); (+)-HRMS-ESI m/z: 652.9915 (M + H)', 674.9746 (M + Na)" (calculated for

C24H23N402C1z, 652.9910; C24H22N402C12Na, 674.9730).

Microbiology

Microbial strains and growth conditions. In the present study, two Gram-positive —
Staphylococcus aureus ATCC 29213 and Enterococcus faecalis ATCC 29212— and two Gram-
negative — Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853 — reference
bacterial strains were used. When it was possible to determine a minimal inhibitory concentration
(MIC) value for these strains, clinically relevant strains were also used. These included methicillin-
resistant S. aureus (MRSA) 66/1, isolated from public buses®, as well as a isolate sensitive to the
most commonly used antibiotic families (S. aureus 40/61/24); and two vancomycin-resistant
Enterococcus (VRE) strains isolated from river water®!, E. faecalis B3/101 and E. faecalis A5/102,
which is sensitive to ampicillin. Frozen stocks of all strains were grown on Mueller-Hinton agar (MH
— BioKar Diagnostics, Allone, France) at 37 °C for 24 h. All bacterial strains were sub-cultured on
MH agar and incubated overnight at 37 °C before each assay, in order to obtain fresh cultures. For
the antifungal activity screening, a yeast reference strain Candida albicans ATCC 10231, a
filamentous fungi reference strain Aspergillus fumigatus ATCC 46645, and a dermatophyte clinical
strain Trichophyton rubrum FF5 were used. For compounds showing some activity in the
dermatophyte 7. rubrum, the activity was enlarged to other species of dermatophytes (Microsporum
canis FF1 and Epidermophyton floccosum FF9). Frozen stocks of all fungal strains were sub-cultured
in Sabouraud Dextrose Agar (SDA - BioMérieux, Marcy L'Etoile, France) before each test, to ensure

optimal growth conditions and purity. Stock solutions of each compound (10 mg/mL) were prepared
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in dimethylsulfoxide (DMSO — Alfa Aesar, Kandel, Germany). In the experiments, the final in-test

concentration of DMSO was kept below 1%, as recommended by the CLSI #%,

Antimicrobial susceptibility testing

Antibacterial activity. An initial screening of the antibacterial activity of the compounds was
performed by the Kirby-Bauer disk diffusion method, as recommended by the Clinical and
Laboratory Standards Institute (CLSI).*** Briefly, sterile 6 mm blank paper disks (Oxoid,
Basingstoke, England) impregnated with 15 pug of each compound were placed on inoculated MH
agar plates. A blank disk with DMSO was used as a negative control. MH inoculated plates were
incubated for 18-20 hours at 37 °C. At the end of incubation, the inhibition halos where measured.
The minimal inhibitory concentration (MIC) was used to determine the antibacterial activity of each
compound, in accordance with the recommendations of the CLSI *°. Two-fold serial dilutions of the
compounds were prepared in Mueller-Hinton Broth 2 (MHB2 — Sigma-Aldrich, St. Louis, MO,
USA) within the concentration range of 0.062-64 pg/mL. Cefotaxime (CTX) ranging between 0.031-
16 pg/mL was used as a control. Sterility and growth controls were included in each assay. Purity
check and colony counts of the inoculum suspensions were also performed in order to ensure that
the final inoculum density closely approximates the intended number (5 x 10> CFU/mL). The MIC
was determined as the lowest concentration at which no visible growth was observed. The minimal
bactericidal concentration (MBC) was assessed by spreading 10 pL of culture collected from wells
showing no visible growth on MH agar plates. The MBC was determined as the lowest concentration
at which no colonies grew after 16-18 hours incubation at 37 °C. These assays were performed in

duplicate.

Antifungal activity. The MIC of each compound was determined by the broth microdilution
method, according to CLSI guidelines (reference documents M27-A3 # for yeasts and M38-A2 4’
for filamentous fungi). Briefly, cell or spore suspensions were prepared in RPMI-1640 broth medium
supplemented with MOPS (Sigma-Aldrich, St. Louis, MO, USA) from fresh cultures of the different

strains of fungi. In the case of filamentous fungi, the inoculum was adjusted to 0.4-5 x 10* CFU/mL
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for A. fumigatus ATCC 46645 and to 1-3 x 10* CFU/mL for the dermatophytes. The inoculum of C.
albicans was adjusted to 0.5-2.5 x 10> CFU/mL. Two-fold serial dilutions of the compounds were
prepared in RPMI-1640 broth medium supplemented with MOPS within the concentration range of
1-128 pg/mL, with maximum DMSO concentration not exceeding 2.5% (v/v). Sterility and growth
controls were also included in each assay. The plates were incubated for 48 hours at 35 °C (C.
albicans and A. fumigatus) or during 5 days at 25 °C (T. rubrum, M. canis and E. floccosum). MICs
were recorded as the lowest concentrations resulting in 100% growth inhibition in comparison to the
compound-free controls. Voriconazole MIC for Candida krusei ATCC 6258 was used as quality
control’”*, The assay was validated when results obtained were within the recommended limits. The
minimal fungicidal concentration (MFC) was determined by spreading 20 pL of culture collected
from wells showing no visible growth on SDA plates. The MFC was determined as the lowest
concentration showing 100% growth inhibition after 48 hours at 35 °C (for C. albicans and A.
fumigatus) or 5 days incubation at 25 °C (T. rubrum, M. canis and E. floccosum). All the experiments

were repeated independently at least two times.

Antimicrobial synergy testing

Antibiotic synergy. In order to evaluate the combined effect of the compounds and clinically
relevant antimicrobial drugs, a screening was conducted using the disk diffusion method, as
previously described** *®. A set of antibiotic disks (Oxoid, Basingstoke, England) to which the
isolates were resistant was selected: cefotaxime (CTX, 30 pg) for extended spectrum beta-lactamase-
producer E. coli SA/2, oxacillin (OX, 1 pg) for S. aureus 66/1, and vancomycin (VA, 30 pg) for E.
faecalis B3/101. Antibiotic disks alone (controls) and antibiotic disks impregnated with 15 pg of
each compound were placed on MH agar plates seeded with the respective bacteria. Sterile 6 mm
blank papers impregnated with 15 pg of each compound alone were also tested. A blank disk with
DMSO was used as a negative control. MH inoculated plates were incubated for 18-20 hours at 37
°C. Potential synergism was recorded when the halo of an antibiotic disk impregnated with a

compound was greater than the halo of the antibiotic or compound-impregnated blank disk alone.
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Antifungal synergy. In order to evaluate the combined effect of the compounds and clinically
relevant antifungal drugs, checkerboard assay was conducted, as previously described*®. Fluconazole
was used in a range between (0.062 - 4 pg/mL) and compounds were tested in a range between their
MIC and progressive two-fold dilutions. Fractional inhibitory concentrations (FIC) were calculated
as follows: FIC of compound = MIC of compound in combination with antifungal / MIC of
compound alone and FIC of antifungal = MIC of antifungal in combination with compound / MIC
of antifungal alone. The FIC index (FICI) was calculated as sum of each FIC and interpreted as

follows: FICI < 0.5, synergy; 0.5 < FICI < 4, no interaction; 4 > FICI, antagonism *.
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Table S1. Antibacterial activity of quinazolinones 5-32 on Gram-positive and Gram-negative

sensitive strains. MIC and MBC are expressed in pg/mL. Inhibition halos are expressed in mm.

Gram-positive

Gram-negative

S. aureus E. faecalis E. coli P. aeruginosa
ATCC 29213 ATCC 29212 ATCC 25922 ATCC 27853
Halo MIC MBC Halo MIC MBC Halo MIC MBC Halo MIC MBC
5 0 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
6 0 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
7 0 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
8 0 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
9 0 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
10 0 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
11 0 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
12 0 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
13 0 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
14 0 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
15 0 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
16 0 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
17 0 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
18 0 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
19 0 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
20 0 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
21 0 >64 ND 9* >64 ND 0 >64 ND 0 >64 ND
22 9 >32 > 64 0 >64  >64 0 >64 ND 0 >64 ND
22a 9 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
22b 9 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
23 9 >32 > 64 0 >32 >64 0 >64 ND 0 >64 ND
23b 10 >64 ND 0 >64 ND 0 >64 ND 0 >64 ND
24 9 >16 > 64 0 >32 >64 0 >64 ND 0 >64 ND
25 11 >16 > 64 9.5 >64 ND 8* >64 ND 0 >64 ND
26 11 >4 > 64 11* >64 ND 8* >64 ND 0 >64 ND
26a 11 >4 >64 9 >64 ND 0 >64 ND 0 ND ND
26b 11 >64 ND 8.5 >64 ND 0 >64 ND 0 ND ND
27 10 >4 > 64 10* >64 ND 8* >64 ND 0 >64 ND
28 9* > 64 ND 0 >64 ND 8.5* >64 ND 8.5* >64 ND
29 0 > 64 ND 0 >64 ND 0 >64 ND 8.5% >64 ND
30 9.5 >16 > 64 9.5 >64 ND 8 >64 ND 0 >64 ND
31 9.5 >16 > 64 10 >64 ND 8 >64 ND 0 >64 ND
32 9 > 64 ND 11*  >64 ND 0 >64 ND 0 >64 ND
MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; * halo of
partial inhibition; ND, not determined
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Table S2. Antibacterial activity of quinazolinones 5-32 on five different bacterial strains. MIC and MBC are

expressed in pg/mL. Inhibition halos are expressed in mm.

S. aureus S. aureus E. faecalis E. coli SA/2 E. faecalis
66/1 (MRSA) 40/61/24 B3/101 (VRE) ) A5/102 (VRE)

Hal MI MB Hal MI MB Hal MI MB Hal MI MB Hal MI MB

0 C C 0 C C 0 C C 0 C C o C C
5 0 >64 ND - - - 0 >64 ND 0 >64 ND - - -
6 0 >64 ND - - - 0 >64 ND 0 >64 ND - - -
7 0 >64 ND - - - 0 >64 ND 0 >64 ND - - -
8 0 >64 ND - - - 0 >64 ND 0 >64 ND - - -
9 0 >64 ND - - - 0 >64 ND 0 >64 ND - - -
10 0 >64 ND - - - 0 >64 ND 0 >64 ND - - -
11 0 >64 ND - - - 0 >64 ND 0 >64 ND - - -
12 0 >64 ND - - - 0 >64 ND 0 >64 ND - - -
13 0 >64 ND - - - 7 >64 ND 7 >64 ND - - -
14 0 >64 ND - - - 8 >64 ND 0 >64 ND - - -
15 0 >64 ND - - - 8 >64 ND 0 >64 ND - - -
16 0 >64 ND - - - 8 >64 ND 0 >64 ND - - -
17 0 >64 ND - - - 0 >64 ND 0 >64 ND - - -
18 0 >64 ND - - - 0 >64 ND 0 >64 ND - - -
19 0 >64 ND - - - 0 >64 ND 0 >64 ND - - -
20 0 >64 ND - - - 0 >64 ND 0 >64 ND - - -
21 0 >64 ND - - - 0 >64 ND 0 >64 ND - - -
22 0 >64 ND ND 64 >64 9 >64 ND 7 ND ND ND >64 >64
22a 9 ND ND - - - 0 ND ND 0 ND ND - - -
22b 9 ND ND - - - 0 ND ND 0 ND ND - - -
23 0 >64 ND ND 64 >64 8 >64 ND 7 ND ND ND >64 >64
23b 0 ND ND - - - 0 ND ND 0 ND ND - - -
24 9 >64 ND ND 64 >64 8 >64 ND 7 ND ND ND >64 >64
25 10 >64 ND ND >64 ND 0 ND ND 0 ND ND ND ND ND
26 10 >3 >64 ND >8 >64 0 ND ND 0 ND ND ND ND ND
26a 0 >4 >64 ND >4 >64 0 ND ND 0 ND ND ND ND ND
26b 0 ND ND - - - 0 ND ND 0 ND ND - - -
27 95 >8 >64 ND >8 >64 0 ND ND 9 ND ND ND ND ND
28 10 ND ND - - - 0 ND ND 0 ND ND - - -
29 0 ND ND - - - 0 ND ND 0 ND ND - - -
30 9* >64 ND ND 64 >64 0 ND ND 0 ND ND ND ND ND
31 10* >64 ND ND >64 ND 0 ND ND 85 ND ND ND ND ND
32 0 ND ND - - - 0 ND ND 0 ND ND - - -

MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; * halo of partial inhibition;
ND, not determined
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Table S3. Antifungal activity of quinazolines 5-32 against a panel of yeast and filamentous fungi. MIC and

MEC are expressed in pg/mL.

C. albicans A. fumigatus ) E. floccosum
ATCC 10231 ATCC 46645 T. rubrum ¥F5 M. canis FF1 FFo

MIC MFC MIC MFC MIC MFC MIC MFC MIC MFC

5 > 128 ND > 128 ND > 128 ND ND ND ND ND
6 > 128 ND > 128 ND > 128 ND ND ND ND ND
7 > 128 ND > 128 ND > 128 ND ND ND ND ND
8 > 128 ND > 128 ND > 128 ND ND ND ND ND
9 > 128 ND > 128 ND > 128 ND ND ND ND ND

10 > 128 ND > 128 ND > 128 ND ND ND ND ND
11 > 128 ND >128 ND > 128 ND ND ND ND ND
12 > 128 ND > 128 ND > 128 ND ND ND ND ND
13 > 128 ND >128 ND > 128 ND ND ND ND ND
14 > 128 ND > 128 ND > 128 ND ND ND ND ND
15 > 128 ND >128 ND > 128 ND ND ND ND ND
16 > 128 ND >128 ND > 128 ND ND ND ND ND
17 > 128 ND > 128 ND > 128 ND ND ND ND ND
18 > 128 ND >128 ND > 128 ND ND ND ND ND
19 > 128 ND > 128 ND > 128 ND ND ND ND ND
20 > 128 ND >128 ND > 128 ND ND ND ND ND
21 > 128 ND > 128 ND > 128 ND ND ND ND ND
22 > 128 ND > 128 ND > 128 ND ND ND ND ND
22a > 128 ND > 128 ND > 128 ND ND ND ND ND
22b > 128 ND > 128 ND > 128 ND ND ND ND ND
23 > 128 ND > 128 ND > 128 ND ND ND ND ND
23b > 128 ND > 128 ND > 128 ND ND ND ND ND
24 > 128 ND > 128 ND > 128 ND ND ND ND ND
25 > 128 ND > 128 ND > 128 ND ND ND ND ND
26 > 128 ND > 128 ND 128 >128 >128 ND >128 ND
26a >128 ND >128 ND >128 ND ND ND ND ND
26b >128 ND >128 ND >128 ND ND ND ND ND
27 > 128 ND > 128 ND > 128 ND ND ND ND ND
28 > 128 ND > 128 ND 128 >128 >128 ND >128 ND
29 > 128 ND > 128 ND 128 >128 >128 ND >128 ND
30 > 128 ND > 128 ND > 128 ND ND ND ND ND
31 > 128 ND > 128 ND > 128 ND ND ND ND ND
32 > 128 ND > 128 ND > 128 ND ND ND ND ND

MIC, minimum inhibitory concentration; MFC, minimum fungicidal concentration; ND, not determined
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Abstract: Malaria is still among the main public health problems in least developed
regions of the world and, despite severe efforts amongst the scientific community in order
to control and eradicate this disease, new antimalarial compounds will not become available
in the upcoming years. Four series of pyrazino[2,1-b]quinazoline-3,6-dione containing
indole alkaloids were synthesized and investigated for their antimalarial activity.
Compounds 8 (fiscalin B), 9, 12, and 21 were the most potent against the sensitive strain
P. falciparum 3D7 with 1Cso values of 0.1, 0.15, 0.05, and 0.2 uM, respectively. Structure-
activity relationship shows that anti-isomers (15,4R) possess excellent antimalarial activity
and the presence of a substituent on the anthranilic acid moiety has a negative effect on the
activity. Derivatives with this scaffold are considered with acceptable therapeutic windows
for the development of antimalarial drugs with SI >10. Although, the Aif compounds did
not inhibit B-hematin, they were predicted in silico to interact with prolyl-tRNA synthetase,
in a similar mode to halofuginone. These results represent the discovery of a potential new
chemotype for further optimization towards novel and affordable antimalarial drugs of

fiscalin B.

Keywords: Pyrazino[2,1-b]quinazoline-3,6-dione, fiscalin B, antimalarial, P. falciparum,

prolyl-tRNA
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1. Introduction

Malaria represents a major threat to the public health worldwide, with over 219
million clinical cases in 2017 with 435 thousand of deaths [1]. Though the number of cases
has shown a decrease since 2010 [2], evidences of slower Plasmodium falciparum parasite
clearance [3] have appear in some countries in Southeast Asia especially at Greater Mekong
Subregion (GMS) including Lao PDR, Thailand, Cambodia, Myanmar, and Vietnam [1, 4,
5]. These represent a serious threat to global malaria control and eradication. The frontline
therapies for the treatment of symptomatic malaria are artemisinin (1) combination therapies
(ACTs) for P. falciparum infections and in the case of infections with P. vivax, chloroquine
(CQ, 2) or ACTs are usually employed. This evidence, along with widespread resistance to
other historical antimalarials, highlights the need to identify new chemical diversity, ideally

with novel antimalarial modes of action.

Strategies used for the development of novel antimalarial drugs include the discovery
of new active molecules from natural products [6], repurposing of commercially available
drugs, development of hybrid compounds [7], and rational drug design with molecular
modifications of existing antimalarial and hits [8]. The malarial chemotherapy has always
been successfully influenced by natural products [6] and nature is still an important source
of antimalarial drugs. Recently, the analysis of Tres Cantos Antimalarial Set (TCAMS) [9]
suggested that indole-based antimalarials are the key core for the development of the next
generation of antimalarial drugs since the indole scaffold is known as an important moiety
present in several lead drug candidates with new mechanisms of action, such as the
spiroindolone 3 and aminoindole derivatives [10-12]. For example, TCMDC-134281 (4)
exhibited very potent antiplasmodial properties against P. falciparum 3D7 strain (ECso = 34
nM) [13]. However, although this compound showed no significant cytotoxicity against

human HepG2 hepatoma cell line (ECso > 10 pM), the presence of the 4-aminoquinolyl
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moiety (an essential pharmacophore of CQ) might be responsible for cross-resistance with

CQ (2) and poor-drug-like properties.

Antimalarial drugs

Target compounds - This work

Indole H

Quinazolinone R

2. Chloroquine

1. Artemisinin

Pyrazino[2,1-b]quinazoline-
-3,6-dione indole alkaloid

Antimalarial lead drug candidates

N
cl /A
.': N
F NHO
2os 2y Y 200
cl HN—/ 0

3. Spiroindolone 4. TCMDC-134281 5.Febrifugine

Figure 1. Current antimalarial drugs 1 and 2, indole containing antimalarial compounds 3 and 4,
natural antimalarial compound 5, and the scaffold of the target compounds, 6-34 an indole-containing

pyrazino[2,1-b]quinazoline-3,6-dione.

Indole-containing pyrazino[2,1-b]quinazoline-3,6-diones (Figure 1) constitute a
subclass of alkaloids mostly isolated from marine and terrestrial sources [14]. These
structurally unique alkaloids contain simultaneously a quinazoline core which can be found
in the structure of the natural febrifugine (5) and an indole moiety commonly found in
several drug lead candidates such as spiroindolone (3) and TCMDC-134281 (4). This hybrid

structure, containing both moieties, led us to hypothesize the antimalarial potential of
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derivatives with this scaffold and their ability to overcome the observed cross-resistance

with CQ and ACTs (Figure 1).

In our previous works, three series of indole-containing pyrazino[2,1-b]quinazoline-
3,6-diones were synthesized through a microwave-assisted multicomponent
polycondensation of amino acids in which three modifications were introduced (Figure 2):
(1) structural modifications at C-1 and C-4 stereochemistry [15]; (2) C-1 side chain and
stereochemistry [16], and (3) introduction of halogen atoms in the aromatic ring of
anthranilic acid (to be submitted to publication). In the present study, we introduce a fourth
modification consisting of ring A variations on the pyrazino[2,1-b]quinazoline-3,6-dione
scaffold or with an additional indole moiety (Figure 2). Herein, all the four synthesized
series, in a total of 29 compounds 6-34, were assayed against the CQ-sensitive P. falciparum

3D7 strain at fixed 5 uM concentrations.

First modification | | Second modification | | Third modification | | Fourth modification |
- H
Halogen substitution N
Cqand Cy H C, side chainand  H at Ant moiety \ . -
stereochemistry stereochemistry Different Anthranilic
\ \ o acid derivatives
o o ™ . oo
0 0 Y b
N™4 N /)\rNH
N
N/)\g/ NH N/)Y NH i R Ring A variations on the
R R pyrazino[2,1-b]quir line-3,6-di
19, R=/-Bu, R'=H, R"=ClI, (1S, 4R)
6, R =i-Pr, (1S, 4S) 14, R = Me, (1R, 4R) 20,R=s-Bu,R'=H,R"=Cl, (1S, 4R)

( N
T.R=EPr (1R, 45) 15,R = s-Bu, (1S, 4R) 21,R=iBu, R =R"= C|, (1S, 4R) /E@
8,R = iPr, (15, 4R)

22,R=s-Bu,R"=R"=Cl, (1S, 4R
( ) 16, R = (CH),SCHs, (1S, 4R) s-Bu ( ) o

9, R=i-Pr, (1R, 4R
23,R=i-Bu,R"=H,R"=1, (1S, 4R)

o
10,R = iBu, (1S, 48) N
17, R = CH,CgH4OCH,CeHs, _ o v @ﬁ‘\ /Y
1,R=iBu, (1R, 45) (R 45) 24,R =iBu, R'= H, R" = Br, (1S, 4R) /)\rNH
) R

(
N
12,R = i-Bu, (1S, 4R 18, R = CH,CgH40H, 25 R=i-Bu,R'=R"=1, (1S, 4R)
(1R, 4S)
13, R=i-Bu, (1R, 4R) 26, R= CH,CgH4,OCH,CgHs, R' =R" =CI 27.34
Previous work This work

Figure 2. Structures of the three series of indole-containing pyrazino[2,1-b]quinazoline-3,6-diones

previously synthesized and fourth modification planned.
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2. Results and discussion

2.1 Chemistry

Indole-containing pyrazino[2,1-b]quinazoline-3,6-diones 27-34 were synthesized

via a highly effective and environmentally friendly microwave-assisted multicomponent

polycondensation of amino acids. This methodology allowed us to prepare the fourth series

of pyrazinoquinazoline alkaloids through treatment of the anthranilic acid (i) derivatives

with N-Boc-L-amino acids (ii) and (PhO);P at 55 °C for 16-20 h. Later, D-tryptophan methyl

ester hydrochloride (iii) was added, and the mixture was stirred under microwave irradiation

(300 W) at 220 °C for 1.5 min to furnish the final products 27-34 (Table 1).

