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SAZETAK



Rak i malarija su smrtonosne bolesti koje predstavljaju znacajan globalni
javnozdravstveni problem. Uc¢inkovitost postojecih citostatika i antimalarika opada uslijed
pojave rezistencije, zbog cega je potrebno kontinuirano istrazivati nove potencijalne lijekove.
Popularan pristup u razvoju novih lijekova je molekulska hibridizacija, odnosno kovalentno
povezivanje dva bioaktivna spoja s ciljem poboljSanja njihovog djelovanja. U okviru ovog
doktorskog rada sintetizirani su hibridni spojevi harmina, 3-karbolinskog alkaloida s izrazenim
antimalarijskim i protutumorskim djelovanjem, i: 1) derivata cimetne kiseline (harmicini), 2)
klorokina (harmikini), 3) ferocena (harmiceni). U pripravi harmicina koristena je bakrom(l)
katalizirana azid-alkin cikloadicija, odnosno klik-reakcija koja je rezultirala harmicinima
triazolskog tipa. Harmikini i harmiceni pripravljeni su korisStenjem klik-reakcije te reakcije
povezivanja amina i karboksilnih kiselina, dajuci harmikine i harmicene triazolskog i amidnog
tipa. Za potrebe klik-reakcija sintetizirani su odgovarajuci alkini i azidi B-karbolina, derivata
cimetne kiseline, 7-klorkinolina te ferocena, dok su amini i karboksilna kiselina harmina te
karboksilna kiselina i amini 7-klorkinolina pripravljeni za potrebe reakcija povezivanja. Novi
spojevi karakterizirani su uobi¢ajenim analiti¢kim i spektroskopskim metodama te je ispitano
njihovo antiproliferativno i antimalarijsko djelovanje in vitro. U seriji harmicina najjace
antiproliferativno djelovanje ostvarili su triazoli 49a-e, dok su u seriji harmikina
harmicenima prema svim ispitivanim stani¢nim linijama pokazao je amid 82, dok su harmiceni
triazolskog tipa 67, odnosno 66 i 69 pokazali znacajno i selektivno djelovanje prema MCF-7 i
HCT116. Najbolje antimalarijsko djelovanje na eritrocitnu fazu Zivotnog ciklusa svih ispitanih
sojeva P. falciparum, u nanomolarnim koncentracijama, pokazali su harmikini. Spoj 63 ispoljio
je 5,5 puta snazniji uéinak u odnosu na klorokin (CQ) (ICso = 2 £+ 0,3 nM), dok je spoj 65 bio
najucinkovitiji prema sojevima plazmodija rezistentnima na postojece antimalarike. Temeljem
dobivenih rezultata moze se zakljuciti da harmikini predstavljaju spojeve uzore za razvoj novih
potencijalnih antimalarika, dok je harmicine i harmicene potrebno razvijati kao potencijalne

protutumorske lijekove.

Kljuéne rije¢i: harmin, derivati cimetne kiseline, klorokin, ferocen, hibridni spojevi, klik-

reakcija, reakcija povezivanja, antimalarijsko djelovanje, antiproliferativno djelovanje



SUMMARY



Introduction

Cancer and malaria are etiologically and pathophysiologically distinct diseases that
belong to different therapeutic areas. Cancer is characterized by uncontrolled growth and spread
of abnormal cells. Malaria, on the other hand, is a tropical infectious disease caused by parasites
of the genus Plasmodium and transmitted by the bite of an infected female Anopheles mosquito.
However, both cancer and malaria have high incidence rates and are major causes of death
worldwide. Successful treatment of these diseases is hampered by the emergence of resistance
to existing drugs. Therefore, there is a great need for the development of new and effective
cytostatic and antimalarial agents. A useful concept for drug design and development is
molecular hybridization, which is the covalent linking of two bioactive moieties, either directly
or through a spacer, to form a single molecule with improved properties. The advantages of
hybrid compounds include increased efficacy due to synergistic effect, reduced risk of
resistance development, improved solubility and pharmacokinetics, and reduced side effects
and drug-drug interactions. In this thesis, synthesis, characterization, and biological activity of
three novel classes of hybrid compounds are reported. Harmine, a naturally occurring p-
carboline alkaloid with pronounced antimalarial and anticancer properties, was covalently
linked with moieties exhibiting significant biological activities, namely cinnamic acid
derivatives (CADs), chloroquine (CQ) and ferrocene, resulting in harmicines, harmiquins and
harmicenes, respectively. CADs showed remarkable anticancer and antimalarial activities in
vitro and in vivo. CQ is a well-known antimalarial agent used for the prevention and treatment
of malaria. Its repurposing for cancer therapy has been extensively studied. Ferrocene is an
organometallic that has been hybridized with other molecules, resulting in compounds with
enhanced biological activities such as antimalarial and anticancer.