Table 1: Microwave-assisted multicomponent synthesis of indole-containing quinazolinone

alkaloids 27-34.

COOH N™ i .
R
2) HN HCI
NH,

\ NH,
OMe
o i

(0]

LT

27-3

O

H
N

e
NH

3, R'=i-Bu
H

N

2

Anthranilic
Product Compound CLogP* MW  Yield”/ ert
acid
° o] Indole
HO o]
"o OH \©\)L/N)\:V/H 27 3.671 416.48 6.9/47:53
NH, N)\(
o (0] Indole
Me o
@\)L @&J\Nﬁ 28 4088 41451  3.1/42:58
NH N)\/
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Anthranilic

Product Compound CLogP* MW  Yield”/ ert
acid
o (o) Indole
MeO (0]
Meoj@\)kOH @&NJ\E 29 3.814  430.51  5.8/30:70
NH, N)\R(
o (o] Indoleo
N oH B 30 2456  401.47  9.4/46:54
mz N~ N)\/NH
R
o (] Indole
(0]
dLOH dj\);ﬁ 31 2.456 401.47 12.1/46:54
N7 NH, N N
¢} (@] Indole
OH o
,Nm \Nm 32 3.082 482.55 1.0/47:53
N\’\\I’N\ N\;\‘—{\l R
0] H (6] Indole
N (@]
Ym;f:\)j 33 1277 43455 2.3/57:43
N
(@] R

(]
0 o] Indole

©\*o /)\)(Y 34 3.690  473.54  5.7/99:1
NH,

Indole

os N o
Y ] OH
HN
NH,
H

H

Reagents and conditions: 1) (PhO)sP, py, 55 °C, 24 h, 2) (PhO)sP, py, 220 °C, 1.5 min, a) calculated based
on Cambio Draw, b) obtained after purification, c) determined by enantioselective liquid chromatography.

MW = molecular weight

2.2 Biology
2.2.1 In vitro susceptibility assay of P.falciparum

The principle of the in vitro susceptibility test to malaria is to assess the degree of
development of parasites P. falciparum in the presence of different concentrations of the

compounds. In this assay, P. falciparum 3D7, a CQ-susceptible strain, was used to evaluate
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the antimalarial activity of the 29 quinazolinones. Activity was described in term of ICso
(concentration that inhibits the growth of 50 % of P. falciparum parasite present in the
culture) for 14 compounds (Table 2). The remaining 15, exhibited non-appreciable
antiparasitic activity, they fail to produce dose-response curves and/or displayed > 75 %

survival at 10 uM (data not shown).

To evaluate the antimalarial potential of the pyrazino[2,1-b]quinazoline-3,6-dione
scaffold, our first approach was to screen the first series of compounds (6-13), having 4 types
of stereoisomers (Figure 2). We observed that anti-isomers /S, 4R, like compounds 8
(fiscalin B) and 12, exhibited the highest antimalarial activity while syn-isomers /S, 4S were
inactive (compounds 6 and 10) and syn-isomers /R,4R had decreased activity (compounds
9 and 13). Compounds in the 1% series demonstrated that increasing the size of the C-1
substituent increased the antimalarial activity, for example, compound 12 with C-1 having
an isobutyl the same position). Compounds 8, 9, 12, and 13 showed the highest antimalarial
activity against P. falciparum strain 3D7. To further evaluate the effect of C-1 substituent
on the activity, the 2" series of compounds (14-18) was evaluated, and SAR indicates that
a sulfur substituent at C-1 do not favour activity (compounds 16). In the investigation of the
3" series of compounds (19-26) with different substituents on A ring, only compound 21
having chlorine atom at position 9 and 11 showed favourable antimalarial activity with an
ICso value of 0.2 pM (weaker than compounds 8 and 12), while other derivatives (substituted
with Br or I) showed to be inactive. This result was concordant with other studies reporting
the effect of halogen substituents [17]. For the 4™ series of pyrazino[2,1-b]quinazoline-3,6-
diones (17-34), isosteric substitutions with the nitrogen atom at different positions of ring A
(positions 9, 10, 11), led to a decrease/inactivation of the antimalarial activity (compounds
30 and 31). Compounds 27 and 29 each bearing a hydroxy or methoxy group at position 9

of ring A also showed a decrease in activity. Contrary to other reports of febrifugine
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derivatives [18-21], compound 32 with a tetrazole group at position 10 also showed a weak

activity against P. falciparum.

Table 2. In vitro activity against Plasmodium falciparum 3D7 strain.

P. falciparum (3D7)

Compounds ICso [uM] Compounds  ICso [uM]
8 0.10£0.02 21 0.20+0.14
9 0.15+0.05 22 1.51+0.53
11 2.00+0.32 26 4.00 +0.02
12 0.05+0.02 27 0.73 £ 0.07
13 0.47+0.22 30 4.00 +0.02
14 3.68 £ 0.62 31 3.76 £ 0.60
18 4.18+0.03 32 1.02 +0.27
CQ (2)* 15.08 £ 0.08

* The ICso value of CQ is in nM.

2.2.2 In vitro cytotoxicity against mammalian cells

An important criterion in evaluating active antimalarial compounds is their
cytotoxicity in mammalian host cells. Compounds that showed the lowest ICso values against
P. falciparum (8, 12, and 21) were selected to evaluate their cytotoxicity. The cell lines used
for in vitro cytotoxicity assay were the V79 from non-tumor cell line of Chinese hamster
lung fibroblasts [22] and CQ (2) was used as control. The results showed relatively low LDso
values (LDso concentration that inhibits the growth of 50 % of cells present in the culture)

when compared to CQ (2) (Table 3). Nonetheless, the selectivity index (SI; calculated by
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LDso/ICs0) for compounds 8, 12, and 21 were between 19-70 (Table 3) and within the
acceptable safety range (SI values greater than 10 indicates that a compound has an
acceptable therapeutic window for the development of antimalarial drugs) [23, 24]. In
general, the higher the SI, the more promising as an antimalarial are the compounds, due to

its selective action against the parasite [25].

Table 3. Cytotoxicity against mammalian cells of compounds 8, 12, and 21.

P. falciparum Mammalian cells
Compounds (3D7) V79) SI
ICs0 (ULM) DLso (uM)
8 0.10+0.02 1.91+0.44 19
12 0.05+0.02 1.78 £0.47 34
21 0.20+0.14 14.00 = 1.41 70
CQ* 15.08 + 0.80* 167.00 £ 42.00 11074

* the ICso value of CQ is in nM; SI - Selectivity Index; The results of ICso

and LDso are presented as mean + standard deviation.

2.2.3 Evaluation of hemotoxicity in vitro

The in vitro hemolysis assay evaluates the release of hemoglobin in the medium
(as an indicator of lysis of erythrocytes) after exposure to the test compounds. Drug-induced
hemolysis can occur by two mechanisms: allergic hemolysis (toxicity caused by an
immunological reaction in patients previously sensitized to a drug) and toxic hemolysis
(direct toxicity of the drug, its metabolite or an excipient in the formulation) [26]. This test

was intended to determine the potential toxic hemolytic effect of the hit compounds 8, 12,
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and 21 on healthy/non-parasitized erythrocytes (Figure 3). The % of hemolysis induced by

the compounds was also determined under standard culture conditions of P. falciparum.

The % of hemolysis of healthy erythrocytes induced by 8, 12, and 21 was lower than
6% (Figure 3) and within the range of that of CQ (2). Compounds 8, 12, and 21 and CQ (2)
had no hemolytic activity at < 10 uM. CQ (2) is considered a non-hemolytic antimalarial
drug in healthy human erythrocytes [27]. Compounds 8, 12, and 21 did not present hemolytic
activity, since the % hemolysis was <10 % (% hemolysis > 25 % is considered as indicative

of risk of hemolysis [28]).

% hemolysis in RPMI
10

° LI II z P LT
4
2

| W

10 uM 2.5uM 0.63 uM 0.16 uM 0.04 uM
Concentration of tested compounds

% hemolysis

g W12 W21 " CQ

Figure 3. Hemolysis of healthy erythrocytes in vitro induced by the compounds. The error bars
represent the mean =+ standard deviation of % hemolysis of the compounds relative to the positive

control obtained by action of Triton® X-100.

2.2.4 Evaluation of inhibition of polymerization of hemozoin (f}-hematin) in vitro

The assay of inhibition of the polymerization of hemozoin (-hematin) in vitro was
based on the protocol of Basilico et al.[29] with some modifications and was carried out for

compounds 8, 12, 21 and CQ (2) by using a hemin solution (ferriprotoporphyrin IX
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chloride). In this assay, CQ (2) was used as a positive control to evaluate the quality of the
test since 2 binds to portions of hemozoin produced from the proteolytic process of
hemoglobin in infected erythrocytes, thus interfering with hemozoin detoxification.
Compounds, 8, 12, and 21 did not show to inhibit the polymerization of B-hematin in vitro
(Figure S1, supplementary material). Febrifuge (5) significantly inhibits the formation of
hemozoin required for the maturation of the parasite Plasmodium spp. in the trophozoite
stage via axial ligand or m-7 interaction to heme. Even though pyrazino[2,1-b]quinazoline-
3,6-diones 8, 12, and 21 possess structure similarities with febrifugine (5), results suggested

that the mechanism of action of these derivatives might be different from febrifugine (5).

2.3. Computational docking study on inhibitory effect of prolyl-tRNA synthetase

Recently, the cytoplasmic prolyl-tRNA synthetase of P. falciparum (PfcPRS), a
member of the aminoacyl-tRNA synthetase (aaRS) family that drive protein translation, has
been identified as the functional target of febrifugine (5) and analogues, such as
halofuginone (HF) [30-33], a semisynthetic analogue in clinical trials [34]. Therefore, a
putative target for this series of new antimalarials could be the PfcPRS and this hypothesis
was explored with in silico studies. The binding affinity of twenty-nine
pyrazinoquinazolinones (6-34) to PRS enzyme target was predicted using computational
docking AutodockTools [35]. The positive controls were febrifugine (5, FF), HF,
tetrahydroquinazolinone febrifugine (ThFF), and 6-fluorofebrifugine (6FFF) that were
predicted as having high binding affininy to PRS, with docking scores between -9.3 and 9.7
kcal.mol!, wherase the negative control, CQ (2), revealed a docking score of -7.4 kcal.mol
!, The most active antimalarials in vitro, compounds 8, 9, 12, and 21 presented docking score

from -9.1 to -11.4 kcal.mol™!, predicted as forming complexes with PRS enzyme (Table 4,
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Figure 3A). The docking score of all the tested compounds range from -5.7 to 11.4 kcal/mol

(Table S1, supplementary material).

Table 4. Docking scores of the test compounds and controls onto 4ydq PRS binding site.

Compounds Docking scores (kcal/mol)
8 9.1

9 -11.4

12 -10.0

21 -9.9
Febrifugine (5, FF) -9.5
Halofuginone (HF) -9.3

ThFF -9.5

6FFF -9.7

CQ (2) -7.4

Halofuginone (HF) is described as being mimetic of the enzyme substrates L-Pro and
adenine-76 of tRNA, binding into the active site pockets simultaneously with ATP [31, 33,
36]. Other quinazolinone-based compounds such as FF, 6FFF, and ThFF have also been
described as specific for PfPRS, when in the presence of the ATP analogue adenosine 5’-
(B,y-imido)triphosphate (AMPPNP) [32]. The structure of the ternary complex of PfPRS-
AMPPNP-HF reveals hydrogen interactions with Thr359, Glu361, Arg390, Thr478, and
His480, and n-nt stacking interactions with Phe335 [32] (Figure 3 B). Compound 9 fits the
same binding pocket as HF, binding with some of the same residues as HF. The N atom of
the indole ring forms hydrogen bonds with Thr478 and His480, and with AMPPNP
phosphate groups; and the pyrazinoquinazolinone ring of 9 is mainly stabilized by hydrogen

interactions with Glu361 and n-r stacking contacts with Phe335, but does not establish polar
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interactions with Arg390, suggesting chemical spaces available for additional modifications

or derivatizations (Figure 3 C and D).

Figure 3. (A) Ribbon representation of Prolyl-tRNA Synthetase (PRS) (PDB code: 4YDQ)
with crystallographic HF and top scored test molecules 8, 9, 12, and 21. (B) Crystallographic HF
(light blue sticks); (C) 9 (pink sticks), (E) 8 (white sticks), 12 (dark blue sticks), and 21 (salmon
sticks) docked into PRD active site. Relevant amino acids are represented in capped sticks and
labeled. AMPPNP is represented as yellow sticks. Polar interactions are represented in yellow broken
lines. Capped surface representation of PRS with docked conformations of (D) crystallographic HF
and 9, and (F) crystallographic HF, 8, 12, and 21. Some PRS residues are omitted for simplification.
AMPPNP = yellow; crystallographic HF = light blue; 9 = pink; 12 = blue; 21 = salmon; 8 = white.
Polar interactions are represented in yellow broken lines. In the surface, carbons, oxygens, nitrogens,

and hydrogens are represented in green, red, blue, and grey, respectively.

Compounds 8, 12, and 21 bind in the same positions in the PRS cavity but do not

stablish hydrogen interactions with AMPPNP. Hydrogen interactions are formed with
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residues Glu361, Leu325, and Asn330; n-nt stacking interactions are stablished with Phe335
and His331 (Figure 3 E and F). The indole ring of 8, 12, and 21 dock into a lateral cavity
flanked by His-331, that is not occupied by HF (Figure 3 F). The binding pose of 9, different
from the binding poses of 8, 12, and 21, provides a hint on the relevance of chirality in the

affinity of the binding to PRS target.

3. Conclusions

The pyrazino[2,1-b]quinazoline-3,6-dione scaffold showed productive derivatives
which demonstrated good antimalarial activity in vitro against P. falciparum strain 3D7. The
compounds were not shown to be cytotoxic in vitro against non-tumor mammalian cells
V79. These compounds did not show significant hemolytic activity in healthy human
erythrocytes also did not inhibit B-hematin in vitro. These new antimalarial compounds were
hypothetized to interact with the prolyl-tRNA similarly to halofuginone. These finding
reveals that quinazolinones have characteristics with potential for further optimizations and

development of new antimalarial drugs.

4. Experimental
4.1 Chemistry
4.1.1 General procedure

All reagents were from analytical grade. Dried pyridine and triphenylphosphite were
purchased from Sigma (Sigma-Aldrich Co. Ltd., Gillinghan, UK). Anthranilic acids i (Table
1) were purchased from TCI (Tokyo Chemical Industry Co. Ltd., Chuo-ku, Tokyo, Japan).
Column chromatography purifications were performed using flash silica Merck 60, 230—400

mesh (EMD Millipore corporation, Billerica, MA, USA) and preparative TLC was carried
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out on precoated plates Merck Kieselgel 60 F2s4 (EMD Millipore corporation, Billerica, MA,
USA), spots were visualized with UV light (Vilber Lourmat, Marne-la-Vallée, France).
Melting points were measured in a Kofler microscope and are uncorrected. Infrared spectra
were recorded in a KBr microplate in a FTIR spectrometer Nicolet iIS10 from Thermo
Scientific (Waltham, MA, USA) with Smart OMNI-Transmission accessory (Software 188
OMNIC 8.3). 'H and '3C NMR spectra were recorded in CDCl; or DMSO-ds (Deutero
GmbH, Kastellaun, Germany) at room temperature unless otherwise mentioned on Bruker
AMC instrument (Bruker Biosciences Corporation, Billerica, MA, USA), operating at 300
MHz for 'H and 75 MHz for '*C). Carbons were assigned according to HSQC and or HMBC
experiments. Optical rotation was measured at 25 °C using the ADP 410 polarimeter
(Bellingham + Stanley Ltd., Tunbridge Wells, Kent, UK), using the emission wavelength of
sodium lamp, concentrations are given in g/100 mL. Chromatographic separation was
achieved using a capillary column (30 m x 0.25 mm x 0.25 pm, cross-linked 5% diphenyl
and 95% dimethyl polysiloxane) from Thermo Scientific™ (Thermo Fisher Scientific Inc.,
Austin, TX, USA) and high-purity helium C-60 as carrier gas. Enantiomeric ratio was
determined by enantioselective liquid chromatography (LCMS-2010EV, Shimadzu, Lisbon,
Portugal), employing a system equipped with a chiral column (Lux® 5 pm Amylose-1, 250
x 4.6 mm) and UV-detection at 254 nm, mobile phase was hexane:ethanol (80:20) and the

flow rate was 0.5 mL.min"".

4.1.2. General conditions for the synthesis of quinazolinone-3,6-(4H)-diones compounds 27-

34

In a closed vial, 5-hydroxy-anthranilic acid (ia, 184 mg, 1.2 mmol) for 27, 5-methyl-
anthranilic acid (ib, 181 mg, 1.2 mmol) for 28, 5-methoxy-anthranilic acid (ic, 200 mg, 1.2

mmol) for 29, 3-aminoisonicotinic acid (id, 116 mg, 1.2 mmol) for 30, 2-aminoisonicotinic
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acid (ie, 116 mg, 200 umol) for 31, 4-triazole-anthranilic acid (if, 124 mg, 1.2 mmol) for 32,
or 5-aminoordotic acid (ig, 205 mg, 1.2 mmol) for 33, or anthranilic acid (ih, 140 mg, 1.2
mmol) for 34 with N-Boc-L-leucine (iia, 299 mg, 1.2 mmol) for 27-33 or N-Boc-L-
tryptophan, (iib, 365 mg,1.2 mmol) for 34 and triphenyl phosphite (495 uL, 1.44 mmol)
were added along with 6 mL of dried pyridine. The vial was heated in heating block with
stirring at 55 °C for 16-24 h. After cooling the mixture to room temperature, D-tryptophan
methyl ester hydrochloride (iii, 306 mg, 1.2 mmol) was added, and the mixture was divided
into 3 individual vials, and irradiated in the microwave at the constant temperature at 220
°C for 1.5 min. After removing the solvent with toluene, the crude product was purified by
flash column chromatography using n-hexane: EtOAc (60:40) as a mobile phase. The
preparative TLC was performed using CH2Cl:Me>CO (95:5) as mobile phase. The major
compound appeared as a black spot with no fluorescence under the UV light. The desirable
compounds 27-34 were collected as yellow solids. Before analysis, compounds were

recrystallized from methanol.

(1S,4R)-4-((1 H-indol-3-yl)methyl)-8-hydroxy-I-isobutyl-1,2-dihydro-6 H-pyrazino[2, 1 -

b]quinazoline-3,6(4H)-dione (27). Yield: 38.5 mg, 6.9 %; mp: 162.4-163.5 °C (MeOH);
[a]3 = - 74.60 (c 0.042; CHCI3); vmax (KBr) 3185, 3070, 1666, 1617, 1431, 1247 and 776
cm’'; "TH NMR (300 MHz, CDCl3 ): § 8.63 (d, 1H, J = 3.6 Hz, CH), 8.02 (s, 1H, NH-Trp),
7.73 (d, 1H, J = 2.9 Hz, OH), 7.53 (d, 2H, J 8.9 Hz, CH(2)), 7.34 (dd, 2H, J 7.7 and 4.0
Hz, CH-Trp (2)), 7.14 (t, 1H, J 7.1 Hz, CH-Trp), 7.00 (t, 1H, J 7.2 Hz, CH-Trp), 6.64 (d,
1H, J 2.3 Hz, CH-Trp), 5.66 (dd, 1H, J 5.3 and 3.0 Hz, CH*-Trp), 5.60 (s, 1H, NH-amide),
3.76 (dd, 1H, J 14.9 and 2.8 Hz, CH>-Trp), 3.64 (dd, 1H, J 15.3 and 5.4 Hz, CH>-Trp), 2.70
(dd, 1H, J 8.3 and 4.0 Hz, CH*-Leu), 1.70-1.59 (m, 1H, CH-Leu), 1.42-1.33 (m, 2H, CH»-

Leu) 0.77 (d, 3H, J = 6.3 Hz, CH3-Leu), 0.27 (d, 3H, J = 6.4 Hz, CHs-Leu) ; *C NMR (75
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MHz, Acetone de): 6 169.7 (C=0), 161.1 (C=0), 157.2 (C-OH),150.1 (C=N), 141.6 (C),
137.3 (C-Trp), 129.9 (CH), 128.3 (C-Trp), 124.9 (CH-Trp), 124.7 (CH), 122.5 (CH-Trp),
122.3 (C), 119.9 (CH-Trp), 119.1 (CH-Trp), 112.1(CH-Trp), 110.0 (CH), 109.8 (C-Trp),
58.5 (CH*-Trp), 51.4 (CH*-Leu), 40.7 (CH-Leu), 27.4 (CH,-Trp), 24.8 (CHa-Leu), 23.3

(CHs-Leu), 21.1 (CHs-Leu).

(1S,4R)-4-((1H-indol-3-yl)methyl)-1-isobutyl-8-methyl-1,2-dihydro-6 H-pyrazino[2, I -

b]quinazoline-3,6(4H)-dione (28).Yield: 15.6 mg, 3.1%; mp:156.7-157.0 °C (MeOH); [a]3?
= -182 (c 0.055; CHCI3); vmax (KBr) 3067, 2915, 1682, 1470, and 770 cm™'; "H NMR (300
MHz, CDCl3): 6 8. 16 (s, 1H, CH), 8.04 (br, 1H, NH-Trp), 7.59 (dd, 1H, J 8.3, 2.0 Hz, CH),
7.50 (d, 2H, J 8.2 Hz, CH & CH-Trp), 7.28 (d, 1H, J 8.2 Hz, CH-Trp), 7.13 (t, 1H, J 7.6 Hz,
CH-Trp), 6.99 (t, 1H, J 7.9 Hz, CH-Trp), 6.63 (d, 1H, J 2.3 Hz, CH-Trp), 5.70 (s, 1H, NH-
amide), 5.68 (dd, 1H, J 5.4 and 2.9 Hz, CH*-Trp), 3.76 (dd, 1H, J 15.0 and 2.8 Hz, CH»-
Trp), 3.65 (dd, 1H, J 15.1 and 5.4 Hz, CH>-Trp), 2.71 (dd, 1H, J 9.8 and 3.3 Hz, CH*-Leu),
2.53 (s, 3H, CH3), 1.99 (ddd, 1H, J 13.7, 10.4, and 3.2 Hz, CH-Leu), 1.40-1.27 (m, 2H, CH»-
Leu), 0.77 (d, 3H, J 6.4 Hz, CHs-Leu), 0.27 (d, 3H, J 6.5 Hz, CH3-Leu) ; '*C NMR (75 MHz,
CDCLhL): 0 169.5 (C=0), 160.9 (C=0), 150.6 (C=N), 145.0 (C), 137.3 (C), 136.2 (CH),
136.1(C-Trp), 127.2 (CH), 126.2 (CH), 123.5 (CH-Trp), 122.8 (CH-Trp), 120.3 (C), 119.9
(CH-Trp), 118.9 (CH-Trp), 111.1 (CH-Trp), 109.8 (C-Trp), 57.2 (C*-Trp), 50.7 (C*-Leu),
40.2 (CHz-Leu), 27.1 (CH2-Trp), 24. 13 (CH-Leu), 23.3 (CH3-Leu), 21.4 (CHs), 19.7 (CHs-

Leu).