Materials and Methods

The hybrid compounds were prepared either by a Cu(l)-catalyzed azide-alkyne
cycloaddition (CuAAC) leading to the introduction of a triazole ring or by a coupling reaction
resulting in the formation of an amide bond. To prepare the title hybrids, required building
blocks, i.e. alkynes, azides, carboxylic acids, and amines, were synthesized.

-Carboline-based alkynes, azides and amines at the C-1, C-3, and O-6 positions were
prepared in a multistep reaction pathway, starting from tryptamine or its analogues. Pictet-

Spengler condensation of 1) tryptamine with 2,2-dimethoxyacetaldehyde, 2) tryptophan methyl



ester with acetaldehyde dimethyl acetal, 3) 5-methoxytryptamine with acetaldehyde dimethyl
acetal, followed by oxidation of tetrahydro-p-carboline intermediates 1, 8 and 16, afforded the
corresponding -carbolines substituted at positions C-1 (2), C-3 (9), and O-6 (17), respectively.
The acetal group at C-1 was hydrolyzed in a CH3COOH/H2O mixture, and the aldehyde 3
obtained was reduced with LiAlH4 to give the alcohol 5. The ester group at C-3 was reduced to
give alcohol 10 by applying similar reaction conditions. Alcohols 5 and 10 were converted to
azides 6 and 11 by the means of 2-azido-1,3-dimethylimidazolinium hexafluorophosphate
(ADMP) and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), respectively. Reduction of the azides
with Hz/Pd/C gave amines 7 and 12. In addition, the alcohol at C-3 was N-alkylated with
propargyl bromide in the presence of Cs>COs to give alkyne 13 and oxidized in the presence of
MnO: to give aldehyde 14. Aldehydes 3 and 14 were homologated to alkynes 4 and 15,
respectively, with Bestman-Ohira reagent in the presence of K,CO:s.

The ether group at position O-6 was hydrolyzed in a CH;COOH/HBr mixture to give
phenol 18, which was alkylated either with propargyl bromide in the presence of Cs,COs to
give alkyne 19 or with BocNH(CH2).Br in the presence of the same base and
tetrabutylammonium hydrogen sulfate (TBAHS) to give Boc-protected amine 20. Removal of
the Boc-protecting group in 4 M HCI gave amine 21, which was converted to azide 22 by the
means of ISA x HCl in the presence of K2CO3 and CuSO4 x 5H>0.

The synthesis of alkyne, azide, carboxylic acid, and amine at position N-9 was carried out
starting from commercially available harmine, while the key intermediates at O-7 position were
prepared from harmol 23, obtained by hydrolysis of harmine in a CH3COOH/HBr mixture.
Alkylation of harmine/harmol with propargyl bromide in the presence of a base (NaH or
Cs2CO0:s) gave alkynes 24 and 28, while their alkylation with BocNH(CH>)2Br in the presence
of Cs2COg resulted with Boc-protected amines 25 and 29. The latter were converted to amines
(26, 30) and azides (27, 31) as described previously. The harmine-based carboxylic acid 33 was
prepared in a two-step procedure. The first step involved the Michael addition between harmine
and methyl acrylate. The ester 32 obtained was subsequently hydrolyzed with LiOH x H>O to
the corresponding acid.

CAD-based alkynes 34 were obtained in one reaction step by reacting the corresponding
CADs with propargyl bromide in the presence of KoCOs. In contrast, the synthesis of the CAD-
based azides 37 was carried out in several steps. First, the CADs were converted to the
corresponding esters 35, followed by reduction to alcohols 36 by LiAlH4. The alcohols were

efficiently converted to azides by ADMP in the presence of DBU.



The synthesis of the CQ-based azide 38 was straightforward and was carried out by
nucleophilic substitution of 4,7-dichloroquinoline with NaNs, whereas the preparation of azide
40 required a two-step procedure. The first step was the reaction of 4,7-dichloroquinoline with
aminoethanol in the presence of triethylamine (TEA). The alcohol 39 obtained was successfully
converted to an azide using ADMP and DBU. CQ-based alkyne 42 was prepared by treating
4,7-dichloroquinoline with glacial acetic acid followed by alkylation of the obtained phenol 41
with propargyl bromide and Cs2COs. CQ-based carboxylic acid 43 and amines 44, 45 were
prepared by nucleophilic substitution of 4,7-dichloroquinoline with 1) glycine, 2)
ethylenediamine, and 3) 1,4-diaminobutane, respectively. Finally, azidomethylferrocene 46
was prepared from ferrocenemethanol in reaction with ADMP and DBU.

The progress of the chemical reactions was monitored by thin-layer chromatography
(TLC). The products were purified by column chromatography/re-crystallisation. The
structures of the new compounds were confirmed by *H and *C NMR, IR and MS. All
chemicals were obtained from commercial sources.

Furthermore, we investigated the antiproliferative activity of the prepared compounds in
vitro against a panel of human tumour cell lines, as well as the antimalarial activity against the
erythrocytic and hepatic stages of the Plasmodium life cycle. For antiproliferative screening,
we chose four human tumour cell lines: breast cancer cell line (MCF-7), hepatocellular
(HepG2), colorectal (HCT116) and colon carcinoma (SW620). In addition, we included a non-
cancer cell line (human embryonic kidney cells, Hek293T) to evaluate the selectivity of the
hybrids. Cell growth rate was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay in comparison with untreated cells. The commonly
used anticancer drug 5-fluorouracil (5-FU) and harmine were used as positive controls. We also
investigated the intracellular localization of the harmicine 49c and harmicene 69 based on their
intrinsic fluorescence properties. Antimalarial activity against the erythrocytic stage was
evaluated on two P. falciparum laboratory strains: 3D7 (CQ-sensitive) and Dd2 (CQ-resistant),
using the histidine-rich protein 2 assay (HRP-2), with CQ as a positive control. In addition,
some of the harmiquins were tested against two multidrug-resistant P. falciparum strains (K1
and 7G8). The potential mechanism of action of the harmiquins was examined using the heme
polymerization inhibition activity (HPI1A) assay. Antimalarial activity against the hepatic stage
of the Plasmodium life cycle was evaluated on hepatocellular carcinoma cells (Huh7) infected

with P. berghei using a bioluminescence assay, with primaquine (PQ) as a positive control.



Results

Harmicines 47-50 were prepared by CuAAC using different reagents and reaction
conditions. For the synthesis of harmicines at C-1 (47) and C-3 (48), CAD -based alkynes 34
and p-carboline-based azides 6 and 11 were used, respectively. CUAAC was carried out using
sodium ascorbate and CuSQO4 x 5H20 as the source of Cu(l) ions in a 1:1 mixture of t-BuOH
and H20. The reactions proceeded smoothly at r.t. and gave hybrids in moderate yields. In
contrast, the starting compounds for the synthesis of harmicines at O-6 (49) and N-9 (50) were
[-carboline-based alkynes 13 or 19 and cinnamyl azides 37. In this case, the reaction was
carried out in methanol with Cu(ll) acetate at r.t. The hybrids were obtained in good yields.