(1S,4R)-4-((1H-indol-3-yl)methyl)-1-isobutyl-8-methoxy-1,2-dihydro-6 H-pyrazino[2, 1-

b]quinazoline-3,6(4H)-dione (29). Yield: 36.6 mg, 5.83 %; mp: 152.7-153.3 °C (MeOH);
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[@]30 = - 222.22 (¢ 0.06; CHCL); vmax (KBr) 3184, 2956, 1666, 1617, 1464, 1247, and 776
cm’; 'HNMR (300 MHz, DMSO-de): § 10.35 (s, 1H, NH-Trp), 7.69 (d, 1H, J2.7 Hz, CH),
7.52 (d, 1H, J 8.9 Hz,CH-Trp), 7.38 (d, 1H, J 8.0 Hz, CH), 7.36 (dd, 1H, J 7.9 and 4.0 Hz,
CH), 7.31 (d, 1H, J 8.1 Hz, CH-Trp), 7.21 (s, 1H, NH-amide), 7.05 (t, 1H, J 7.1 Hz, CH-
Trp), 6.87 (t, 1H, J 7.4 Hz, CH-Trp), 6.68 (d, 1H, J 2.3 Hz, CH-Trp), 5.56 (dd, 1H, J 5.1 and
3.1 Hz, CH*-Trp), 3.97 (s, 3H, O-CHs), 3.68 (dd, 1H, J 14.8 and 3.0 Hz, CHa-Trp), 3.60
(dd, 1H, J 14.9 and 5.3 Hz, CHa-Trp), 2.77 (dd, 1H, J 8.6 and 3.8 Hz, CH*-Leu), 2.08-1.87
(m, 1H, CH-Leu), 1.58-1.26 (m, 2H, CHx-Leu), 0.69 (d, J 6.5 Hz, CHs-Leu), 0.37 (d, 3H, J
6.5 Hz, CHs-Leu); '*C NMR (75 MHz, DMSO-ds): 6 168.6 (C=0), 160.0 (C=0), 157.9 (C-
0),150.0 (C=N), 141.2 (C), 136.2 (C), 128.9 (CH), 127.1 (C-Trp), 124.3 (CH-Trp), 121.4
(CH-Trp), 120.7 (C), 118.8 (CH-Trp), 118.8 (CH), 117.9 (CH-Trp),111.5 (CH-Trp), 108.2
(C-Trp), 57.3 (C*-Trp), 55.7 (CHs), 50.3 (C*-Leu), 39.3 (CHa-Leu), 26.4 (CHa-Trp), 23. 6

(CH-Leu), 22.9 (CHs-Leu), 20.9 (CHs-Leu).

(1S,4R)-4-((1H-indol-3-yl)methyl)-1-isobutyl-1,2-dihydro-6 H-pyrazino[1,2-a] pyrido[3,4-

d]pyrimi dine-3,6(4H)-dione (30).Yield: 45.2 mg, 9.37 %; mp: 115.3-116.6 °C (MeOH);
[a]3’ =-176.30 (c 0.043; CHCI3); Vimax (KBr) 3265, 2956, 1682, 1469, 1233, and 741cm’;
'H NMR (300 MHz, CDCls): 6 9.05 (s, 1H, CH), 8.74 (d, 1H, J 5.2 Hz, CH), 8.14 (s, 1H,
NH-Trp), 8.13 (d, /4.9 Hz, CH), 7.45 (d, 1H, J 8.0 Hz, CH-Trp), 7.31 (d, 1H, J 8.2 Hz, CH-
Trp), 7.15(dt, 1H, J 7.6 and0.8 Hz, CH-Trp), 6.97 (dt, 1H, J 7.6 and 0.8 Hz, CH-Trp), 6.66
(d, 1H, J 2.1 Hz, CH-Trp), 5.73(s, 1H, NH-amide), 5.66 (dd, 1H, J 5.2 and 1.9 Hz, CH*-
Trp), 3.79 (dd, 1H, J 15.1 and 2.8 Hz, CH>-Trp), 3.63 (dd, 1H, J 15.1 and 5.3 Hz, CH>-Trp),
2.75 (dd, 1H, J 9.6 and 3.3 Hz, CH*-Leu), 2.08-1.87 (m, 1H, CH-Leu), 1.45-1.28 (m, 2H,
CHa-Leu), 0.78 (d, J 6.3 Hz, CHs-Leu), 0.30 (d, 3H, J 6.5 Hz, CHs-Leu); '3C NMR (75 MHz,

CDCL): 6 168.8 (C=0), 159.8 (C=0), 153.81 (C=N), 151.2 (CH), 146.4 (CH), 136.2 (C-
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Trp), 127.0 (C-Trp), 123.5 (CH-Trp),123.0 (CH-Trp),120.5 (CH-Trp), 118.7 (CH), 118.6
(CH-Trp), 111.3 (CH-Trp), 109.4 (C-Trp), 57.7 (C*-Trp), 50.9 (C*-Leu), 40.2 (CHa-Leu),

27.0 (CHa-Trp), 24.2 (CH-Leu) 23.3 (CH-Leu), 19.7 (CHs-Leu).

(7R, 10S)-7-((1H-indol-3-yl)methyl)-10-isobutyl-9, 1 0-dihydro-5H-pyrazino[1,2-a] pyrido
[2,3-d]pyrimidine-5,8(7H)-dione (31).Yield: 58.3 mg, 12.1%; mp: 111.3-111.5 °C (MeOH);
[a]3? =-153.15 (¢ 0.037; CHCl3); vimax (KBr) 3295, 3067, 2915, 1682, 1600, 1470, 770, and
697 cm™'; 'TH NMR (300 MHz, CDCl3): 6 9.01 (d, 1H, J 4.6 Hz, CH), 8.71 (d, 1H, J 7.9 Hz,
CH), 8.07 (s, IH,NH-Trp), 7.54 (d, 1H, J 7.8 Hz, CH-Trp), 7.51 (dd, 1H, J 7.9 and 4.5 Hz,
CH), 7.31 (d, 1H, J 8.2 Hz, CH-Trp), 7.15 (dt, 1H, J 7.6 and 0.8 Hz, CH-Trp), 7.01 (dt, 1H,
J 7.6 and 0.8 Hz, CH-Trp), 6.61 (d, 1H, J 2.4 Hz, CH-Trp), 5.69 (s, 1H, NH-amide), 5.64
(dd, 1H, J 5.3 and 2.8 Hz, CH*-Trp), 3.81 (dd, 1H, J 15.1 and 2.6 Hz, CH>-Trp), 3.61 (dd,
1H, J 15.0 and 5.3 Hz, CH>-Trp), 2.76 (dd, 1H, J 10.4 and 3.1 Hz, CH*-Leu), 1.21-1.14 (m,
1H, CH-Leu), 1.05-0.98 (m, 2H, CHz-Leu), 0.78 (d, J 6.5 Hz, CH3-Leu), 0.22 (d, 3H, J 6.5
Hz, CH3-Leu); *C NMR (75 MHz, CDCls): 6 169.1 (C=0), 160.0 (C=0), 153.81 (C=N),
147.1 (CH), 138.6 (CH), 136.1 (C-Trp), 127.2 (C-Trp), 123.4 (CH-Trp),121.1 (CH-Trp),
119.8 (CH), 118.4 (CH-Trp), 111.3 (CH-Trp), 109.4 (C-Trp), 57.5 (C*-Trp), 51.0 (C*-Leu),

40.2 (CHy-Leu), 27.2 (CHa-Trp), 24.1 (CH-Leu) 23.5 (CH-Leu), 19.6 (CHs-Leu).

(1S,4R)-4-((1H-indol-2-yl)methyl)-1-isobutyl-9-(1-methyl- 1 H-tetrazol-5-yl)-1,2-dihydro-

6H-pyrazino [2,1-b]quinazoline-3,6(4H)-dione (32). Yield: 5.8 mg, 1 %; mp: 202.8-203.2
°C (MeOH); [a]3? = -125.68 (c 0.061; CHCl3); vimax (KBr) 3356, 3119, 3053, 1671, 1457,
1261, and 740 cm™'; "TH NMR (300 MHz, CDCl3): 6 8.47 (d, 1H, J 8.3 Hz, CH), 8.41 (d, 1H,

J1.1 Hz, CH), 8.27 (dd, 1H, J 8.3 and 1.5 Hz, CH), 8.10 (s, 1H, NH-Trp), 7.50 (d, 1H, J 8.0
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Hz, CH-Trp), 7.30 (d, 1H, J 8.3 Hz, CH-Trp), 7.13 (t, 1H, J 7.6 Hz, CH-Trp), 6.98 (d, 1H, J
7.5 Hz, CH-Trp), 6.67 (d, 1H, J 2.3 Hz, CH-Trp), 5.75 (s, 1H, NH-amide), 5.68 (dd, 1H, J
5.1 and 2.8 Hz, CH*-Trp), 4.45 (s, 3H, CHs-N), 3.79 (dd, 1H, J 15.0 and 2.8 Hz, CH>-Trp),
3.66 (dd, 1H, J 15.1 and 5.3 Hz, CH>-Trp), 2.74 (dd, 1H, J 9.2 and 3.4 Hz, CH*-Leu),2.09-
1.96 (m, 1H, CH-Leu), 1.43-1.30 (m, 2H, CHz-Leu), 0.76 (d, 3H, J 6.2 Hz, CH3-Leu), 0.31
(d, 3H, J 6.4 Hz, CHs-Leu) ; *C NMR (75 MHz, CDCl5): § 169.3 (C=0), 164.2 (C=N-
Tetrazol), 160.5 (C=0), 152.35 (C=N),147.4 (C), 136.1 (C-Trp), 133.2 (C-Ctriazole), 127.8
(CH), 127.1 (C-Trp), 125.7 (CH), 125.0 (CH), 123.6 (CH-Trp), 122.8 (CH-Trp), 121.2 (C),
120.4 (CH-Trp),118.7 (CH-Trp), 111.2(CH-Trp), 109.6 (C-Trp), 57.4 (CH*-Trp), 50.9
(CH*-Leu), 40.7 (CH-Leu), 39.7 (CH3), 27.1 (CH2-Ttp), 24.2 (CHz-Leu), 23.2 (CHs-Leu),

19.9 (CHs-Leu).

(6S,9R)-9-((1H-indol-3-yl)methyl)-6-isobutyl-6, 7-dihydro- 1 H-pyrimido[ 5,4-d] pyrimidine-

2,4,8,11 (3H,9H)-tetraone (33). Yield: 11.6 mg, 2.3 %; mp: 306-306.5 °C (MeOH); [a]3’ =
-226.7 (¢ 0.025; CHCI3); vimax (KBr) cm™'; 3384, 2956, 1670, 1457, 1322, and 1095; 'H NMR
(300 MHz, CDCl): 6 8.21 (s, 1H, NH-Trp), 7.65 (d, 1H, J 7.8 Hz, CH-Trp), 7.39 (d, 1H, J
8.0 Hz, CH-Trp),7.22 (dd, J 8.1 and 1.1 Hz, CH-Trp), 7.18-7.12 (m, 1H, CH-Trp), 7.11 (d,
1H, J 2.3 Hz, CH-Trp), 6.73 (s, 1H, NH-amide), 5.98 (s, 1H, NH-Ant), 5.96 (s, 1H, NH-
Ant), 4.28 (m, 1H,CH*-Trp), 3.52 (dd, 1H, J 14.6 and 3.6 Hz, CH>-Trp), 3.44 (m, 1H, CH*-
Leu), 3.19 (dd, 1H, J 14.7 and 8.5 Hz, CH»-Trp), 1.69 (m, 1H, CH-Leu),1.54 (m, 2H, CH»-
Leu), 0.90 (d, J 6.1 Hz, CHs-Leu), 0.76 (d, 3H, J 6.1 Hz, CHs-Leu); '*C NMR (75 MHz,
CDCl3): ¢ 168.7 (C=0), 168.2 (C=0), 165.9 (C=0), 160.2 (C=0), 150.5 (C=N), 146.9
141.74 (C), 136.5 (C-Trp), 126.7 (C-Trp), 123.9 (CH-Trp), 122.8 (CH-Trp), 122.3 (C),120.2
(CH-Trp), 118.8 (CH-Trp),111.4 (CH-Trp), 109.3 (C-Trp), 54.7 (C*-Trp), 53.1 (C*-Leu),

42.1 (CHz-Leu), 29.9 (CH2-Trp), 24.0 (CH-Leu), 23.1 (CH-Leu), 20.8 (CHs-Leu).
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(1S,4R)-1,4-bis((1H-indol-3-yl)methyl)-1,2-dihydro-6 H-pyrazino[2, I-b] quinazoline-3,6

(4H)-dione (34).Yield: 27.4 mg, 5.7%; er = 99:0; mp: 177.4-178.2 °C (MeOH); [a]3° = -
66.17 (c 0.13; CHCI3); vimax (KBr): 3404, 3060, 2923, 1681, 1597, 1455, 695 and 668cm’;
"H NMR (300 MHz, CDCls): 6 8.41 (dd, 1H,J 8.0 and 1.3, CH), 8.10 (s, 1H, NH-Trp), 8.04
(s, IH, NH-Trp), 7.82 (ddd, 1H, J 8.5, 7.2 and 1.5 Hz, CH), 7.66 (d, 1H, J 7.7 Hz, CH), 7.57
(ddd, 1H, J 8.1, 7.5 and 1.2 Hz, CH), 7.36 (d, 2H, J 8.1 Hz, CH-Trp), 7.34 (d, 2H, J 8.0 Hz,
CH-Trp), 7.22 (ddd, 1H, J 8.1, 7.5 0.8 Hz, CH-Trp), 7.14 (t, 1H, J 7.3 Hz, CH-Trp), 7.08
(ddd, 1H,J 8.1, 7.5 0.8 Hz, CH-Trp), 6.80 (t, IH J 7.3, CH-Trp), 6.65 (d, IHJ 2.3 Hz, CH-
Trp), 6.42 (d, 1H J 1.9 Hz, CH-Trp), 5.68 (s, 1H, NH-amide), 5.66 (dd, 1H, J 7.8, 3.8 Hz,
CH*-Trp), 3.73 (dd, J 2.3 Hz, CH*-Trp), 3.67 (dd, 2H, J 18.1 and 3.7 Hz, CH>-Trp ), 3.11
(dd, 1H, J 11.0 and 3.4 Hz- CH2-Trp), 2.75 (dd, 15.1 and 11.1 Hz, CH,-Trp);!*C NMR (75
MHz, CDCl): 6 169.6 (C=0), 161.7 (C=0), 154.6, (C=N), 146.2 (C), 136.2 (C-Trp), 135.9
(C-Trp), 134.9 (CH), 133.3 (CH), 131.4 (CH), 127.8 (CH), 127.5 (C-Trp), 127.3 (C-Trp),
123.9 (CH), 123.7 (CH), 122.4 (CH-Trp), 122.3 (CH-Trp), 121.6 (CH-Trp), 119.7 (C-
Trp(2)), 118.2 (CH-Trp), 114.1 (CH-Trp), 111.4 (CH-Trp), 110.1 (C-Trp), 64.6 (CH*-Trp),

54.0 (CH*-Trp), 30.9 (CHa-Trp), 25.1 (CHa-Trp).

4.2 Biology
4.2.1 Sample preparation

Each compound was lyophilized and solubilized in DMSO (Sigma-Aldrich) to obtain
a final concentration of 5 mM. Some intermediate dilutions were made to achieve the final

concentration of 10 uM in the first well of the plate. Chloroquine (CQ; Sigma-Aldrich) was
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prepared with RPMI-1640 (Invitrogen ™) supplemented with AlbuMAXII (Invitrogen ™)

to obtain a final concentration of 10 pM.

4.2.2 Culture of P. falciparum

Laboratory-adapted P. falciparum 3D7 (chloroquine and mefloquine sensitive), were
continuously cultured using the method of Trager and Jensen, with previously described
modifications (Nogueira et al, 2010). Parasites were cultivated at 5 % hematocrit, 37 °C and
atmosphere with 5 % of CO2, human serum was replaced with 0.5 % AlbuMAXII
(Invitrogen™) in the culture medium. Synchronized cultures were obtained by treatments

with a 5 % (m/v) solution of D-sorbitol (Sigma-Aldrich) [48].

4.2.3 In vitro susceptibility assay of P. falciparum using SYBR Green |

All compounds were screened for their in vitro antimalarial activity against
chloroquine-susceptible (3D7) P. falciparum strain, using the Whole cell SYBR Green I
assay as previously described [37] with modifications. Briefly, early ring stage parasites
(>80 % of rings, 3 % haematocrit and 1 % parasitaemia) were tested in duplicate in a 96-
well plate and incubated with the compounds for 48 h (37 °C, 5 % CO2), parasite growth
was assessed with SYBRGreenl (Thermo Fisher Scientific). Each compound was tested in
concentrations ranging from 10 to 0.001 uM. Fluorescence intensity was measured with a
microplate reader with excitation and emission wavelengths of 485 and 535 nm,
respectively, and analysed by nonlinear regression using GraphPad Prism 5 demo version to

determine ICs.
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4.2.4 Cytotoxicity in vitro against mammalian cell

Cytotoxicity was assessed on the mammalian cell line V79 (Chinese hamster lung),
using a MTT based assay, as previously described [38].Tests were conducted in triplicate
for each compound, at a range of concentrations (800 uM to 0.0512 uM), and with culture
media containing 0.5 % DMSO (no drug control); incubation time 24 h. Absorbance was
read at 570 nm on a multi-mode microplate reader, to produce a log dose-dependence curve.
The LDso value for each compound was estimated by non-linear interpolation of the dose-

dependence curve (GraphPad Software).

4.2.5 Evaluation of hemotoxicity in vitro

In a 96-flat bottom plate was added of 3 % HTC, 20 uL of 20 % Triton X-100, and
20 pL of PBS or RPMIc in 2 % DMSO. Compounds were tested in a 1:4 serial dilution in
concentrations ranging from 10 uM to 0.04 uM. After the incubation for 60 minutes, the
plate was centrifuged at 2000 rpm for 5 minutes. 100 mL of Supernatant was transferred to
a flat bottom plate. The absorbance reading was made at 450 nm in a Mode (Triad, Dynex
Technologies). Two independent tests were carried out in triplicate. The results are presented
in the form of a percentage of hemolysis-% hemolysis, obtained by the following formula:
% Hemolysis = ABS (sample)/abs (C +) x 100. Whereas C + is a Triton X-100 to 20 %

solution RPMIc.

4.2.6 Evaluation of inhibition of polymerization of hemozoin

100 pL of a freshly prepared solution of hemin (ferriprotoporphyrin IX chloride;
Sigma-Aldrich) 4mM dissolved in 0.1 M NaOH (Sigma-Aldrich) was mixed with 50 pL of

acetic acid (Sigma-Aldrich) and 50 pL of each tested compound. The mixture was incubated
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during 24 h at 37 °C in a U-bottom 96 well plate. Compounds were tested at the following
doses: 8 and 12 48.0 uM, 24.0 uM and e 12.0 uM and 21 96.0 uM, 48.0 uM and 24.0). After
incubation, the resulting solution was spun down for 15 min at 4000 rpm, the supernatant
discarded and the pellet was washed with 200 pL of DMSO (3 washes) after an additional
final wash with water (200 pL), the pellet was dissolved in 0.1 M NaOH (200 pL). 50 uL of
the solution was transferred to a flat-bottom 96 well clean plate and mixed with 150 pL of
water and absorption measured at 405 nm using a multi microplate reader plate reader (Triad,

Dynex Technologies).

4.3 Virtual screening

Crystal structure of Prolyl-tRNA Synthetase (PRS) (PDB code: 4YDQ),
downloaded from the protein databank (PDB) [39], was used for the study. Structure files of
60 test molecule, four positive (halofuginone (HF), febrifugine (FF, 5), 6-fluorofebrifugine
(6F-FF), and tetrahydro quinazolinone febrifugine (Th-FF)) and one negative (chloroquine,
CQ, 2) controls were created and minimized using the chemical structure drawing tool
Hyperchem 7.5 (Hypercube, FL, USA) [35] and prepared for docking using AutodockTools
[35]. Structure-based docking was carried out using AutoDock Vina (Molecular Graphics
Lab, CA, USA) [40]. The active site was defined by a grid box (X: 19 A; Y:14 A; Z: 15 A)
drawn around the PRS crystallographic ligand HF. Default settings for small molecule-
protein docking were used throughout the simulations. Top 9 poses were collected for each
molecule and the lowest docking score value was associated with the more favorable binding
conformation. PyMol1.3 (Schrodinger, NY, USA) [41] was used for visual inspection of
results and graphical representations. To validate the docking approach for the protein
structure used, the respective co-crystallized inhibitor HF was docked to the active site using

Autodock Vina (Figure 28, supplementary material).
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Supplementary Materials: The supplementary materials are presented in a following

section.
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Figure S1. The inhibition of polimerization of hemozoin in vitro of compound 8, 12, 21, and CQ.

The error bars represent a mean + SD.

THR»A%
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Figure S2. Crystallographic (light blue) and docked (brown) HF in binding pocket of PRS (RMSD
= 0.582 A®°). The RMSD value is < 2.0 A°, value usually considered a good threshold value for
validating a structure for use in molecular docking. This is strong evidence that AutoDock Vina can

predict docking poses accurately.
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Table S1. Docking scores of test compounds and controls onto PRS (4ydq) HF binding site

4ydq_chainA_AMP Docking scores (kcal.mol)
6 -10.7
7 -8.9
8 -9.1
9 -11.4
10 -9.9
11 -7.8
12 -10.0
13 -11.5
14 -10.3
15 -10.1
16 -9.4
17 -7.3
18 -1.7
19 -9.4
20 -7.6
21 -9.9
22 -8.9
23 -7.3
24 -8.6
25 -5.7
26 -8.3
27 -8.4
28 -8.6
29 -9.7
30 -10.1
31 9.4
32 -7.8
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4ydq_chainA_AMP

Docking scores (kcal.mol ™)

33 -10.1
34 -11.5
Febrifugine (5) -9.5
Halofuginone 9.3
ThFF -9.5
6FFF -9.7
Chloriquine (2) -7.4
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Chapter 7

Microwave-assisted gram-scale synthesis

of fiscalin B and a chloro derivative

Graphical abstract

Synthetic fiscalin B ent-Fiscalin B
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Abstract: The synthetic (-)-fiscalin B (1) of the naturally-occurring quinazolinone disclosed
with antimalarial activity and its chloro derivative, 15,4R-4-((1H-indol-3-yl)methyl)-8,10-
dichloro-1-isobutyl-1,2-dihydro-6 H-pyrazino[2,1-b] =~ quinazoline-3,6(4H)-dione,  (2),
disclosed as antibacterial agent, were synthesized on a gram scale using a one-pot three
component microwave-assisted polycondensation reaction with 22% and 17% isolated

yields, respectively. The crystal structure of ent-fiscalin B, (+)-1, is also reported. This single
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step reaction proved to be a feasible approach for gram synthesis of quinazolinone alkaloids

when compared with a multistep approach.

Keywords: Fiscalin B, Gram-scale synthesis, one-pot synthesis.

1. Introduction

Studies on the isolation, biosynthesis, synthesis and biological studies of the
pyrazino[2,1-b]quinazoline-3,6-dione core linked to an indole moiety have been increasing
greatly in the last 20 years [1-4]. Structurally, these quinazolinone alkaloids have been
classified from simple to complex structures and consist of three different building blocks —
anthranilic acid, a-amino acids, and tryptophanyl moieties that merge into a simple
piperazine ring system [5]. The simplest structures are glyantrypine, fumiquinazolines F and
G, and fiscalin B (1) which were reported in several synthetic studies [6-9]. Fiscalin B (1)
was first 1solated from a strain of Aspergillus fumigatus growth in the intestine of the marine
fish Pseudolabrus japonicus, in 1992, and later from the ethyl acetate extract of cell mass
from fungal culture of Neosartorya fischeri collected from We Fung Chi, Taiwan, in 1993
[10-13]. Fiscalin B (1) has been reported for its substance P inhibition [14], neuroprotective
[15], antitumor [16], and antimalarial effects (Chapter 6).

Owing to the growing interest of 1 in medicinal and organic chemistry, some
synthetic procedures enabling its facile production to have been developed in the last 20
years [6,8,9,17]. The first total synthesis of 1 was accomplished by Ganesan and coworkers
in 1998 using Wipf oxazole synthesis and mild procedures with simple reagents for
accomplishing dehydration via oxazine intermediates [8,9]. Later, in 2002, Hernandez et al.

reported the synthesis of 1 using the alkylation at C-4 of 1-methyl(isopropyl)-2,4-dihydro-
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1 H-pyrazino[2,1-b]quinazolino-3,6-dione regio- and diastereoselective, which was possible
by the Eguchi-aza approach with N-Boc-3-indolymethyl bromide followed by deprotection
[7].

Non-conventional chemical synthesis using microwave irradiation has been
developed as a green chemistry methodology since first reported in 1986 [18]. The used of
microwave heating technique has become common applicable in all area of synthetic organic
chemistry, including solvent-free, and water-mediated reactions [19,20]. Microwave heating
has been described to solve cases of conventional heating reported failures in term of chemo-
, regio-, and stereo selective syntheses [21,22]. Recent innovation in microwave reactor
technology allows controlled parallel and automated sequential processing under sealed-
vessel conditions and the use of continuous or stop-flow reactors for scale-up purposes [23].
The increasing of microwaves methods was reported among the synthesis of privileged
natural products and particularly with a quinazolinone scaffold [24-26]. In 2005, Lui ef al.
developed a novel microwave-assisted domino method using a three-component one-pot
reaction to synthesize fiscalin B (1, Figure 1) via a N-protected benzoxazine-4-one
intermediate [6]. This approach allowed an easy access to quinazolinone natural product
template and libraries for screenings [22]. The work was performed under pressure at 300
W into a specifically designed platform (Smith synthesizer ™) producing controlled
irradiation at 2450 MHz. Reaction temperature and pressure were determined using the built-
in IR and pressure sensor. The authors also report a gram scale synthesis of (15)-1-methyl-
2,4-dihydro-1H-pyrazino[2,1-b]quinazoline-3,6-dione in a moderate yield of 53% stating
from 10 mmol of anthranilic acid, N-Boc-L-alanine, and glycine methyl ester hydrochloride
[6]. Herein, we report the concise total synthesis of fiscalin B (1) and its derivative, 15,4R-
4-((1H-indol-3-yl)methyl)-8,10-dichloro-1-isobutyl-1,2-dihydro-6 H-pyrazino[ 2,1-

b]quinazoline-3,6(4H)-dione, 2, on gram scale using commercial microwave equipment.
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The strategies employed involved quinazoline dehydration followed by diketopiperazine-

like cyclization after N-deprotection.

Figure 1: Structures of target compounds for gram syntheses, fiscalin B (1) and 1S5,4R-4-
((1H-indol-3-yl)methyl)-8,10-dichloro-1-isobutyl-1,2-dihydro-6 H-pyrazino[2,1-b]quinazo

line-3,6(4H)-dione (2).

2. Results and discussion

2.1 Chemistry background

Following the retrosynthetic analysis described by Lui ef al., we reasoned that the
construction of the pyrazino[2,1-b]quinazolinone-3,6-dinone core is the key step in the
synthesis of these targeted alkaloids, 1 and 2 [6]. The selection of the protecting group of
the o-amino acids was targeted to fert-butyloxycarbonyl (Boc) and
fluorenylmethyloxycarbonyl (Fmoc) groups, which were reported to produce the lowest
number of by-products.

The reaction beings with the condensation of the amine group of the anthranilic acid

(3, 1.0 equiv.) with the carboxyl group of N-protected-amino acid (4, 1.0 equiv.) in pyridine
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followed by dehydration to form the intermediate benzoxazinone 5 under conventional

heating at 55 “C with a coupling-dehydrating agent, triphenyl phosphite (PhO)sP (1.2 equiv.)

(Scheme 1).

R
< /Z O

_qc/\N NH—Z R

NH, 4 NH N .z

. R (PhO);P, 55°C X N
OH “H,0 OH H,0 o)
o} o) o}
3 Benzoxazinone

5

Scheme 1: Condensation-cyclization reaction of anthranilic acid (3) and N-protected-amino

acid 4.

Subsequent addition of a-amino acid methyl ester 6 under microwave irradiation at
220 °C provides the mixture of diamide 7 as a minor component and 2,3-disubstituted-3H-
quiazolin-4-one (9) as the major component [27] (Scheme 2). The conversion of 7 and 9 to
the final product, the pyrazino[l,2-b]quinazoline-3,6-dione (10) is accomplished by a
nucleophilic substitution of § with amine group of 6 to form diamine 7 which undergoes an
intramolecular condensation followed by removing of a protecting group, reported by Siro
et al. [28] and Vanier et al. [29], to afford 9, and finally removing of methanol under

microwave irradiation to furnish the final product 10.
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Scheme 2: Synthesis of pyrazino[2,1-b]quinazolinone-3,6-dinone 10 by condensation-

cyclization reaction of benzoxazinone 5 and amino acid ester 6.

The work of Lui et al. [6,27] clearly indicated that microwave irradiation played a
critical role in driving this reaction to be completed and providing access to a uniquely

substituted quinazolinone scaffold which was not available from conventional heating.

2.2 Gram-scale synthesis of fiscalin B (1)

The first attempt to obtain gram amount of fiscalin B (1) followed the protocol used
in the gram-scale synthesis of (15)-1-methyl-2,4-dihydro-1H-pyrazino[2,1-b]quinazoline-
3,6-dione.The reaction was carried out at 210 °C for 10 min after the first condensed-
cyclization (Scheme 1, R = i-Pr), but did not proceed to form fiscalin B (1) (data not shown).
This failure was attributed to the steric hindrance caused by the groups at C-4 and C-1 which
was also reported by Lui ef al. [6]. Therefore, the strategy to achieve gram scale synthesis

was adopted from the milligram scale synthesis of fiscalin B (1) [16].
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The reaction was performed in a closed two-neck round bottle flask. To the mixture
of anthranilic acid (3, 4.2 g ,0.03 mol) in dried pyridine (150 mL), N-Fmoc-L-valine (4a,
10.4 g, 0.03 mol) and (PhO);P (11.81 mL, 0.45 mol, 1.5 equiv) were added. The mixture
was heated at 55 °C for 48 h to furnish benzoxazinone (5a) (Scheme 1, R = i-Pr) which was
not subjected to purification/isolation. To the reaction mixture, D-tryptophan methyl ester
hydrochloride (6a, 7.65 g, 0.03 mol) was added and the mixture was divided into 30
microwavable vails seal with cap. The parallel syntheses under microwave irradiation at 220
°C under the power of 300 W for 2 min were performed to yield the desirable product 1
using commercial microwave CEM (Scheme 3). After finished, the combined reaction
products were evaporated under reduced pressure to remove pyridine and dried under
nitrogen. The residue was purified by silica gel flash chromatography
(CH2CL:EtOAc:MeOH = 50:48:2) followed by preparative TLC (CH2Cl2:Me>CO = 95:5)
to give synthetic fiscalin B (1) as a pale-yellow solid (1.79 g, 22.7 %). The byproducts of

the reaction were also isolated and included tripeptides and dipeptides (data not shown).

H
R
n o "

z
HOzC/\”

4a,R =-Pr, Z = Fmoc . R
R’ COOH 4c, R = i-Bu, Z = Boc R N /YO

HN HCI = NH
NH, 2) \ NH, N)\‘/

R' OMe R' R
6a

3,R'=H (0]

3a R = C 1,R=iPr,R'=H

(22.7 %, er: 69:31, [a]*°p = -119)
2,R=iBu,R'=Cl
(16.6 %, er: 60:40, [0]*°p = - 169)

Scheme 3: One-pot synthesis of fiscaline B (1) and derivative 2.
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The enantiomeric ratio analysis of the synthetic fiscalin B (1) was performed by
using enantioselective liquid chromatography employing a system equipped with a chiral
column Whelk-O1-S,S (250 x 4.6 mm) and UV-detection at 245 nm, the mobile phase was
MeOH/MeCN = 50:50 and the flow rate was 1.0 mL/min. The enantiomeric ratio (er) was
calculated by the percentage of peak area. The er of fiscalin B (1) was found to be 69:31 in
which 69 % was fiscalin B, (-)-1, and 31 % was ent-fiscalin B, (+)-1, confirmed by the
specific rotation of a synthetic fiscalin B (1) obtained previously in a milligram scale [16]
and that was enantiomerically purified ([]3°=- 452, er = 99:1 and [<]30=+255, er = 99:1)
(Chapter 6). Under the same conditions of temperature, pressure, and time in the CEM
microwave equipment, synthetic fiscalin B (1) obtained in this scale-up process showed
lower enantiomeric excess (ee),38 %, when compared to the 50 % ee obtained by Lui ef al.
when the reaction was carried out in a Personal Chemistry™ Creator and Smith stations [30].
In the previously performed milligram-scale synthesis of fiscalin B (1) [16], Boc-L-valine
was employed, and fiscalin B (1) was reported to have a 26 % of ee or a 63:37 of er, while

in this gram-scale synthesis, using Fmoc-L-valine, the ee improved to 38 %.

2.3 Crystal structure of ent-fiscalin B, (+)-1

From the mixture of synthetic (-)-fiscalin B (1) in CHCIz and (Me).CO, a crystal
form of ent-fiscalin B or (+)-1 was obtained. The X-ray crystallographic structure of
compound (+)-1 is presented in Figure 2. The Ortep diagram confirmed the structure of (+)-
1 with the anti configuration (/R, 4S), the piperazine ring in boat conformation.The C-4
substituent (indole moiety) and C-1 proton are in a flagpole position to the piperazine ring,
with the C-4 proton and the C-1 substituent (i-Pr) being in a bowsprit position to the

piperazine ring, and with N-2 proton being in an equatorial position. The C-4 proton shows
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to be affected by the characteristic anisotropic effect of the coplanar carbonyl group at C-6.
The five-member ring of indole showed to be parallel to the piperazine ring, causing the
shielding effect to C-1 and N-2 protons. '"H NMR and *C NMR spectra of (-)-1 and (+)-1
were in accordance to the previous reported [16]. The optical rotation value for (+)-1 was

found to be [«x]3°= 4255 (Chapter 6).

ent-Fiscalin B

Figure 2: The structure of ent-fiscalin B or (+)-1 with the Ortep view.

2.4 Gram-scale synthesis of the chloro derivative 2

Following the successful result of the gram-scale synthesis of fiscalin B (1), the synthesis
of 1§,4R-4-((1H-indol-3-yl)methyl)-8,10-dichloro-1-isobutyl-1,2-dihydro-6 H-pyrazino[ 2,1
-b]quinazoline-3,6(4H)-dione (2) reported as the most potent antimicrobial derivative from
a library of fiscalin analogues (unpublished results, Chapters 5 and 6) was attempt. The yield
of compound 2 was reported as 4.5 % from the one-pot multicomponent milligram synthesis
as described in Chapters 5 and 6 [15,16]. Therefore, to achieve a better yield, the multi-step

procedure was firstly applied to obtain compound 2 in gram amounts.
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2.4.1 Dipeptide synthesis of tryptophanyl anthranilate

The first step of this approach is the synthesis of the dipeptide of 3,5-
dichloroanthranilic acid (3a) with D-tryptophan methyl ester (6a). In this study the coupling
agent N-(3-dimethylaminopropyl)-N-ethylcarbodimide (EDC) was replaced by 2-(1H-
benzotriazol-1-yl)-N,N,N’,N -tetramethylaminium tetrafluoroborate (TBTU) in basic
conditions to afford the dipeptide 2a in a very excellent yield, 98 %, without purification
(Scheme 4). The reaction begins with the activation of the hydroxyl group of 3a by TBTU

before condensation with the amine moiety of 6a.

o '
N CHg Cl C| O/N H3C’N N/
\ OH + >]/ \
©: N * o s
N NH ke EtN;H' BF
0 EtN3; Cl Cl 3 4
TBTU H,oN
3 2
2 h \ OCH, -OHBt
(¢}

OCH,

6a
o ° NH
Cl /

N
H

NH,

Cl
2a

Scheme 4: Dipeptide 2a synthesis by condensation with TBTU.
2.4.2 Linear tripeptide synthesis

Linear tripeptide 2b is an important intermediate for the further first cyclization step.
Tripeptide 2b was obtained by condensation of dipeptide 2a with activated N-Fmoc-L-
leucine chloride (4b) under two-phase Schotten-Baumann consisting of dried

dichloromethane and saturated Na>COs conditions [31,32]. Activated N-Fmoc-L-leucine
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chloride (4b) was produced by a rapid, easy, and efficient method under ultrasonic
conditions of N-Fmoc-L-leucine with SOCI in dried tetrahydrofuran (THF) [33]. In the first
step, the acyl chloride 4b reacted with the amine of 2a, forming a tripeptide 2b. The base
within the water phase neutralized the acid generated in this reaction while starting materials

and product 2b remained in the organic phase (Scheme 5).

N.
Fmoc

SOCI,, THF

Ultrasonic

1-2h
Cl
" © ]
,\)J\/
Cl “Fmoc HN{
NH
H3CO Y 4b Emoc
3CO >7
Sat. Na,COg3, dried CH,Cl,

Scheme 5: Synthesis of tripeptide 2b by the Schotten-Baumann reaction.

2.4.3 The double cyclization reactions

The transformation of linear peptide 2b to quinazolinone is highly susceptible to
steric hindrance around the cyclizing amide group. Wang et al. [9] report a suitable approach
to reach the quinazoline scaffold by selecting the dehydrating agent to be the Ph3P/Ix/tertiary
amine combination to dehydrate f-keto amide 2b to an oxazine via cyclization (Scheme
6).The mechanism of the first cyclization reaction was proposed by Phakhodee et al. [34].
The reaction begins with the treatment of PhsP and Lo to provide reactive
triphenylphosphonium iodide, and phosphorylation at the oxygen atom of amide yields

imidinium intermediate. This species is then converted into imidoyl iodide in the present of
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base. Displacement of iodide of imidoyle iodide with an electron pain of oxygen of the amide
leads to oxazine. Oxazine is difficult to isolate due to the steric hindrance of the group at C-
1 and its relative instability. In this study, we followed this approach and considered not to
isolate the oxazine. After removing Ph3P by hexane in excess, the crude material was treated
with 20% of piperidine to remove the Fmoc group, while refluxing the content with 4-

dimethylaminopyridine (DMAP) in acetonitrile to afford product 2 (Scheme 6).

e
Phsp  + 2 === | PhyP

“ Phap 21
[

Triphenylphospnium
iodide

Imidoyl iodide Oxazine

T
’e §© R

Q)\ Piperidine 2nd cyclization N\K\NH
N
Me
X

Oxazine

Scheme 6: Tentative synthesis of compound 2 by a dehydrative double cyclization

approach.
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Unfortunately, the cyclization product 2 was not formed/isolated under these

conditions.

2.4.4 Gram-scale synthesis of compound 2 via the three-component reaction

The failure of the multi-step led to the synthesis of compound 2 now using the
microwave-assisted procedure from 3,5-dichloroanthranilic (3a) acid with N-Boc-L-leucine
(4¢, Scheme 3) and D-tryptophan methyl ester hydrochloride (6a) which was a successful
approach to give compound 2 as a pale-yellow solid a 0.78 g amount (16.6% from 0.01 mol
of the starting materials). The yield of this gram-scale of compound 2 was higher than in the
milligram scale probably due to the prolonged reaction time of the first condensation and
with the increase amount of the coupling agent from 1.2 equiv. to 1.5 equiv.. This increase
in yield was also observed in the gram scale synthesis of fiscalin B (1). The enantiomeric
ratio of compound 2 was found to be 60:40 using the same conditions as described for 1.

Structure elucidation of compound 2 by 'H NMR and *C NMR spectroscopy (Table 1)
was in accordance to the previously reported in Chapter 5 and the correlations of key protons

are presented in Figure 2.

Figure 2: Key HMBC correlations for compound 2.
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Table 1: 'H NMR (300 MHz, DMSO-ds) and '*C NMR data (75 MHz, DMSO-ds) for

compound 2.

Position Su, Type (J) Position dc, Type
H-1 2.68,dd (7.3,4.9) C-1 50.6
H-2 7.19, br C-3 168.4
H-4 5.42,dd (5.3,2.9) C-4 57.3
H-8 8.13,d(2.4) C-6 158.8
H-9 - C-7 121.6
H-10 7.75,d (2.4) C-8 124.3
H-11 - C-9 132.6

H-1'a 1.94-1.86, m C-10 134.1
H-1'b 1.29-1.22, m C-11 131.4
H-2' 1.50, tt (13.2, 6.5) C-12 142.0
H-3' 0.56, d (6.6) C-14 152.8
H-3' 0.35,d (6.6) C-1 39.6
H-4'a 3.63,dd (15.0,2.9) C-2' 23.8
H-4'b 3.50,dd (15.0, 5.4) C-3' 22.1
H-6' 6.60,d (2.4) C-3" 20.5
H-7' 10.22, br C-4' 26.2
H-9' 7.25,d(8.2) C-5' 107.7
H-10' 7.00, t (8.0) C-6' 123.5
H-11' 6.82,t(7.8) C-8' 135.9
H-12' 7.33,d (8.0) C-9' 111.1

C-10' 121.5

C-11' 118.9

C-12' 117.7

d is measured in ppm, J is measured in Hz
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Due to the effect of the two chlorine atoms at positions 9 and 11, protons H-8 and H-10
of the anthranilic acid moiety of compound 2 appeared as narrow doublets with o values of
8.13 and 7.75 ppm, respectively. The splitting of proton H-1" of L-leucine moiety in
compound 2 into two different o values was also observed (Table 1), related to the effect of
the chlorine atom at position 11. The signal corresponding to the H-2 proton appeared as
broad singlet with & value of 7.14 ppm (the chemical shift in DMSO-d¢) while H-1 signal
appeared as a doublet-doublet with 6 value of 2.68 ppm. These attributes reveal that

compound 2 corresponded to the anti-isomer.

3. Conclusions

In summary, we have described for the first time a gram scale synthesis using parallel
one-pot reactions of the quinazolinone alkaloid fiscalin B (1) and its derivative 2. We also
reported for the first time the crystal structure of ent-fiscalin B (+)-1. These syntheses
constitute an expeditious approach to this family of natural products with potential

application to a large-scale compounds production for potential medicinal studies.

4. Experimental section

4.1 Gram scale synthesis of (1S,4R)-4-(1H-Indol-3-ylmethyl)-1-isopropyl-2H-pyrazi-
nof2,1-b]quinazoline-3,6(4H)-dione (fiscalin B, 1). In a closed two-neck round bottle,
anthranilic acid (3, 4.2 g, 0.03 mol), N-Fmoc-L-valine (4a, 10.4 g, 0.03 mol), and triphenyl
phosphite (11.81 mL, 0.045 mol) were added along with 150 mL of dried pyridine. The flask

was heated in heating block with stirring at 55 °C for 48 h. After cooling the mixture to room
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temperature, D-tryptophan methyl ester hydrochloride (6a, 7.65 g, 0.03 mol) was added, and
the reactions mixture was divided into 5 mL mixtures in 30 microwavable vials that were
further irradiated in the microwave at a constant temperature at 220 °C for 2 min in parallel.
The reaction were gathered and the work-up and purifications were as described in previous
report [16]. The desired compound 1 was collected as a yellow solid. Yield: 1. 79 g, 22.7 %;
er = 69:31; mp: 168-169 °C; [a]3? = -119 (c 0.045; CHCl3); IR viar: '"H NMR, *C NMR,
and (+)-HRMS-ESI (See in [16]). The light-yellow cubical crystals of ent-fiscalin B, (+)-1,
were obtained after recrystallization of 1 from the mixture of CHCI3 and (Me).CO.
(1R,4S)-4-(1H-Indol-3-ylmethyl)-1-isopropyl-2H-pyrazi-no[2,1-b]quinazoline-3,6
(4H)-dione (ent-fiscalin B,(+)-1). Yield:0.253g, 3.3% mp: 169-169.3 °C; [a]3® = +78 (¢
0.06; CHCI3); IR Viar, 'TH NMR, C NMR (See in [16]). The crystal of (+)-1 was mounted
on a cryoloop using paratone. X-ray diffraction data were collected at room temperature with
a Gemini PX Ultra equipped with CuK radiation (A = 1.54184 A). The structure was solved
by direct methods using SHELXS-97 and refined with SHELXL-97 [35]. Crystal was
monoclinic, space group P2i/c, cell volume 2047.89(15) A® and unit cell dimensions a =
18.0056(9) A, b =9.3592(3) A and ¢ = 12.7126(6) A and B = 107.074(5)° (uncertainties in
parentheses). Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
either placed at their idealized positions using appropriate HFIX instructions in SHELXL
and included in subsequent refinement cycles or were directly found from difference Fourier
maps and were refined freely with isotropic displacement parameters. The refinement

converged to R (all data) = 12.46% and wR2 (all data) =29.12%.

4.2 General procedure of the gram scale synthesis of compound 2

4.2.1 Synthesis of N-(2-(3,5-dichloro)aminobenzoyl)-D-tryptophan methyl ester (2a)
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To a mixture of 3,5-dichloroanthranilic acid (3a, 2.06 g, 0.01 mol) and TBTU (3.85 g,
0.012 mol, 1.2 equiv.) in acetonitrile (100 mL) and D-tryptophan methyl ester (5, 2.54 g,
0.01 mol) were added EtsN (2.9 mL, 0.03 mol, 3 equiv.) at room temperature. After stirring
for 48 h, the reaction mixture was concentrated under reduced pressure. The residue was
dissolved in CH2Cl> and washed with 1 M HCI, extracted with CH2Cl> (3 x 500 mL), dried
with Na;SOys, filtered, and concentrated to yield 2a as a white solid (4.24 g, 97 %), mp 175.1-
175.2 °C, [a]*’p = -140 (¢ 0.095, CHCl3), IR vmar (KBr): 3431, 3381, 3313, 1747, 1737,
1632; '"H NMR (300, MHz, CDCl3): '"H NMR (300 MHz, DMSO-de) & : 10.37 (s, 1H), 8.34
(d, J=7.5Hz, 1H), 7.58 (d, /= 7.6 Hz, 1H), 7.50 (d, J = 2.3 Hz, 1H), 7.36 (d, J= 7.9 Hz,
1H), 7.30 (d, J=2.3 Hz, 1H), 7.13 (d, J=2.3 Hz, 1H), 7.12 - 7.05 (m, 1H), 7.07 — 6.99 (m,
1H), 6.17 (s, 1H), 4.82 (td, /= 8.0, 5.5 Hz, 1H), 3.72 (s, 3H), 3.44 —3.36 (dd, /= 14.3,2.9
Hz, 1H), 3.32 (dd, J=13.3, 4.7 Hz, 1H).!3C NMR (75, MHz, DMSO-ds) 172.6 (CO), 168.8
(CO), 148.8 (C), 136.1 (C-Trp), 134.6 (CH), 132.3 (C), 131.0 (C), 127.6 (C-Trp), 124.6
(CH), 122.8 (CH-Trp), 120.3 (C), 119.8 (CH-Trp), 118.7 (CH-Trp), 117.3 (CH-Trp), 116.7

(CH-Trp), 108.1 (C-Trp), 53.1 (CH*-Trp), 52.7 (CHs), 27.7 (CHo-Trp).

4.2.2 Synthesis of N-[9H-fluoren-9-ylmethoxy)carbonyl]-L-leucine-2-(-3,5-dichloro)

aminobenzoyl-D-tryptophan methyl ester (2b)

To a solution of 2a (2 g, 4.92 mmol) in dried CH2Cl, (100 mL), N-Fmoc-L-leucine-Cl
was added [33] (4b, 2.20 g, 5.91 mmol, 1.2 equiv.). The mixture was stirred for 3 h, followed
by addition of aqueous Na,COs3 (I M, 14 mL, 14 mmol) and 56 mL of water. After
continuous stirring for 24 h, the mixture was extracted with CH>Cl> (4 times), dried with
NayS0s, filtered, and concentrated to give 2b as a white solid (4.12 g, 72 %), mp: 181.9—
182.5 °C, [a]*’b = —98 (c 0.044, CHCl3), IR vyua (KBr): 3318,1740, 1645, 1584 cm™'; 'H
NMR (300 MHz, DMSO): 6 9.92 (s, 1H), 9.35 (s, 1H), 7.80 (s, 1H), 7.76 (s, 1H), 7.73 (s,

1H), 7.63 (d, J= 7.4 Hz, 1H), 7.58 (d, J = 7.4 Hz, 1H), 7.54 — 7.47 (m, 4H), 7.40-7.32 (m
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4H), 7.26 (t,J = 7.4 Hz, 1H), 7.09 (d, J= 2.3 Hz, 1H), 7.01 (t, J= 7.4 Hz, 1H), 6.54 (s, 1H),
4.89 (dd, J = 13.4 and 6.3 Hz, 1H), 4.51 — 4.28 (m, 2H), 4.21 (d, J= 7.0 Hz, 1H), 3.67 (s,
3H), 3.43 — 3.25 (m, 2H), 1.81-1.65 (m,1H), 0.94 (d, J = 5.1 Hz, 6H). 3C NMR (75 MHz,
DMSO-ds): 172.1 (CO), 170.2 (CO), 168.3 (CO), 156.4 (CO), 143.8 (2C), 141.3 (2C), 139.0
(C), 136.1 (C), 134.0 (CH), 132.9 (C), 131.5 (C), 127.7 (2CH), 127.5 (C), 127.1 (2CH),
127.1 (2CH), 125.3 (CH), 125.2 (CH), 123.2 (CH), 122.8 (CH), 122.4 (CH), 121.4 (C), 120.2
(2CH), 119.8 (CH), 118.5 (C), 111.4 (CH), 109.7 (CH), 67.2 (CHa), 61.3 (CH), 53.3 (CH),

52.6 (CHs), 47.3 (CH,), 38.6 (CH), 31.4 (CH), 27.3 (CH,), 19.4 (CH3), 17.5 (CHz).

4.3 General procedure of the gram scale synthesis of (1S,4R)-4-((1H-indol-3-yl)methyl)-
8,10-dichloro-1-isopropyl-1,2-dihydro-6H-pyrazino[2,1-b]quinazoline-3,6(4H)-dione (2).
In a closed two-neck round bottle, 3,5-dichloroanthranilic acid (3a, 2.06 g, 0.01 mol), N-
Boc-L-leucine (4¢, 2.3 g, 0.01 mol), and triphenyl phosphite (3.9 mL, 0.015 mol) were added
along with 50 mL of dried pyridine. The flask was heated in heating block with stirring at
55 °C for 48 h. After cooling the mixture to room temperature, D-tryptophan methyl ester
hydrochloride (6a, 2.55 g, 0.01 mol) was added, and the reaction mixture was divided into
5 mL mixtures in 30 microwavable vials that were irradiated in the microwave at a constant
temperature at 220 °C for 2 min in parallel. After removing the solvent with toluene, the
crude product was purified by flash column chromatography using n-hexane: EtOAc (60:40)
as a mobile phase. The preparative TLC was performed using CH2Cl2:Me2CO (95:5) as
mobile phase. The major compound appeared as a black spot with no fluorescence under the
UV light. The desired compound 2 was collected as a yellow solid. Yield: 0.78 g, 16.62 %;
er = 60:40; mp: 254.7-255.1 °C; [a]3? = -169 (c 0.056; CHCl3); "H NMR, '3C NMR (See

Table 1); Vimar, and (+)-HRMS-ESI (See in Chapter 5).
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Abstract: The tumor suppressor p53 is mutationally inactivated in approximately 50% of
human cancers. Small molecules that bind to p53 mutants and stabilize them could be
effective anticancer drugs. Herein, we report the effect of carbazole alkaloids and their amino
derivatives on reactivating of p53. Twelve amino carbazole alkaloids were synthesized from
heptaphylline (1), 7-methoxyheptaphylline (2), and 7-methoxymukonal (3), isolated from

Clausena harmandiana, using a reductive amination protocol. Naturally-occurring
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carbazoles 1-3 and their amino derivatives were evaluated for their potential effect on p53
using a yeast screening assay and their ability to restore p53 function and inhibit cell growth
on human cancer cell lines. Naturally-occurring carbazoles 1-3 showed the most potent
inhibitory effects on induced-growth in wtp53, being heptaphylline (1) the most promising
in all the investigated cell lines. Semi-synthetic amino carbazole 1d showed to be selective
against the induced-growth of mutp53 MDA-MB-648-R273H and 2b selective on A375 cell
lines with Glso values of 4.50 and 5.83 uM, respectively. The results obtained indicate that
carbazole alkaloids may represent a promising start point to research for new mutp53-

reactivating agents with promising application in cancer therapy.

Keywords: amino carbazoles, heptaphylline, alkaloids, tumor, p53, mutant

1. Introduction

Natural products of carbazole, the alkaloids are mostly isolated from the higher plant of
Rutaceae family and are major components of the Clausena genus [1,2]. These alkaloids
have been of interested since the isolation of carbazole core from coal tar in 1872 [3] and the
evaluation on antimicrobial of murrayanine in 1965 [4]. Natural-occurring carbazole
alkaloids (Figure 1) have been reported to exhibit a broad pharmacological profile, including
antitumor (i.e. heptaphylline (1) [5], 7-methoxyheptaphylline (2) [6], 2-hydroxy-7-methoxy-
9H-carbazole-3-carbaldehyde or 7-methodymukonal (3) [7]), antiplasmodial (i.e.
compounds 1 [8] and 3 [7]), antiplatelet aggregation and vasorelaxing (i.e. clausine E (4)
[9]), antibacterial (i.e. clausamine B (5), clausine F (6) [10] , and clausenal (7) [11]),
antifungal (i.e. compound 7 [11]), and antidiabetic (i.e. koenidine (8) [12]). Recently,
heptaphylline (1) was reported to induce apoptosis in human colon adenocarcinoma cell [13]

and was considered a promising model for anticancer drugs. In addition, the carbazole
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nucleus can be easily functionalized mainly at positions 3, 6, and 9 to construct interesting
analogues [2,6]. Examples are compound 9 (Figure 1) reported as anti-Alzheimer’s [14], and
compound 10 as anti-HIV-1 [15]; derivatives 11 and 12 of carbazoles 1 and 2 exhibited
strong cytotoxicity against NCI-H187 and KB cells 138 fold stronger than ellipticine standard
[6,16-19] while N-substituted derivatives, compounds 13 and 14, were reported as
antiproliferative agents against leukemia cell ECM, Jurkat, and Raji with ICso values around

12 uM [17].

The tumor suppressor protein p53 is a transcription factor that plays a key role in the
prevention of cancer development because it provides a key difference between normal and
cancer cells [20,21]. Over 50% of p53 protein is missense mutation, generating a defective
protein in high level in cells due to the impairment of MDM?2 mediated negative feedback.
p53 is known as a guardian of the genome because one of the most important p53 functions
is its ability to activate apoptosis; the disruption of this process can promote tumor
progression and chemoresistance [22]. In cancer cells, in vivo studies have shown the
restoration of p53 function to be highly therapeutic, thus reactivating mutant p53 has been a
goal in anticancer drug development [23]. Some small molecules in the group of carbazole
alkaloids have been reported to reactivate mutant p53 by restoration of wild-type
structure/function [24,25]. For example, PhiKan083 (15), an amino derivative of a carbazole
alkaloid obtained from an in silico screening [26], was reported as a small molecule for
restoring wild-type p53 function by targeting Y220 p53 mutation [26,27]. It provided
electrostatic and hydrogen bonding interaction among residues of Y220 which give
additional stability to Y220 mutant p53.This mutation creates a druggable surface crevice
destabilizing the protein and stabilizing the structure of this mutant of p53 and increasing the
level of p53 with the wild-type conformation and activity [27,28]. Up to date, none of the
natural isolated carbazole alkaloids or their chemical modified compounds were reported to

have effect on mutants of p53. Herein, a series of semisynthetic amino carbazoles from
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naturally-occurring heptaphylline (1) and its derivatives 2 and 3 was discovered with effects

in restoring p53 activity.
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Fig. 1: Some examples of carbazole alkaloids: Natural isolated carbazoles (1-8) and synthetic

analogues (9-15).

2. Results and discussion

2.5. Synthesis of amino carbazole alkaloids by direct reductive amination

The reaction of carbonyl groups, aldehydes or ketones, with amines in the present of
reducing agents to give corresponding amines, known as reductive amination (of carbonyl
compounds) or reductive alkylation (of amine compounds) is one of the most useful and

important methods in the synthesis of different kind of amines and also a powerful reaction
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to obtain drug candidates [29]. The choice and understanding of the reducing agent are
essential for the selection of the type of reaction. Sodium triacetoxyborohydride
[NaBH(OAc)3, STAB] was reported as one of the most powerful reducing agent in direct
reductive amination due to its stability and safety.

Reductive aminations of 1, 2, and 3 were performed in an one-pot conversion of
their carbonyl group in the present of STAB as reducing agent in two different solvents —
dried tetrahydrofuran (THF) or dried 1,2-dichloroethane (DCE) with selected amines
precursors present in inhibitors of p53:MDM2 interaction. The reaction mixtures were
stirred under nitrogen until no further development to yield amino carbazole alkaloids
derivatives 1a-1e, 2a-2f, and 3a. Products were treated with different work-up procedures,
described in the experimental section, before purification.

Generally, in the present of STAB, the reactions of 1, 2, and 3 with primary amines
yielded secondary amines (entry 3-5 and 8-10), via imine intermediates, and the reaction
with secondary amines yielded tertiary amines (entry 1-2, 6-7, and 11-12), via enamine
intermediates. The final products were categorized into 3 groups, alkylated linear amino
carbazoles, compounds 1a, 2a, and 3a, heterocyclic amino carbazoles, compounds 1b, 2b,
and 2f, and halogenated amino carbazoles, compounds 1c-1e and 2c¢-2e. The reactions
mostly showed no further development between 3-10 days. All the reactions require long
reaction times due to the substituent’s hydroxyl at position 2 and/or prenyl group at position
1. Amino carbazoles modified from 2, compounds 2a-2f, and from 3, compound 3a, required
longer reaction time than those derived from 1, compounds 1a-1e, in both conditions. This
result should be because of the donating group methoxy at position 7. The reductive
aminations with primary amines were faster than with secondary amines (entry 4-6 and 8-

10).
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Table 1: Synthesis of aminocarbazoles compounds 1a-1e, 2a-2f, and 3a from natural-

occurring carbazoles 1,2 and 3.

CHO

OH
O + Ri—NH-R,
N R’
H

NaBH(OAc)s, ACOH

Solvent, under N,

R rt, days H R H
1, R=H, R' = CH,CHC(CH), la-Te 1 29.2n
2, R= OCHj, R' =CH,CHC(CHa), 2a-2f
3,R= OCH,, R = H 3a
Entry R R’ Ry Rz Products Solvent Time (day) Yield (%
| " b - . THF 5 39
ren - a
Y A DCE 3 49
, " b O N THF 4 44
ren -
Y Ny DCE 3 90
i THF 3 31
3 H  Prenyl H @W le
NH DCE - -
F THF 3 15
4 H  Prenyl H @T 1d
NH DCE 3 42
Br THF 5 47
5 H  Prenyl H @w 1e/1f
NH DCE 3 64/17
6 OCH;  Prenyl T 2 THE > 6
ren - a
’ Y At DCE 4 51
7 OCH;  Prenyl O 2b THE 8 21
3 ren -
Y Ny DCE 5 39
8 OCH; Prenyl H - 2¢/2 THE ! 15
ren @\ c
’ Y N & DCE 4 34/9
F THF 4 13
9  OCH: Prenyl H @w 2d/2h
NH DCE 4 30/15
Br THF 5 35
10 OCH; Prenyl H \©V“T” 2e
NH DCE 3 86
e THF 10 25
11 OCH; Prenyl - 2f
Ny DCE - -
12 OCH H T 3 THE ’ !
3 - P N a
e DCE ; ;

Dashes represent as Not applicable, THF = Dried-tetrahydrofuran, DCE = Dried-dichloroethane

292 |Page



Reactions performed in DCE required shorter times and produced higher yields (3-5
days, 34-90%) compared to those performed in THF (3-10 day, 13-51%), and these were in
agreement with previous reports [30]. It was also observed that in the reactions in DCE with
primary amines the imine intermediates could be isolated as compounds 1f, 2g, and 2h in
17,9, and 15 % yields, respectively (entry 5, 8, and 9).

All the compounds structures were confirmed by one- and two-dimensional NMR
and high-resolution mass spectrometry. The chemical shift of protons and carbons of 1, 2,
and 3 were in accordance to literature [31-33]. The analysis of (+) HRMS-ESI, 'H, 3C NMR,
HSQC, HMBC, and X-ray crystallographic data (in case of compound 1b) revealed the
successful of the reductive amination to produce amine derivatives. Compounds 1a-1f and
2e-2h derived from 1 and 2, showed the signals of protons H-1" as doubles (d) with 0 values
c.a 3.50 - 3.68 ppm while the signals of protons H-3’ appeared as singlets with ¢ values c.a
3.74 — 3.83 ppm (compounds 1a-1e and 2e-2e) or c.a 8.47 — 8.55 ppm (compounds 1f, 2g,
and 2h). The proton H-4 signals always appeared as singlets with ¢ values c.a 7.38 - 7.53
ppm while the chemical shifts of protons of one of the methyl group of prenyl showed as
singlets c.a 1.90 ppm while another methyl signals appeared as a narrow doubles c.a 1.76
ppm due to the correlation to H-1”. Amino carbazoles derived from 1, compound 1¢, 1d, 1e,
and compounds derived from 2, compound 2¢, 2d, and 2e, presenting secondary amine
moieties showed signals of protons H-5 as singlets with J values c.a 4.14 and 4.05 ppm,
respectively (see in experimental section). The key protons of amine derivatives 1a-1f and
2e-2h obtained from substrate 1 and 2 are summarized in Fig. 2. For compounds derived
from 1, the signals of protons H-5, appeared as doublets with ¢ values c.a 7.89-7.90 ppm,
H-6 were doublet-doublet-doublets with ¢ values c.a 7.15-7.16 ppm, protons H-7 were
doublet-doublets with ¢ values c.a 7.28-7.31 ppm, and proton H-8 signals were doublets
with o0 values c.a 7.36-7.38 ppm, respectively. For compounds of series 2 and 3, having a

methoxy group at position 7, the signal of protons H-6 appeared as doublet-doublets with &
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values c.a 6.71-6.78 ppm, and proton H-8 signals appeared as doublets with 0 values c.a

6.82-6.88 ppm, respectively.

3.81-3.83

1.76-1.78

1a-1f

7.51-7.53 3 N

1.89-1.90

3.74-3.83
S /R1
7.38-7.44 3 N
Ra
6.71-6.78 OH
dd

6.82-6.88 7-77-7.84

3.74-3.88 .

S

2a-2h 2

Fig. 2: Key protons for compounds 1a-1f and 2a-2h.

Compound 1b was obtained as a crystal from the mixture of methanol and ethyl

acetate. The X-ray crystallographic data of compound 1b and the analyses of HSQC and

HMBC for correlation of compound 1b are presented in Fig. 3. The Ortep diagram

confirmed the structure of 1b. The key proton H-4 showed correlations with C-3°, C-2, and

C-9a while the H-5 showed correlations with C-7 and C-8a. The proton of the indole group

H-9 showed correlations with C-8 and C-9a while proton H-3’ showed correlations with C-

4’, C-2, and C-4, respectively.
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Fig. 3: Ortep view of compound 1b and its key HMBC correlations.

3.2. Identification of amino carbazoles as potential p53 activators using a yeast-based screening

assay

Compounds containing carbazole core have been identified and tested against a
certain mutation of p53 and showed to stabilize T-p53c-Y220C [26]. In this work, to
identify small molecules of amino carbazoles that could restore the p53 pathway signalling,
four amino carbazoles derived from heptaphylline (1) were preliminary tested for their
ability to reactivate mutant p53, using a previously developed yeast-based screening assay
[34]. In the yeast assay used in this work, the human expressing mutant p53 as R2080K,
Y220C, G245D, and R273H are investigated with fixed concentration of 10 uM of the tested
compounds 1a-1d. Only compound 1d showed no effect on the induced-growth of yeast
expressing all tested mutant p53 while others could inhibit the induced-growth of some yeast
expressing mutant p53 (Table 2). These preliminary results indicated that amino carbazoles

could be considered to study their restoring capacity of the protein p53.
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Table 2: Effect of heptaphylline derivatives 1a-1d (10 uM) on the growth of yeast

expressing hotspot mutant p53 forms.

Mutant p53 1a 1b 1c 1d
R280K - 21.1+54 - -
Y220C 333+6.2 - 21.3+£3.2 -
G245D - 554+9.5 - -
R273H 33.2+6.6 - - -

Results correspond to the percentage of wild-type p53-induced growth inhibition restored by compounds in
yeast expressing mutant p53. Data are mean £ SEM of 4 independent experiments. Dashes represent no

significant effect observed.

3.3.  Indolocarbazoles exhibit a p53-dependent tumor growth-inhibitory effect

The tumor cell growth-inhibitory potential of amino carbazoles and contribution of
the p53 pathway to their activity were thereafter ascertained using human colon
adenocarcinoma HCT116 cell lines with wild p53 (HCT116wt) and its p53-null isogenic
derivative (HCT116 p537), p53-null lung (NCI-H1299null), wild p53 fibroblast (HFFwt),
and mutant p53 types like HT-29-R273H, Huh-7-Y220, SW837-R248W, MDA-MB-468-
R273R, and A375 cell lines. All naturally-occurring carbazoles 1-3 showed good inhibitory
effect while their amino carbazoles 1a-1e, 2b-2e and 3a showed moderate inhibitory effects
(ICso range between 4.5 to > 50 uM) in all tested cell lines (Table 3) in which heptaphylline
(1) is the most promising with 1Cso values range from 3.3 to 7.20 uM. Moreover, the 1Cso
values obtained for naturally-occurring carbazoles, compounds 1, 2, 3, and their amino
carbazoles la-le, 2a, 2¢-2e and 3a on HCT116wt and mutant type Hub-7-Y220C and
SW837-R248W revealed that natural-occurring carbazoles showed better inhibitory effects

compared to their indolocarbazoles derivatives.
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Table 3: The ICso concentrations of 1, 2, 3, and amino carbazoles 1a-1e and 2a-2e on

human cancer cell lines.

Cell HCT116 H1299 HFF HT-29 Huh-7 SW837 MDA-
HCT116 -/- MB-468 A375
line (wt) (null) (wt) (R273H) (Y220C) (R248W)
(R273H)
1 4.33+048 - 8.9 16 14 6.10 £ 0.30 7.20 £ 0.40 <3.13
2 8.76 £0.72 - - - - 2150+05  30.50 £2.50
3 5.74 £0.95 - - - - 6.30£2.20 6.10+£1.20
1a > 50 - - - >50 - - >50
1b  18.09+0.88 - 21 - 18 > 50 23.00 + 3.00 16
1c 2258 +4.46 - - - - 3050+£0.50  29.00 +£2.00
1d  1151+0.31 - 41 - 18 28.50+0.50  26.00 £2.00 45
1e  3057+281 27.00+3.00 - - - >50 23.00 + 1.00 - 38.23+1.89
1f - - - -
2a - - - -
2b 944+0.72 1243173 - - - >50 >50 - 5.83+0.34
2c 2500+1.78 29.00+2.65 - - - 45.00 + 3.00 >50 - 30.67 + 3.67
2d  27.00+4.36 41.00+1.00 - - - 33.5+£550 37.5+0.50 - 38.33£3.18
2¢  16.11+354 2227+2.96 - - - 23.00+3.00 10.75+1.25 - 27.77 £3.03
2f - - - -
29 - - - -
2h - - - -
3a  2225+095 24.00+1.15 - - - 1550 £3.50  18.00 +0.00 - 29.67 £ 1.76

Data are mean = SEM of 3 independent experiments. Dashes represent no significant effect observed or
undetected.

owever, compounds 1d showed selective inhibitory effects in breast cancer
expressing mutant p53 (MDA-MB-648-R273H) and, while compound and 2b showed
inhibitory on melanoma expressing wild type p53 (A375) cell lines with ICso values of 4.5
and 5.83 uM, respectively. In addition, compound 2e inhibited rectum cancer cell line
expressing mutant p53 (SW837-R248W) three time stronger than the parent compound 2

with ICso value of 10.75 uM.

297 |Page



3. Conclusions

Amino carbazoles derived from carbazoles natural 1-3 products were successfully
synthesized and evaluated on reactivate p53 models. The natural derivatives 1-3 were active
in the investigated cell lines while the amino-derivatives showed activity only in some
mutant p53 cell lines. This result revealed a modest antitumor activity and no selectivity to
the p53 pathway, in human tumor cells for the natural products 1-3. Despite this, the results
obtained indicate that the amino carbazole semisynthetic derivatives may represent a
promising starting point to search for new mutp53-reactivating agents with promising

application in cancer therapy.

4. Materials and methods

4.1. Isolation

The root bark of Clausena harmandiana was collected in Roi Et Province, Thailand,
in June 2016. The plant was identified voucher specimen (KKU No. 21145; Teerapat
Bootchan 67) and deposited at Faculty of Sciences, Khon Kaen University, Khon Kaen,
Thailand. The root barks (2.29 kg) were air-dried, ground and sequentially extracted at room
temperature for overnight with dichloromethane (4 times). The extracts were evaporated in
vacuo to obtain crude dichloromethane (140 g). The crude CH>Cl> was isolated by open
column chromatography on silica gel 60 and subsequently eluted with a gradient of n-hexane
and ethyl acetate (EtOAc) to give 1 (310 mg; 1.4 X107 of dry weight), 2 (340 mg; 1.5 x107
of dry weight), and 3 (170 mg; 0.7 x10 of dry weight). All isolated compounds were
structurally elucidated by comparison with the authentic samples, which were identical in all

respects.
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4.2 General synthesis of the amino carbazole derivatives of heptaphylline (1), 7-

methoxyheptaphylline (2), and 7-methoxymukonal (3)

Naturally carbazole alkaloid heptaphylline (1, 40 mg, 0.132 mmol) or 7-
methoxyheptaphylline (2, 41 mg, 0.132 mmol) or 7-methoxymukonal (3, 32 mg, 0.132
mmol) and the amine precursors N, N, N-trimethyl-1,3-propanediamine (0.52 mL, 3.5 mmol,
27 equiv.) for compounds 1a, 2a, and 3a, or piperidine ( 0.1 mL, 3.5 mmol, 27 equiv.) for
compounds 1b and 2b, or 4-chlorobenzylamine (0.081 mL, 0.66 mmol, 5 equiv.) for
compounds 1c¢ and 2¢, or 4-fluorobenzylamine (0.075 mL, 0.66 mmol, 5 equiv.) for
compounds 1d and 2d, or 4-bromobenzylamine (0.083 mL, 0.66 mmol, 5 equiv.) for
compounds le and 2e, or 1,2,3,4-tetrahydroisoquinoline (28 mg, 0.184 mmol, 1.4 equiv.) for
compound 2f, were dissolved in dried THF or DCE and added to the reaction mixture the
STAB (84.8 mg, 0.36 mmol, 3 equiv.). After adding the acetic acid (8.2 pL, 0.132 mmol,
lequiv.), the mixture was stirred at r.t under N2 no longer than 14 days. For monitoring the
synthesis of amino carbazole derivatives by TLC, two chromatographic systems were used:
n-hexane:EtOAc 7:3 and CHCls:Acetone: TEA 100:0.1 for amine. The crude product
obtained from the reactions was subjected to different work-up strategies. After reaction of
compounds 1a-1b, 2a-2b, 2f, and 3a the crudes were extracted with CHCI3 (3 x 50 mL), then
solid phase extraction (SPE) through cation exchange cartridge Discovery® DSC-SCX using
1% NH3 in CH30H. The basic fractions were purified on flash column using n-
hexane:EtOAc 7:3. For compounds 1¢-1e and 2¢-2e, after reaction, the crudes extracts were
treated with 5% of NaOH in CHCl; (3 x 50 mL) to remove excess STAB, the organic phases

were treated with SM HCI in CHCI; to remove excess amines. Then, the aqueous phases
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were treated with 20% of NaOH in CHCls. The combination of organic phases was subjected
to SPE through cation exchange cartridge Discovery® DSC-SCX using 1% NHj3 in CH30H.

The basic fractions were purified on flash column using n-hexane:EtOAc 7:3.

3-(((3-(Dimethylamino)propyl)(methyl)amino)methyl)-1-
(3-methylbut-2-en-1-yl)-9H-carbazol-2-0l (la). 25.2 mg;
49%,; greenish yellow solid; mp:100-101.3 IR (KBr) viax

cm™': 3319, 2924, 1632, 1439, 1374, 1205, 740; '"H NMR

(CDCls, 300 MHz) 5: 7.92 (1H, br, NH), 7.89 (1H, d, J=7.8

Hz, H-5), 7.53 (1H, s, H-4), 7.37 ( 1H, d, J = 7.9 Hz, H-8), 7.28 (1H, ddd, J = 8.5, 7.0, 1.7
Hz, H-7), 7.15 (1H, dt, J = 7.5, 1.1 Hz, H-6), 5.36 (1H, ddd, J = 6.8, 5.4 and 1.4 Hz, H-17),
3.84 (2H, s, H-3"), 3.64 (2H, d, J= 6.7 Hz, H-1°), 2.56 (2H, t, ] = 7.5 Hz, H-4"), 2.33 3L, s,
H-4"), 2.36 (2H, t, J = 7.5 Hz, H-6"), 2.23 (6H, s, H-6”), 1.90 (3H, s, H-2”), 1.79 (2H, q , J
= 7.3 Hz, H-5"), 1.76 (3H, d, J = 1.2 Hz, H-3”); 13C NMR ( CDCls, 75 MHz): 154.1 (C-2),
140.0 (C-8a), 139.4 (C-9a), 132.9 (C-2°), 124.0 (C-7), 123.8 (C-5a), 122.7 (C-17), 119.3 (C-
6), 119.1 (C-5), 117.6 (C-4), 115.4 (C-4a), 115.3 (C-3), 110.4 (C-8), 109.3 (C-1), 62.3 (C-
3%), 57.4 (C-6"), 54.8 (C-4), 45.3 (C-6""), 41.1 (C-4”), 25.8 (C-3""), 25.0 (C-5"), 18.1 (C-

2,,).
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1-(3-Methylbut-2-en-1-yl)-3-(piperidin-1-ylmethyl)-9H-
carbazol-2-0l (1b). 39.2 mg; 90%; greenish yellow oil;

mp:155.0-155.7°C; IR (KBr) vmax cm™:3425, 2923, 1633, 1438,

1374, 1222, 741; '"H NMR (CDCl3, 300 MHz) &: 7.90 (1H, br,

NH),7.89 (1H, d, J= 7.7 Hz, H-5), 7.51 (1H, s, H-4), 7.36 ( 1H,
d,J=7.9 Hz, H-8), 7.29 (1H, ddd, J = 8.0, 6.8, 1.1 Hz, H-7), 7.15 (1H, dd, J= 7.1, 1.1 Hz,
H-6), 5.37 (1H, ddd, J= 6.8, 5.1 and 1.3 Hz, H-1"), 3.81 (2H, s, H-3"), 3.65 2H, d, /= 6.8
Hz, H-1°), 2.55 (4H, m,H-4),1.90 (3H, s, H-2""), 1.76 (3H, d, J = 1.2 Hz, H-3"),1.65 (4H,
m, H-5"), 1.51 (2H, m, H-6"); '*C NMR (CDCls, 75 MHz): 154.3 (C-2), 140.0 (C-8a), 139.3
(C-9a), 132.9 (C-2°), 124.0 (C-7),123.9 (C-5a), 122.7 (C-1”), 119.2 (C-6),119.0 (C-5), 117.6
(C-4), 117.6 (C-3), 115.3 (C-4a), 115.0 (C-1), 110.3 (C-8), 62.8 (C-3°), 53.7 (C-4°), 25.8 (C-
5%), 25.7 (C-2""), 24.1 (C-6°), 23.8 (C-1°), 18.1 (C-3>*); HRMS-ESI m/z 349.2270 (M + H)"

(calculated for C23H28N20, 349.2280).

3-(((4-Chlorobenzyl)amino)methyl)-1-(3-methylbut-2-en-1-
y)-9H-carbazol-2-0l (Ic). 21.1 mg; 49 %; greenish yellow
solid; mp:98.3-99.6°C; IR (KBr) vimar cm™: 3420,2917, 1635,

1463, 1378, 729, 668; 'H NMR (CDCls, 300 MHz) 8: 7.93 (1H,

br, NH), 7.89 (1H, d, J = 7.8 Hz, H-5), 7.55 (1H, s, H-4), 7.38

(1H, d, J=7.8 Hz, H-8), 7.34-7.29 (2H, m, H-6"), 7.28 (1H, ddd, J = 7.6, 5.1, and 3.4 Hz,
H-7), 7.16 (1H, ddd, J = 9.1, 6.8 and 1.2 Hz, H-6), 7.10-6.99 (2H, m, H-7"), 5.36 (1H, ddd,
J=68,4.1and 1.4 Hz, H-17), 4.14 (2H, s, H-3"), 3.84 (2H, s, H-5"), 3.66 (2H, d, J = 6.7
Hz, H-1"), 1.91 (3H, s H-2"), 1.76 (3H, d, J = 1.2 Hz, H-3"); '*C NMR (CDCls, 75 MHz):

154.1 (C-2), 140.1 (C-9a), 139.4 (C-8a), 134.1 (C-6),133.0 (C-2), 130.1 (C-6”), 130.0 (C-
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8°), 124.1 (C-7), 124.0 (C-5a),123.9 (C-2”), 122.5 (C-17), 119.3 (C-6), 119.1 (C-5), 117.7
(C-4), 115.6 (C-4a), 115.4 (C-77), 115.2 (C-3), 110.4 (C-8), 109.8 (C-1), 52.5 (C-3°), 51.8
(C-5%),23.9(C-1),25.8 (C-2”), 18.1 (C-3”); HRMS-ESI m/z 405.1782 (M + H)" (calculated

for CosH2sN2ClO, 405.1733).

3-(((4-Fluorobenzyl)amino)methyl)-1-(3-methylbut-2-en-1-
yl)-9H-carbazol-2-0l (1d). 38.5 mg; 42 %,; greenish yellow
solid; mp:96.1-96.5°C; IR (KBr) vma cm™': 3421, 2923, 1633,

1438, 1375, 1222, 741; 'TH NMR (CDCls, 300 MHz) &: 7.92 (1H,

br, NH), 7.89 (1H, d, J = 7.5 Hz, H-5), 7.55 (1H, s, H-4), 7.36 (

1H, d, J = 7.5 Hz, H-8), 7.31 (2H, m, H-6”), 7.30 (1H, ddd, J= 8.5, 7.0, 1.7 Hz, H-7), 7.18
(2H, dt, J= 8.5 2.5 Hz, H-7""), 7.14 (1H, ddd, J = 8.5, 7.0,1.1 Hz, H-6), 5.36 (1H, ddd, J =
6.9, 4.6, and 1.5 H-1"), 4.14 (2H, s, H-3"), 3.84 (2H, s, H-5"), 3.66 (2H, d, J= 6.7 Hz, H-1"),
1.91 3H, d, J=0.6 Hz, H-2""), 1.77 (3H, d, J = 1.2 Hz, H-3"); *C NMR (CDCls, 75 MHz)
160.5 (C-7"), 154.3 (C-2), 140.2 (C-9a), 139.4 (C-8a), 136.9 (C-6"), 133.1 (C-2°), 130.1 (C-
6), 124.1 (C-7),122.6 (C-17), 119.7 (C-6), 119.6 (C-5), 117.8 (C-4), 115.9 (C-3), 115.8 (C-
4a), 115.7 (C-5a), 115.5 (C-7), 109.6 (C-1), 110.3 (C-8), 52.4 (C-3"), 51.8 (C-5°), 23.7 (C-
1%), 25.8 (C-2”), 18.1 (C-3”); HRMS-ESI m/z 389.2023 (M + H)" (calculated for

C25H2sN2FO, 389.2062).

3-(((4-Bromobenzyl)amino)methyl)-1-(3-methylbut-2-en-1-
yl)-9H-carbazol-2-0l (le). 41.33 mg; 64 %; greenish yellow
solid; mp:145.6-146.4C; IR (KBr) vimar cm™': 3319, 2924, 1632,

1439, 1374, 1205, 740, ; '"H NMR (CDCls, 300 MHz) §: 7.92

(1H, br, NH), 7.90 (1H, d, J = 7.9 Hz, H-5), 7.55 (1H, s, H-4),
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7.49 (2H, m, H-77), 7.38 (1H, d, J = 8.0 Hz, H-8), 7.31 (1H, ddd, J = 8.3, 7.5, 1.2, H-7), 7.21
(2H, dt, J=8.5 2.5 Hz, H-6""), 7.16 (1H, ddd, J = 8.5, 7.0,1.1 Hz, H-6), 5.36 (1H, m, H-1"),
4.14 (2H, s, H-3"), 3.83 (2H, s, H-5), 3.66 (2H, d, J = 6.8 Hz, H-1°), 1.91 (3H, s, H-2"),
1.77 (3H, d,J = 1.1 Hz, H-3"); '*C NMR (CDCls, 75 MHz) 153.7 (C-2), 140.2 (C-9a), 139.4
(C-8a), 138.9 (C-6"), 133.1 (C-2°), 131.8 (C-77), 130.4 (C-6”), 124.5 (C-7), 123.6 (C-5a),
122.5 (C-17), 121.5 (C-7°), 119.5 (C-6), 119.3 (C-5), 117.9 (C-4), 115.7 (C-3), 115.3 (C-4a),

109.8 (C-1), 110.6 (C-8), 52.5 (C-3"), 51.7 (C-5°), 23.6 (C-1°), 25.8 (C-2”), 18.1 (C-3").

(E)-3-(((4-bromobenzyl)imino)methyl)-1-(3-methylbut-2-en-1-
y)-9H-carbazol-2-0l (I1f) 11.2 mg; 17.48 %; orange solid; mp:
168.6-170.0; IR (KBr) vimax cm™:3422, 2962, 2916, 2848, 1624,

1486, 1328, 1235, 1100, and 798; 'H NMR (CDCls, 300 MHz)

§: 8.49 (s, 1H, H-3"),7.98 (1H, br, NH), 7.88 (dd, 1H, J = 13.3

and 7.8 Hz, H-5), 7.74 (s, 1H, H-4), 7.45-7.37 (2H, m, C-6), 7.31 (ddd, 2H, J 10.2, 6.4 and
1.0 Hz, H-6 and H-7), 7.23 (d, 1H, J 9.7 Hz, H-8), 7.18-6.13 (m, 2H, H-6), 5.27 (1H, m, H-
1), 4.69 (2H, s, H-4"), 3.59 (2H, d, J= 6.7 Hz, H-1"), 1.83 (3H, s, H-2”), 1.70 (d, 3H, J 0.6
Hz, H-3”); '*C NMR (CDCls, 75 MHz): 166.5 (C-3"), 157.5 (C-2), 140.2 (C-9a), 139.9 (C-
8a), 133.6 (C-2), 131.7 (C-2°), 129.5 (C-6”), 125.9 (C-4a), 125.3 (C-7), 125.0 (C-5a), 122.2
(C-4), 122.0 (C-17), 121.3 (C-7"), 120.1 (C-6) 119.5 (C-5), 110.6 (C-8), 109.1 (C-1), 62.30

(C-4%), 25.8 (C-27), 23.4 (C-1°), 18.16 (C-3”).
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3-(((3-(Dimethylamino)propyl) (methyl)amino)methyl)-7-
methoxy-1-(3-methylbut-2-en-1-yl)-9H-carbazol-2-o0l (2a)
27.1 mg; 51.17 %; greenish yellow solid; mp: 162.7-

163.8°C; IR (KBr) vimar cm™: 3319, 2924, 1632, 1439, 1374,

1205, 740; 'H NMR (CDCl3, 300 MHz) &: 7.84 (1H, br,

NH), 7.74 (1H, d, J = 8.5 Hz, H-5), 7.42 (1H, s, H-4), 6.88
(1H, d, J=2.1 Hz, H-8), 6.78 (1H, dd, J = 8.5, 2.3 Hz, H-6), 5.35 (1H, m, H-1), 3.88 (3H,
s, H-7°), 3.82 (2H, s, H-3"), 3.62 (2H, d, J = 6.7 Hz, H-1"), 2.56 (2H, t, ] = 7.3 Hz, H-4"),
2.42 (2H,t,J=17.5 Hz, H-6"), 2.32 (9H, s, H-4"’ and 6”), 1.89 (3H, s, H-2”), 1.82 (2H, t, ] =
7.5 Hz, H-5"), 1.76 (3H, d, J = 1.1 Hz, H-3”); 3C NMR ( CDCls, 75 MHz) 157.9 (C-7),
153.1 (C-2), 140.6 (C-8a), 139.9 (C-9a),132.9 (C-2°), 122.7 (C-1"), 119.7 (C-5), 117.9 (C-
5a), 116.9 (C-4), 115.6 (C-4a), 115.1 (C-3), 109.4 (C-1), 107.7 (C-6), 95.0 (C-8), 62.3 (C-
3%), 57.1 (C-6"), 55.7 (C-4"), 44.8 (C-6"), 41.1 (C-4""), 25.9 (C-3""), 24.2 (C-5"), 18.1 (C-

27’)'

7-Methoxy-1-(3-methylbut-2-en-1-yl)-3-(piperidin-1-
yimethyl)-9H-carbazol-2-0l (2b). 31.2 mg; 39.1 %;
greenish yellow oil; mp: 157.8-159.4C; IR (KBr) vima cm’

1:3397, 2919, 1652, 1449, 1361, 1035, 817, 784; 'H NMR

(CDCls, 300 MHz) &: 7.84 (1H, br, NH), 7.74 (1H, d, J =

8.5 Hz, H-5), 7.41 (1H, s, H-4), 7.88 ( 1H, d, J=2.2 Hz, H-
8), 6.77 (1H, dd, J = 8.5, 2.2 Hz, H-6), 5.56 (1H, m, H-17), 3.88 (3H, s, H-7"), 3.79 (2H, s,
H-3), 3.63 (2H, d, J = 6.7 Hz, H-1°), 2.63 (4H, m,H-4"),1.90 (3H, s, H-2""), 1.76 3H, d, J

= 1.2 Hz, H-3"),1.65 (4H, m, H-5"), 1.48 (2H, m, H-6"); 13C NMR ( CDCls, 75 MHz): 157.8
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(C-7), 153.4 (C-2), 140.5 (C-8a), 139.9 (C-9a), 132.9 (C-2°), 122.8 (C-1"), 119.7 (C-5),
117.9 (C-5), 116.9 (C-4), 115.5 (C-4a), 114.8 (C-1), 107.6 (C-6), 94.9 (C-8), 62.8 (C-3°),

53.7 (C-4), 25.8 (C-5°), 25.7 (C-2"), 24.1 (C-6"), 23.8 (C-1°), 18.1 (C-3"").

3-(((4-Chlorobenzyl)amino)methyl)-7-methoxy-1-(3-
methylbut-2-en-1-yl)-9H-carbazol-2-0l (2¢). 19.3 mg; 34
%; greenish yellow oil; mp: 109.8-110.2 C; IR (KBT) vinax

cm:3318, 2917, 1617, 1492, 1361, 1016, 801, 669; 'H

NMR (CDCls, 300 MHz) &: 7.78 (1H, br, NH), 7.75 (1H,

d, J = 8.5 Hz, H-5), 7.44 (1H, s, H-4), 7.32 (dt, 2H, J = 9.4, 3.0Hz, H-6"),7.26 (m, 2H, H-
7”), 6.89 ( 1H, d, J=2.1 Hz, H-8), 6.78 (1H, dd, J = 8.5, 2.2 Hz, H-6), 5.35 (1H, m, H-1"),
4.12 (2H, s, H-3), 3.88 (3H, s, H-7°), 3.82 (2H, s, H-5"), 3.64 (2H, d, /= 6.7 Hz, H-1"), 1.90
(3H, s, H-2), 1.76 (3H, d, J = 1.1 Hz, H-3”); '3C NMR (CDCls, 75 MHz): 157.9 (C-7),
153.2 (C-2), 140.5 (C-8a), 140.0 (C-9a), 137.1 (C-6), 133.3 (C-8°),133.0 (C-2"), 129.8 (C-
6”), 128.8 (C-77), 122.6 (C-1’), 119.8 (C-5), 117.9 (C-5a), 116.9 (C-4), 115.7 (C-3), 115.5
(C-4a), 109.8 (C-1), 107.6 (C-6), 95.0 (C-8), 52.7 (C-3"), 51.8 (C-5"), 23.9 (C-1"), 25.8 (C-

2”), 18.1 (C-3").

3-(((4-Fluorobenzyl)amino)methyl)-7-methoxy-1-(3-
methylbut-2-en-1-yl)-9H-carbazol-2-0l (2d) 16.1 mg; 30
%; greenish yellow oil; mp:94.2-95.1C; IR (KBr) viax

cm': 3418, 2923, 1620, 1456, 1377, 1077, 1225, 803; 'H

NMR (CDCls, 300 MHz) §: 7.84 (1H, br, NH), 7.75 (1H,

d, J= 8.5 Hz, H-5), 7.45 (1H, s, H-4), 7.30 (dt, 2H, J = 9.4, 3.0Hz, H-6"), 7.03 (2H, m, H-

77), 6.89 ( 1H, d, J = 2.2 Hz, H-8), 6.78 (1H, dd, J = 8.5, 2.2 Hz, H-6), 5.29 (1H, m, H-17),

305|Page



4.12 (2H, s, H-3"), 3.88 (3H, s, H-7"), 3.83 (2H, s, H-5"), 3.75 (s, 1H, NH), 3.64 (2H, d, J =
6.7 Hz, H-1"),1.90 (3H, s, H-2"*), 1.76 (3H, d, J= 1.1 Hz, H-3"); 3C NMR (CDCls, 75 MHz):
160.7 (C-8°),157.9 (C-7), 153.2 (C-2), 140.6 (C-8a), 140.0 (C-9a), 134.4 (C-6), 132.9 (C-
2), 130.0 (C-6""), 122.5 (C-17), 119.7 (C-5), 117.9 (C-5a), 116.9 (C-4), 115.7 (C-4a), 115.4
(C-7°"), 115.1 (C-3), 109.8 (C-1), 107.7 (C-6), 95.0 (C-8), 55.7 (C-7°), 52.6 (C-3°), 51.8 (C-

5),25.8 (C-2""), 23.8 (C-1), 18.1 (C-3"").

3-(((4-Bromobenzyl)amino)methyl)-7-methoxy-1-(3-
methylbut-2-en-1-yl)-9H-carbazol-2-0l (2e) 53.7 mg;
86.47 %; greenish yellow oil; mp:117.1-118.4; IR (KBr)

Vmar cm:3445, 2919, 1652, 1449, 1361, 801, 669; 'H

NMR (CDCls, 300 MHz) §: 7.85 (1H, br, NH), 7.75 (1H,

d, J= 8.5 Hz, H-5), 7.48 (2H, m C-6"), 7.44 (1H, s, H-4), 7.21 (dd, 2H, ] = 8.5, 2.5 Hz, H-
6”), 6.89 ( 1H, d, J=2.2 Hz, H-8), 6.78 (1H, dd, J = 8.5, 2.3 Hz, H-6), 5.35 (1H, m, H-1"),
4.11 (2H, s, H-3"), 3.88 (3H, s, H-7"), 3.81 (2H, s, H-5"), 3.65 (2H, d, J= 6.7 Hz, H-1"), 1.90
(3H, s, H-2), 1.76 (3H, d, J = 1.1 Hz, H-3”); 3C NMR (CDCls, 75 MHz): 157.9 (C-7),
153.2 (C-2), 140.6 (C-8a), 140.0 (C-9a), 137.5 (C-6"), 132.9 (C-2°), 131.8 (C-6"), 130.1 (C-
77), 122.6 (C-17), 121.4 (C-8), 119.7 (C-5), 117.8 (C-5a), 116.9 (C-4), 115.7 (C-4a), 115.3
(C-3), 109.8 (C-1), 107.8 (C-6), 95.0 (C-8), 55.7 (C-7°), 52.6 (C-3°), 51.8 (C-5"), 25.8 (C-

2”),23.8 (C-17), 18.1 (C-3").
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I 3-((5-Amino-3,4-dihydroisoquinolin-2(1H)-yl)methyl)-
Nt 7-methoxy-1-(3-methylbut-2-en-1-yl)-9H-carbazol-2-ol
(2f). 18.8 mg 25.22%; orange solid; mp: 220-221°C; IR

(KBr) vimar cm™': 3378, 2927, 1617, 1257, 1466, and 1344;

'H NMR (CDCls, 300 MHz) $:7.86 (1H, br, NH), 7.76

(1H, d, ] = 8.5 Hz, H-5), 7.49 (1H, s, H-4), 7.69 (1H, dd, J = 8.9 and 6.6 Hz, H-11"), 6.89
(1H, d, J = 2.2 Hz, H-8), 6.79 (1H, dd, J = 8.5 and 2.2 Hz, H-6), 6.57 (1H, d, ] = 7.5 Hz, H-
12°), 6.47 (1H, d, J="7.5 Hz, H-10), 5.35 (1H, ddd, J = 6.8, 5.4 and 1.4 Hz, H-1), 4.00 (2H,
s, H-3%), 3.89 3H, s, H-7), 3.57 (2H, s, H-6"), 3.60 (2H, d, J = 6.8 Hz, H-1"), 2.89 (2H, t, J
= 6.0Hz, H-5"), 2.61 (2H, t ] = 7.7Hz, H-4"), 1.88 (3H, s, H-2"), 1.75 (2H, d ] = 1.1 Hz, H-
3”); 13C NMR (CDCls, 75 MHz): 157.8 (C-7), 154.1 (C-2), 144.1 (C-9°), 140.7(C-8a), 139.8
(C-9a), 136.3 (C-7°),133.0 (C-2°), 126.4 (C-11°), 122.5 (C-1°), 119.8 (C-5), 119.5 (C-8"),
117.8 (C-5a), 117.5 (C-4), 117.1 (C-12°), 115.7 (C-4a), 115.4 (C-3), 112.7 (C-10"), 109.6
(C-1), 107.6 (C-6), 95.1 (C-8), 56.7 (C-6"), 55.4 (C-77), 52.8 (C-3), 51.0 (C-4"), 25.7 (C-

2”),24.9 (C-5°), 23.9 (C-1°), 18.1 (C-3”).

. (E)-3-(((4-chlorobenzyl)imino)methyl)-1-(3-methylbut-2-
o en-1-yl)-9H-carbazol-2-ol (2g). 5.2 mg; 9.29 %; orange
solid; mp:124.8-126.1; IR (KBr) viar cm™:3423, 2962, 2919,

2850, 1617, 1435, 1319, 1090, and 800; '"H NMR (CDCls,

300 MHz) &: 8.55 (s, 1H, H-3"),7.94 (1H, br, NH), 7.79 (1H,

d, J = 8.5 Hz, H-5), 7.70 (s, 1H, H-4), 7.37-7.23 (2H, m, C-6"), 7.10-6.98 (m, 2H, H-6"),

6.90 ( 1H, d,J=2.1 Hz, H-8), 6.82 (dd, 1H, J= 8.5, 2.3 Hz, H-6), 5.33 (1H, m, H-17), 4.78
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(2H, s, H-2°), 3.90 (3H, s, H-7"), 3.65 (2H, d, J = 6.7 Hz, H-1"), 1.90 (3H, s, H-2""), 1.76 (s,
3H, H-3”); 3C NMR (CDCls, 75 MHz): 166.5 (C-3°), 158.5 (C-7), 156.8 (C-2), 142.5 (C-
9a), 141.1 (C-8a), 137.2 (C-5), 133.5 (C-8°), 133.0 (C-2°), 129.1 (C-7°), 128.8 (C-6"), 122.1
(C-17), 121.1 (C-4), 120.6 (C-5), 117.6 (C-5a), 116.2 (C-4a), 112.9 (C-3), 109.2 (C-1), 108.2

(C-6), 95.3 (C-8), 62.2 (C-4"), 55.7 (C-77), 25.8 (C-2”), 23.4 (C-1"), 18.1 (C-3").

. (E)-3-(((4-fluorobenzyl)imino)methyl)-1-(3-methylbut-2-
o en-1-yl)-9H-carbazol-2-ol (2h). 8.0 mg; 14.86 %; orange
solid; mp:136.3-136.5; IR (KBr) v cm': 3426, 2961, 2921,

2831, 1627, 1437,1318, 1110, and 826; 'H NMR (CDCl3, 300

MHz) 5: 8.47 (s, 1H, H-3"),7.89 (1H, br, NH), 7.71 (1H, d, J

=8.5 Hz, H-5), 7.62 (s, 1H, H-4), 7.27-7.23 (2H, m, C-6"), 7.23-7.18 (m, 2H, H-6"), 6.82 (
1H, d, J=2.3 Hz, H-8), 6.75 (dd, 1H, J= 8.5, 2.2 Hz, H-6), 5.35 (1H, m, H-1"), 4.69 (2H,
s, H-2°), 3.82 (3H, s, H-7), 3.57 (2H, d, J = 6.8 Hz, H-1"), 1.82 (s, 3H, H-2""), 1.69 (3H, d,
J = 1.1 Hz, H-3”); 13C NMR (CDCls, 75 MHz): 166. 3 (C-3"), 160.2 (C-8"), 158.4 (C-7),
156.8 (C-2), 142.6 (C-9a), 141.1 (C-8a), 134.4 (C-6), 133.5 (C-2°), 129.5 (C-7),122.1 (C-
17), 121.1 (C-4), 120.1 (C-5), 117.6 (C-5a), 115.6 (C-6”), 115.3 (C-4a), 112.9 (C-3), 109.2
(C-1), 108.2 (C-6), 95.3 (C-8), 62.1 (C-3°), 55.7 (C-7”), 25.8 (C-2”), 23.4 (C-1°), 18.1 (C-

3)’)'

3-(((3-(Dimethylamino)propyl)(methyl)amino)methyl)-7-
methoxy-9H-carbazol-2-o0l (3a) 15 mg; 51.38 %; greenish

yellow solid; mp: 99-100C, IR (KBr) Ve cm™: 3319,

2924, 1632, 1439, 1374, 1205, 740; "H NMR (CDCls, 300

MHz) §: 7.99 (1H, br, H-9), 7.75 (1H, d, J = 8.5 Hz, H-5),
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7.53 (1H, s, H-4), 6.99 (1H, s, H-2), 6.87 ( 1H, d, J= 2.1 Hz, H-8), 6.83 (1H, s, H-1), 6.79
(1H, dd, J = 8.5, 2.3 Hz, H-6), 3.88 (3H, s, H-7"), 3.83 (2H, s, H-3"), 2.58 (2H, dd, J = 14.7
and 7.4 Hz, H-4"), 2.32 (3H, s, H-4”), 2.22 (6H, s, H-6"), 2.02 (2H, dd, J= 14.3 and 6.8 Hz,
H-6"), 1.76 (2H, dt J 14.7 and 7.4, H-6"); 3C NMR ( CDCls, 75 MHz) 159.1 (C-2), 157.5
(C-7) , 142.6 (C-8a), 140.9 (C-9a), 120.5 (C-5), 117.9 (C-5a), 116.9 (C-4), 115.6 (C-4a),
115.1 (C-3), 107.7 (C-6), 96.9 (C-1), 95.2 (C-8), 62.3 (C-3°), 56.7 (C-6"), 55.7 (C-4"), 44.6

(C-67), 41.5 (C-47), 24.2 (C-5").

4.3. Crystallography

A single crystal was mounted on a cryoloop using paratone. X-ray diffraction data
were collected at room temperature with a Gemini PX Ultra equipped with CuK, radiation
(L =1.54184 A). The structure was solved by direct methods using SHELXS-97 and refined
with SHELXL-97 [35]. Crystal was monoclinic, space group P21/c, cell volume 2047.89(15)
A® and unit cell dimensions a = 18.0056(9) A, b =9.3592(3) A and ¢ = 12.7126(6) A and B
= 107.074(5)° (uncertainties in parentheses). Non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were either placed at their idealized positions using
appropriate HFIX instructions in SHELXL and included in subsequent refinement cycles or
were directly found from difference Fourier maps and were refined freely with isotropic
displacement parameters. The refinement converged to R (all data) = 12.46% and wR2 (all

data) = 29.12%.

4.4 Yeast screening assay
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Saccharomyces cerevisiae cells expressing human mutp53 R280K, Y220C, G245D
or R273H (or empty vector as control) were obtained in previous works [36]. Yeast cells
expressing human wtp53 were obtained in previous work [36] and were used as positive
controls. For expression of human wtp53 or mutp53, cells (routinely grown in minimal
selective medium) were incubated in galactose selective medium with all the amino acids
required for yeast growth (50 pg/mL) except leucine as described [36], in the presence of 10
UM of amino carbazole derivatives, compounds 1a-1d, or 0.1% DMSO, for approximately
42 h (time required by control yeast incubated with DMSO to achieve 0.4 ODeoo). Yeast
growth was analyzed by colony-forming unit counts as described. Percentage of growth

inhibition was calculated considering the wtp53-induced yeast growth inhibition as 100%.

4.5 Human tumor cell lines and growths conditions

Human colon adenocarcinoma HCT116 cell lines expressing wt p53 (HCT116
p53™") and its p53-null isogenic derivative (HCT116 p53”") were provided by B. Vogelstein
(The Johns Hopkins Kimmel Cancer Center, Baltimore, MD, USA); human colon
adenocarcinoma HT-29, non-small cell lung cancer NCI-H1299, breast adenocarcinoma
MDA-MB-468, melanoma A375, and non-tumorigenic foreskin fibroblasts HFF-1 cell lines
were purchase from ATCC. Human hepatocarcinoma HuH-7 cell lines were purchase from
JCRB cell bank. Cancer cells were routinely cultured in RPMI-1640 medium with
UltraGlutamine (Lonza, VWR, Carnaxide, Portugal) supplemented with 10% fetal bovine
serum (FBS; Gibco, Alfagene, Lisboa, Portugal). HFF-1 cells were cultured in DMEM/F-12
supplemented with 10% FBS. All cells were maintained at 37°C in a humidified atmosphere
of 5% COz. Cells were routinely tested for mycoplasma infection using the MycoAlert™

PLUS mycoplasma detection kit (Lonza, VWR, Carnaxide, Portugal).
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4.6 Sulforhodamine B (SRB) assay

Human cell lines were seeded in 96-well plates at a density of 5.0x10° (HCT116,
HeLa, SISA-1, A375, HT-29, NCI-1299, MDA-MB-468, HuH-7), and 1.0x10* (HFF-1)
cells/well, for 24 h. Cells were treated with serial dilutions of compounds (ranging from 3-
150 uM), for additional 48 h. Effect on cell proliferation was measured by SRB assay, as
described [37], and ICso (concentration that causes 50% growth inhibition) values were

determined for each cell line using the GraphPad Prism software (version 6.0).
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Alkaloids are a remarkable source of scaffolds for the discovery of multidrug resistance (MDR)
modulators. The first review article (chapter 2), highlights the family of alkaloids along with others MNPs
like terpenoids, sterols, polyketides, diketopiperazines, peptides, and miscellaneous. This work was
helpful in the guidance of the scope of this thesis towards MDR and chemotherapeutics based on
alkaloids containing indole group — the quinazolinone-containing indole alkaloids and the carbazole

alkaloids.

From chapter 3, it could be concluded that fiscalin B (26) and derivatives can be synthesized
regioselectively and are moderate cell growth inhibitors without P-glycoprotein (P-gp) inhibitory effects.
In chapter 3, a library of fiscalin B (26) and their homologues was obtained to evaluate antitumor activity
and P-gp inhibitory effect (Table 1, chapter 3) namely, quinazolinone 76-83 which were synthesized
by a multi-step Mazurkiewicz-Ganesan approach (compounds 76, 79, 80, and 83) and by an one-pot
three components microwave assisted approach (compounds 77, 78, 81, and 82). These syntheses
also revealed that the bulky groups of i-Pr and i-Bu presented at C-1 failed to form syn-isomers via the
microwave method which allowed to construct only anti-isomers % and described the partial
epimerization occurring at C1 and/or C1/C4 of piperazine ring during microwave irradiation. The
stereochemistry of those enantiomers was confirmed NMR (Figure 2, Table 2 and 3, chapter 3) and
their purity was evaluated by enantioselective liquid chromatography. The compounds displayed no
effect on P-gp modulation and moderate cell growth inhibitory effect with Glso ranging from 31 to 81
MM (Table 4, chapter 3). We found that the increase of one methylene at position C-1 was associated
to the rise of the antitumor activity. Isomers having 4R configurations showed better activity compared

to 4S isomers.

Based on these results, we decided to further explore this scaffold for antitumor activity with
derivatives containing different groups at C-1 such as -CHs, -CH(CH3)C2Hs, -(CH2)2SCHj3, -indoyl, -
CH2CeH4OCH2CeHs, and-CH2CeH4OH (chapter 4). Quinazolinones 84-94 were synthesized via two
different methods previously described (Scheme 1, chapter 3 and 4). By the synthesis via microwave,
the epimerization and/or isomerization occurred, producing two pairs of diastereoisomers and four
enantiomers, in case of compounds in which at C-1 were present aromatic groups, i.e. compound 90,
and 91. Structure-activity relationship (SAR) studies for antitumor activity revealed that, the
configuration R at C-4 is important for this activity and increasing the molecular weight at C-1 improved
the activity. Among tested compounds, 84-94, a hit compound for antitumor activity was disclosed,
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compound 84, with Glso values lower than 20 uM (Table 1, chapter 4) for lung cancer NCI-H460 and

pancreatic adenocarcinoma cancer BxPC3 and PANC1 cell lines.

Some quinazolinone alkaloids displayed a moderate neuroprotective effect (chapter 4). Inspired in
fiscalin B (26) which was reported as a substance P inhibitor to NK-1 receptor (Ki = 174 uM) 67.76-78
and other derivatives such as fiscalin A (27) 67.69.71-73 fiscalin C 67.69.71-73 ‘and (-)-spiroquinazoline 202
which were also reported as substance P inhibitors, the neuroprotection potential for compounds 78,
84-94 library was accessed by a rotenone-damage human neuroblastoma cell model (Figure 2, chapter
4). Four compounds revealed more than 25% of protection (78, 84, 87, and 89), considered as
neuroprotectant agents. Compound 89, having a sulfur atom, showing the best protection (about 40%).
The 4R configuration was also found to be crucial for activity with the 4S enantiomers being inactive.

Increasing the size of the C-1 substituent decreased the neuroprotective activity (Figure 4, chapter 4).

The main conclusion from chapter 5 was that the halogenated quinazolinone alkaloids are potent
antimicrobials also in MDR strains. Inspired in neofiscalin A (28), which exhibited a potent antibacterial
activity against Staphylococcus aureus and Enterococcus faecalis (MIC = 8 uM), and cotooquinazolin
D which showed moderate antifungal activity against Candida albicans (MIC = 22.6 uM), we initially
performed the screening on sixteen non-halogenated compounds, 76-83, 86-93 for antimicrobial and
antifungal activities. None of these derivatives inhibited the growth of microorganisms. Many studies
indicated that other 2,3-disubstituted quinazolinones have valuable antimicrobial properties, and the
structure activity relationship of quinazolinone derivatives in various studies on literature have revealed
that substitutions at positions 5 and 14, existence of halogen atom at positions 9 and 11, and
substitution (mainly amine or substituted amine) at position 6 of the quinazolinone ring can improve
the antimicrobial activity. Based on these considerations, anti-isomers of the indolymethyl
pyrazinoquinazoline ring system with different groups at positions 9 and 11 as well as in the anthranilic
acid moiety were synthesized using the one-pot three component polycondensation microwave-
assisted method. Compounds 95-109, from 3,5-disubstituted anthranilic acids (Table 1, chapter 5)
were synthesized. The screening for antibacterial activity of compound 95-109 against different strains
of two Gram-positive (S. aureus ATCC 29213 and E. faecalis ATCC29212), two Gram-negative (E.coli
ATCC25922 and P. aeruginosa ATCC27853), five environmental multidrug-resistant strains (S. aureus
66/1(MRSA), S. aureus 40/61/24, E. faecalis B3/101 (VRE), E. coli SA/2, E. faecalis A5/102 (VRE)),
behaved similarly to neofiscalin A (28), none of the compounds was active against Gram-negative
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bacteria, but some compounds such as 95-100, 103-104 revealed inhibitory effects against Gram-
positive bacteria (Table 2, chapter 5). Regarding multidrug-resistant strains, compounds 99 and 100
could also inhibit the growth of S. aureus resistant strains with MIC = 8 uM. We found a hit compound,
((1S,4R)-4-((1H-indol-3-yl)methyl)-8,10-dichloro-1-isobutyl-1,2-dihydro-6H-pyrazino[2,1-

b]quinazoline-3,6(4H)-dione) (99), for antibacterial on Gram positive and MDR strains (Table 2, chapter
5). The antifungal activity of compounds 94-113 against yeast and filamentous fungi such as C.
albicans, A. fumigatus, T. rubrum, M. canis, and E. floccosum revealed compounds 99, 101, and 102
with inhibitory effects on a dermatophyte strain (T. rubrum FF55) with MIC values of 128 uM and MFC
>128 UM (Table 3, chapter 5). To better understand the influence of the stereochemistry in the
antimicrobial activity, the enantiomers of quinazolinone compounds 95, 96 and 99, which showed
better antibacterial and/or antifungal activities, were selected for semipreparative liquid
chromatography employing a tris-3,5-dimethylphenylcarbamate amylose phase, using polar organic
solvent conditions and multi injections to obtain enantiopure compounds for further evaluation. The
results revealed that no enantiomeric differences were observed for compound 95; however, the pure
enantiomer compound 99a (1S, 4R) exhibited antibacterial activity with MIC = 4 pM while its
enantiomer 99b (7R, 4S) showed no activity (Table 2, chapter 5). Comparing with the marine natural
product neofiscalin A (28), a two-fold reduction in the MIC was observed 74. These excellent and
inspiring results obtained in the present study show that simpler molecules can retain antimicrobial

activity.

Fiscalin B (26) and derivatives were characterized as antimalarial agents in chapter 6. The
quinazolinone is the basic nucleus of febrifugine (17), a secondary metabolite of the Chinese medicinal
plant Chang Shan (Dichroa febrifuga) that has been used in traditional medicine as antimalarial. This
compound inhibits the formation of hemozoin (crystal resulting from the biomineralization of heme
groups resulting from the digestion of hemoglobin in the digestive tract of the parasite during its
erythrocyte development) necessary for the maturation of the parasite in the trophozoite stage.
Febrifugine has an appreciable antimalarial effect and is easy to obtain 203; however, the adverse side
effects such as liver toxicity, preventing its clinical use 204, In chapter 6, twenty-nine synthetic
derivatives, namely 76-84, 87, 89, 91, 93-97, 99-100, 103-113 were evaluated for their antimalarial
activity using an in vitro susceptibility assay with P. falciparum 3D7 strain. Compounds 78, 79, 82, and
99 showed dose-response curves with ICsq values of 0.1, 0.15, 0.05, and 0.2 uM, respectively (Table

2, chapter 6). The results revealed that 4R is the preferable stereochemistry for this activity while
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increasing the substituent size at C-1 decreased the inhibitory effect on P. falciparum. Introducing
substituents on Ant moiety showed also a decrease in antimalarial activity. Compounds 78, 82, and 99
showed relatively low DLsg values of 1.91, 1.78, and 14.00 uM when investigating on a non-tumor cell
line, and all compounds showed S| values > 19 (Table 3, chapter 6), indicating an acceptable
therapeutic window for the development of antimalarial agents. The hemotoxicity was tested to
investigate the direct toxicity of the three hit compounds (78, 82, and 99). The percentages of hemolysis
of the three compounds were < 10 % (Figure 2, chapter 6) which considered these compounds as
nonhemolytics. However, these three compounds did not significantly inhibit the polymerization of 8-
hematic in vitro. In this study, the three candidates, 78, 82, and 99, where hypothesized by docking
studies to bind to prolyl t-RNA synthetase, which could be useful for guiding the development of new

antimalarial agents with this scaffold.

Feasible gram-scale syntheses of a synthetic fiscalin B (78) and its derivative 99 by the one-pot
microwave-assisted irradiation were reported in chapter 7. In 2005, Lui et al. developed a microwave-
assisted domino method using a three-component one-pot reaction to synthesize naturally-occurring
fiscalin B (26) via a N-protected benzoxazine-4-one as intermediate . This approach allowed, in this
thesis, an easy access to the quinazolinone scaffold. The same authors also reported a gram-scale
synthesis of (1S)-1-methyl-2,4-dihydro-1H-pyrazino[2,1-b]quinazoline-3,6-dione in a moderate yield of
53% starting from 10 mmol of anthranilic acid (Ant), N-Boc-L-alanine, and glycine methyl ester
hydrochloride 1. Herein, we were able to synthesize a synthetic fiscalin B (78) and derivative 99 in a
single step by using parallel synthesis of 5 mL reaction vials volume for 2 minutes under microwave
irradiation. As a result, we obtained 0.75 g of compound 99 (16.6%) and 1.79g (22.7%) of synthetic

fiscalin B (78). The crystalline structure of ent-fiscalin B (+)-78 was also reported in this chapter.

The main achievements of the work developed with quinazolinone derivatives in the framework

of this thesis were:

- thirty-eight quinazolinone derivatives of fiscalin B (26) and fumiquinazoline G (20)
were synthesized for the first time;

- synthetic fumiquinazoline G (84) ((7R,4R)-4-((1H-indol-3-yl)methyl)-1-methyl-1,2-
dihydro-6H-pyrazino[2,1-b]quinazoline-3,6(4H)-dione) was a potent inhibitor of the

tumor cell growth with Glso values between 7.6 to 17.3 pM;
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one quinazolinone derivative, compound 89 ((1S,4R)-4-((1H-indol-3-yl)methyl)-1-
(2-(methylthio)ethyl)-1,2-dihydro-6H-pyrazino[2,1-b]quinazo  line-3,6(4H)-dione),
showed about 40% protection in rotenone-damage human neuroblastoma cell
model;

two chlorinated quinazolinone compounds, 99 ((1S,4R)-4-((1H-indol-3-yl)methyl)-
8,10-dichloro-1-isobutyl-1,2-dihydro-6H-pyrazino[2,1-b]quina zoline-3,6(4H)-dione)
and 100 ((71S,4R)-4-((1H-indol-3-yl)methyl)-1-((S)-sec-butyl)-8,10-dichloro-1,2-
dihydro-6H-pyrazino[2,1-b]quinazoline-3,6 (4H)-dione) presented effective activity
against Staphylococcus aureus ATCC 29213 strain with MIC values of 4 ug/mL,
and against two multidrug resistant strains of S. aureus 66/1 (MRSA) and S. aureus
40/61/24 strains with MIC values of 8 pg/mL;

three halogenated quinazolinone compounds, 99, 101 ((1S,4R)-4-((1H-indol-3-
yl)methyl)-8-iodo-1-isopropyl-1,2-dihydro-6H-pyrazino[2,1-b]qui nazoline-3,6(4H)-
dione), and 102 ((1S,4R)-4-((1H-indol-3-yl)methyl)-8-bromo-1-isopropyl-1,2-
dihydro-6H-pyrazino[2,1-b]quinazoline-3,6(4H)-dione), presented antifungal effect
against T. rubrum FF5 with MIC values of 128 pg/mL;

four quinazolinone alkaloids, compounds 78 ((1S,4R)-4-((1H-indol-3-yl)methyl)-1-
isopropyl-1,2-dihydro-6H-pyrazino[2,1-b]quinazoline-3,6(4H )-dione), 79 ((1R,4R)-
4-((1H-indol-3-yl)methyl)-1-isopropyl-1,2-dihydro-6H-pyrazino[2,1-b]quinazoline-
3,6(4H)-dione), 82 ((71S,4R)-4-((1H-indol-3-yl)methyl)-1-isobutyl-1,2-dihydro-6H-
pyrazino[2,1-b]quinazoline-3,6(4 H)-dione), and 99, presented to be effective
against growth P. falciparum 3D7 strain with ICso values of 0.15, 0.1, 0.05, and 0.2
MM, respectively;

five quinazolinone alkaloids, compounds 78, 82, 95, 96, and 99, were successfully
purified using semipreparative enantioselective liquid chromatography;

gram-scale syntheses of synthetic fiscalin B (78) and compound 99 in a single step
were accomplished,;

overall SAR could be established for the library of compounds synthetized (Figure

8A) and the most important synthetic challenges could be highlighted (Figure 8B)
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Figure 8: (A) Overall SAR of quinazolinone alkaloids for antitumor, neuroprotection, antimicrobial, and
antimalarial activities. (B) Synthetic challenges in the synthesis of this library of compounds.
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The global picture of this quinazoline scaffold SAR (Figure 8) shows that compounds that
exhibited moderate to excellent effects in biological activities were the anti-isomers in which the 4R
configuration was found to be very important for all the activities; this library had no effect on P-
glycoprotein modulation (Figure 8). The SAR study for antitumor shows that substituents and
stereochemistry at C-1 strongly influence the activity. The 7R configuration was associated to a
stronger antitumor activity, and the bulky group at C-1 was found to improve the activity. However, the
study of enantiomeric pure quinazolinones on their inhibitory effect on the growth of tumor cells is
needed. This opens a window towards the antitumor activity investigation of the compounds having
1R, 4R configuration. The SAR for antimicrobial activity was quite robust revealing that only
halogenated derivatives were active in both sensitive and MDR strains. This could draw the attention
towards the study of halogenated derivatives also on antitumor activity models. The antimicrobial
activity of halogenated compounds puts forward the 1S,4R configuration as crucial. Future studies are
needed to help understanding their antimicrobial mechanism of action and on resistance. From the
SAR for neuroprotection, it is necessary to enlarge molecular modification of the compounds
containing-sulfur. For the first time, this work explores this scaffold for antimalarial activity and insights
in their mechanism of action are needed. Herein, we produced feasible quinazolinone alkaloid
compounds, some of which targeting multiple activities. This result draws attention towards the putative
toxicity profile for this scaffold that deserves to be explored beyond their biological properties.
Therefore, further studies will consider their mechanisms of action for each activity and their toxicity
profile earning to maximize potency and eliminate putative toxicity.

The main conclusion of chapter 8 was that amino carbazole alkaloids showed potential for p-
53 restoration. Three natural-isolated carbazole alkaloids — heptaphylline (57), 7-methoxyheptaphylline
(62), and 7-methoxymukonal (63) were obtained from the group of Professor Phloentip Puthongking,
isolated from a plant growth in Thailand, Clausena harmandiana. A different amino carbazole alkaloid
has been reported to bind to p53, Phikan083 (76), by stabilizing the structure of mutant p53, and
increasing the level of p53 with a wild-type conformation and activity 205206, |n this work, a similar
mechanism was hypothesized for heptaphylline (57) and its derivatives 62 and 63 for their cell growth
inhibitory action. We developed a small library of twelve aminated derivatives, 114-125, obtained by
semi-synthesis to establish the role of the aldehyde in the activity and also the role of other amines.
The natural carbazole alkaloids 57, 62, and 63 exhibited better activity, inhibiting all the investigated

tumor cell lines both with wild-type and mutant isoforms of p53 when compared to the semi-synthetic
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amino derivatives, compounds 114-125. In contrast, compounds 117 and 120 showed some selectivity

inhibiting the growth of cell lines expressing mutant p53 isoforms (Table 3, chapter 8).

The mains achievements of chapter 8 were:

- twelve amino carbazole alkaloids, 114-125, were obtained with moderate to good
yields;
- derivatives of heptaphylline 114-125 showed a selective effect against cell lines

expressing p-53 and some showed to activate several p53 mutants in a yeast

model.
Selective restoring p53 on
Strong restoring p53 mutant expressing
/ R /
CHO N-R,
ST
R N R R N R
H H
Oxygenated carbazoles Amino carbazoles

Figure 9: SAR of carbazole alkaloids for restoring p53 activity. The right side represents the structure

naturally-occurring carbazole and the left side represents amino carbazole alkaloids.

Future work with this library of amino carbazoles will include the investigation of the full library in the
yeast model to help understanding their effect on restoring p53 activity. The study of molecular modifications
on positions 2 or 9 for this biological activity should be considered to increase the SAR of this carbazole

scaffold for p53 modulation.
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Final Remarks

Until now, the design and synthesis of NPs analogues relied largely on trial and error, supplemented
with hunches and experience of scientists. Attempts to synthesize the complex NPs is a big challenging in
term of yield or/and time consuming. In this work, a library of NP quinazolinones was developed in a one-pot
reaction. Through molecular modifications, we were able to produce compounds exhibiting moderate to
excellent biological activities. Although several modifications did not improve the activity, these were
important to stablish robust SAR. This thesis bares several pathways for the hit-to-lead optimization of the
most promising hits, particularly in the quinazolinone library of compounds. Overall, we can say that this

thesis contributes to the enlargement of the chemical/biological space of these families of alkaloids.
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The structures of compounds investigated in this thesis and their IUPAC names are presented in the

following table. The table is also highlighting the number of compounds using in each chapter.

Nr. Chapter Chapter Chapter Chapter
Structure Chapter3 P P P Chaper7 P

(Thesis) 4 5 6 8

N
j/\NH
( I Nvgo
=
76 B 4a 5 6

(1S,4S5)-4-((1H-indol-3-
yl)methyl)-1-isopropyl-1,2-
dihydro-6H-pyrazino[2,1-
b]quinazoline-3,6(4H)-dione

seed
77 6 4b 6 7

(1R,4S)-4-((1H-indol-3-
yhmethyl)-1- |sopropyl 1,2-
dihydro-6H-pyrazino[2,1-

blquinazoline-3,6(4H)-dione

7
N <
\TNANH 4c 3 7 8 1
(@]
O =

26 /78*

* 26 refers to the natural product fiscalin B and 78 refers to

yl():nig,))ﬁ(,(;o’;rﬁs;'f . the synthetic product obtained in this thesis (with a e.r. of

dihydro-6H-pyrazino[2,1- 69:31 )
b]quinazoline-3,6(4H)-dione )
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79

(1R,4R)-4-((1H-indol-3-
yI)methyI) 1 |sopropyl 1,2-

dihydro-6H-pyrazino[2,1-
b]quinazoline-3,6(4H)-dione

4d

80

A

6
(1S,4S)-4-((1H-indol-3-
yI)methyI) 1-isobutyl-1,2-

dihydro-6H-pyrazino[2,1-
b]quinazoline-3,6(4H)-dione

5a

10

81

e

Nvgo

5
(1R,4S8)-4-((1H-indol-3-
yI)methyI) 1 |sobutyl 1,2-

dihydro-6H-pyrazino[2,1-
b]quinazoline-3,6(4H)-dione

5b

10

11
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Nr. Chapter | Chapter | Chapter Chapter
Structure Chapter3 P P P Chaper7 P

(Thesis) 4 5 6 8

PN

svo

82 5¢c 11 12

(1S,4R)-4-((1H-indol-3-
yI)methyI) 1 |sobutyl 1,2-
dihydro-6H-pyrazino[2,1-

b]quinazoline-3,6(4H)-dione

(1R,4R)-4-((1H-indol-3-
yI)methyI) 1-isobutyl-1,2-
dihydro-6H-pyrazino[2,1-

blquinazoline-3,6(4H)-dione

N\\(LNH
@(N 1 14
0
o)
=

20/84

_ * 20 refers to the natural product fumiquinazoline G and 84
(1R,4R)-4-((1H-indol-3-
yl)methyl)-1-methyl-1,2-dihydro-| refers to the synthetic product obtained in this thesis (with a
6H-pyrazino[2,1-b]quinazoline-
3,6(4H)-dione e.r. of 93:7)
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85

g
(1S,4S)-4-((1H-indol-3-
yI)methyI) 1- ((S) sec-butyl)-1,2-

dihydro-6H-pyrazino[2,1-
b]quinazoline-3,6(4H)-dione

86

e

Nvgo

6
(1R,4S)-4-((1H-indol-3-
yI)methyI) 1- ((R) sec-butyl)-1,2-

dihydro-6H-pyrazino[2,1-
blquinazoline-3,6(4H)-dione

13

87

\_/\

N\jﬁ:NH
N
0

© =
NH

(1S,4R)-4-((1H-indol-3-
yl)methyl)-1-((S)-sec-butyl)-1,2-
dihydro-6H-pyrazino[2,1-
blquinazoline-3,6(4H)-dione

14

15
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88

(1R,4S)-4-((1H-indol-3-
yl)methyl)-1-(2-
(methylthio)ethyl)-1,2-dihydro-
6H-pyrazino[2,1-b]quinazoline-
3,6(4H)-dione

15

89

s
N\\(-\NH
o)

N

(1S,4R)-4-((1H-indol-3-
yl)methyl)-1-(2-
(methylthio)ethyl)-1,2-dihydro-
6H-pyrazino[2,1-b]quinazoline-
3,6(4H)-dione

16

16

90

QOJQ

N
j/\NH
N
v&o
8
(1S,48)-4-((1H-indol-3-yl)methyl)-1

(benzyloxy)benzyl) 1,2-dihydro- 6H—
pyrazino[2,1-b]quinazoline-3,6(4H)-dione

17
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91

N
7 NH
N
\/go
g
(1R,48)-4-((1H-indol-3-yl)methyl)-1-(4-

(benzyloxy)benzyl) 1,2-dihydro-6 H-
pyrazino[2,1-b]quinazoline-3,6(4H)-dion|

18

17

92

N
(I oy
N\/&O
g
(1S,4S)-4-((1H-indol-3-yl)methyl)-1-(4-]

hydroxybenzyl)-1,2-dihydro-6 H-
pyrazino[2,1-b]quinazoline-3,6(4 H)-dion|

I

10

19

93

T

v

L

g
(1R,48)-4-((1H-indol-3-y)methyl)-1-(4-

hydroxybenzyl) 1,2-dihydro-6 H-
pyrazino[2,1-b]quinazoline-3,6(4 H)-dion|

[

11

20

18
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H
N
pug
N\w/\NH
N

©)

o =
NH

(1S,4R)-1,4-bis((1H-indol-3-yl)methyl)-1,2-
dihydro-6H-pyrazino[2,1-b]quinazoline-
3,6(4H)-dione

34

95

\/
N
SONH
cl N o
o =
NH

(1S,4R)-4-((1H-indol-3-yl)methyl)-8-chloro-1-
isopropyl-1,2-dihydro-6 H-pyrazino[2,1-
b]quinazoline-3,6(4H)-dione

22

96

A

N\w/?\NH
cl N No

(0]

~ NH

(1S,4R)-4-((1H-indol-3-yl)methyl)-8-chloro-1-
isobutyl-1,2-dihydro-6 H-pyrazino[2,1-b]quinazoline-|
3,6(4H)-dione

23

19

97

N
SONH
cl N o
0 =
NH

(1S,4R)-4-((1H-indol-3-yl)methyl)-1-((S)-sec-butyl)-
8-chloro-1,2-dihydro-6 H-pyrazino[2,1-b]quinazoline-|
3,6(4H)-dione

24

20

98

cl \/
N
N o

(0]

=

NH

(1S,4R)-4-((1H-indol-3-yl)methyl)-8,10-dichloro-1-|
isopropyl-1,2-dihydro-6 H-pyrazino[2,1-
blquinazoline-3,6(4H)-dione

25
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cl )\
NﬁANH
N
Cl o
o =
NH

(1S,4R)-4-((1H-indol-3-yl)methyl)-8,10-dichloro-1-
isobutyl-1,2-dihydro-6 H-pyrazino[2,1-b]quinazoline-|
3,6(4H)-dione

26

21

100

cl \:/\
N
SONH
cl N o)
O =
NH

(1S,4R)-4-((1H-indol-3-yl)methyl)-1-((S)-sec-butyl)-|
8,10-dichloro-1,2-dihydro-6 H-pyrazino[2,1-
b]quinazoline-3,6(4H)-dione

27

22

101

~ "

N
| N o

()

" NH

(1S,4R)-4-((1H-indol-3-yl)methyl)-8-iodo-1-
isopropyl-1,2-dihydro-6H-pyrazino[2,1-
b]quinazoline-3,6(4H)-dione

28

102

~—
N .
\w/\NH
N
Br [©)
o =
NH

(1S,4R)-4-((1H-indol-3-yl)methyl)-8-bromo-1-
isopropyl-1,2-dihydro-6 H-pyrazino[2,1-
blquinazoline-3,6(4H)-dione

29

103

A

N%NH
| N So

o

~NH

(1S,4R)-4-((1H-indol-3-yl)methyl)-8-iodo-1-isobutyl-!
1,2-dihydro-6H-pyrazino[2,1-b]quinazoline-3,6(4H)-|
dione

30

23
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N :
\w/\NH
N
Br o
o =

(1S,4R)-4-((1H-indol-3-yl)methyl)-8-bromo-1-
isobutyl-1,2-dihydro-6 H-pyrazino[2,1-b]quinazoline-|
3,6(4H)-dione

31

24

105

| ,)\

N B
ST7ONH
N
[ o}

0 =
NH

(1S,4R)-4-((1H-indol-3-yl)methyl)-8,10-diiodo-1-
isobutyl-1,2-dihydro-6H-pyrazino[2,1-b]quinazoline-|

32

25

106

3,6(4H)-dione
jou
cl

Nw/\NH

N

(1S,4R)-4-((1H-indol-3-yl)methyl)-1
(benzyloxy)benzyl) -8,10-dichloro-1,2- d|hydro -6 1
pyrazino[2,1-b]quinazoline-3,6(4H)-dione

-

12

26

107

PN
Nj/\NH

N

(1S,4R)-4-((1H-indol-3-yl)methyl)-8-
hydroxy-1-isobutyl-1,2-dihydro-6 H-
pyrazino[2,1-b]quinazoline-3,6(4H)-dione

27
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x

(1S,4R)-4-((1H-indol-3-yl)methyl)-1-
|sobutyl 8 methyl 1,2-dihydro-6 H-
pyrazino[2,1-b]quinazoline-3,6(4H)-dione

28

109

PN

Nj/\NH
HsCO N

(1S,4R)-4-((1H-indol-3-yl)methyl)-1-
isobutyl- 8 methoxy 1,2-dihydro-6 H-
pyrazino[2,1-b]quinazoline-3,6(4H)-dione

29

110

A

(1S,4R)-4-((1H-indol-3-yl)methyl)-1-
isobutyl-9-(1-methyl-1H-tetrazol-5-yl)-1,2-
dihydro-6H-pyrazino[2,1-b]quinazoline-
3,6(4H)-dione

32

111

(1S,4R)-4-((1H-indol-3-yl)methyl)-1-
isobutyl-1,2-dihydro-6 H-pyrazino[1,2-
a]pyrido[3,4-d]pyrimidine-3,6(4H)-dione

30
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112

x

(7R,10S)-7-((1H-indol-3-yl)methyl)-10-
isobutyl-9,10-dihydro-5H-pyrazino[1,2-
a]pyrido[2,3-d]pyrimidine-5,8(7 H)-dione

3

113

(6S,9R)-9-((1H-indol-3-yl)methyl)-6-
isobutyl-6,7-dihydro-1H-pyrimido[5,4-
d]pyrimidine-2,4,8,11(3 H,9H)-tetraone

33

57

OH

Be
O

2-hydroxy-1-(3-methylbut-2-en-1-yl)-9H-
carbazole 3-carbaldehyde

62

H;CO O O OH

NH
\

2-hydroxy-7-methoxy-1-(3-
methylbut-2-en-1-yl)-9H-carbazole-
3-carbaldehyde

63

CHO
H3COOH
NH

2-hydroxy-7-methoxy-9H-carbazole-3-
carbaldehyde
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Nr. Chapter Chapter Chapter Chapter

Structure Chapter3 Chaper?
(Thesis) 4 5 6 8
N/
/J \
N\
O O OH
114 NH 1a
\
3-((3-

(dimethylamino)propyl)(methyl)amino)methyl)
-1-(3-methylbut-2-en-1-yl)-9H-carbazol-2-ol

O

NH

115 1b

—

1-(3-methylbut-2-en-1-yl)-3-(piperidin-1-
ylmethyl)-9H-carbazol-2-ol

Cl

N
H
OH
NH

116 1c

A@

3-(((4-chlorobenzyl)amino)methyl)-1-(3-
methylbut-2-en-1-yl)-9H-carbazol-2-ol

S

H
OH

17 NH 1d

)
Cl

3-(((4-fluorobenzyl)amino)methyl)-1-(3-
methylbut-2-en-1-yl)-9H-carbazol-2-ol

N
H
OH
NH

118 1e

i@

3-(((4-bromobenzyl)amino)methyl)-1-(3-
methylbut-2-en-1-yl)-9H-carbazol-2-ol
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Nr. Chapter | Chapter | Chapter Chapter
Structure Chapter3 P P P Chaper7 P

(Thesis) 4 5 6 8

/Z\

N/\/>
HsCO O O OH\
119 NH E/\ 2a

(dimethylamino)propyl)(methyl)amino)methyl
-7-methoxy-1-(3-methylbut-2-en-1-yl)-9H-

carbazol-2-ol
NQ

HsCO OH

120 2b

7-methoxy-1-(3-methylbut-2-en-1-yl)-3-
(piperidin-1- ylmethyl) -9H-carbazol-2-ol

e fQ

121 2c

((4-chlorobenzyl)amino)methyl)-7-
methoxy-1 -(3-methylbut-2-en-1-yl)-9H-

carbazol-2-ol
H,CO O O OH

122 2d

3-(((4-fluorobenzyl)amino)methyl)-7-methoxy-
(3 methylbut-2-en-1-yl)-9H-carbazol-2-ol

ey %ﬂ

123 2e

-(((4-bromobenzyl)amino)methyl)-7-
methoxy 1-(3-methylbut-2-en-1-yl)-9H-
carbazol-2-ol
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8

124

NH,

O OH
HsCO

3-((5-amino-3,4-dihydroisoquinolin-2(1H)-yl)methyl)-7-|
methoxy-1-(3-methylbut-2-en-1-yl)-9H-carbazol-2-ol

Iz
= I
z

2f

125

N\
O O OH
HsCO N

3-(((3-(dimethylamino)propyl)(methyl)amino)methyl)-7-|
methoxy-9H-carbazol-2-ol

3a

126

(E)-3-(((4-bromobenzyl)imino)methyl)-1-(3-methylbyt-
2-en-1-yl)-9H-carbazol-2-ol

1f

127

(E)-3-(((4-chlorobenzyl)imino)methyl)-7-methoxy-1-(3-|
methylbut-2-en-1-yl)-9H-carbazol-2-ol

2f
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Chapter Chapter Chapter Chapter
. Structure Chapter3 P P P Chaper7 P
(Thesis) 4 3 6 8
~)
=N
128 O 2h
N
H
\

(E)-3-(((4-fluorobenzyl)imino)methyl)-1-(3-

methylbut-2-en-1-yl)-9H-carbazol-2-ol
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