Harmiquins and harmicenes were prepared by both CUAAC and coupling reactions. CQ-
based alkyne 42 and B-carboline-based azides 6 and 11 served as building blocks for the
synthesis of TT harmiquins at C-1 (51) and C-3 (52), respectively. In contrast, the starting
compounds for the synthesis of TT harmiquins at O-6 (53, 56), O-7 (54, 57), and N-9 (55, 58)
were CQ-based azides 38 or 40 and -carboline-based alkynes 19, 24 and 28. In both cases, the
CUAAC reactions using the Cu(ll) acetate precatalyst in methanol proceeded smoothly at r.t.
and led to TT-harmiquins 51-58 in good yields. AT harmiquins were prepared by reacting either
CQ-based carboxylic acid 43 and B-carboline-based amines 7, 12, 21, 26, 30 (compounds 59-
63) or CQ-based amines 44, 45 and B-carboline-based carboxylic acid 33 (compounds 64 and
65). Different coupling reagents were used depending on the reactants. Harmiquins 59-63 were
prepared with T3P/TEA in DMF, while HATU and DIEA in DCM were used for the synthesis
of harmiquins 64 and 65. The coupling reaction proceeded at r.t. and gave AT harmiquins in
poor to moderate yields. The TT harmicenes 66-70 were prepared by reaction of
azidomethylferrocene 46 with [-carboline-based alkynes 4, 15, 19, 24, 28, while their
counterparts 71-75 were obtained by reaction of ethynylferrocene with [-carboline-based
azides 6, 11, 22, 27, 31 in good yields. On the other hand, AT harmiquins 76-79 and 80-83 were
prepared by the reaction of ferrocenecarboxylic acid or ferroceneacetic acid and p-carboline-
based amines 7, 12, 26, 30 in poor to moderate yields.

In general, the harmicines and harmiquins were consistent with Lipinski, Veber, and
Gelovani rules for prospective small molecule drugs. Only a few compounds (48c, 56-58 and
65) showed minimal aberration. Thus, acceptable oral activity of the compounds could be
predicted.

Among harmicines, the O-6-substituted derivatives 48 exhibited the strongest
antiproliferative activity, especially against MCF-7 and HCT116 cell lines. These compounds



poorly affected Hek293T cells, showing selective cytotoxic activity. In contrast, the C-1-, C-3-
and N-9-substituted harmicines were inactive, except for compounds 48c and 50c bearing m-
Br substituent on the phenyl ring. Among the harmicenes, the most active compounds were the
0O-6-substituted triazole 73 and the O-7-substituted amide 82 (ICso < 10 uM). Triazoles
substituted at C-1, O-7, and N-9 (66, 69, and 70, respectively) showed selectivity toward
HCT116, whereas the C-1-substituted amide 76 was selective toward MCF-7. We also
examined the intracellular distribution of harmicines and harmicenes in MCF-7 cells based on
their fluorescence properties. Harmicine 49c¢ showed punctate staining within the cytoplasm but
not in the nucleus. On the other hand, harmicene 69 showed bright staining within the cytoplasm
while nuclei also fluoresced, suggesting that compound did enter the nucleus. The harmiquins
showed strong but mostly nonselective antiproliferative activity. The O-7-substituted triazoles
54 and 57 affected all cell lines studied at low micromolar concentrations (ICso < 10 uM). On
the other hand, the C-1-substituted triazole 51 showed moderate but selective activity against
the HCT116 cell line.

Among the harmine hybrids, harmiquins showed the strongest activity against the
erythrocytic stage of P. falciparum strains, followed by harmicenes and harmicines.
Harmiquins displayed remarkable activity against both CQ-sensitive and CQ-resistant P.
falciparum strains. The most active compound, harmiquine 63, displayed a single-digit
nanomolar 1Cso value against Pf3D7 (ICso = 2.0 = 0.3 nM). Importantly, it also showed
significantly higher activity than CQ against the resistant Plasmodium strains and had a very
high selectivity index (10500). Interestingly, harmiquine 65 showed stronger activity against
the resistant P. falciparum strains compared to Pf3D7. The HPIA assay results did not fully
correlate with the antiplasmodial activities obtained, suggesting that other mechanisms are
involved in the antimalarial activity of harmiquins, probably the inhibition of PfHsp90.
Harmicenes showed moderate antimalarial activity, better than the parent molecule harmine but
weaker than CQ. Among the TT harmicenes, the O-6- and O-7-substituted derivatives showed
the strongest antimalarial activity, with the exception of compound 69, which was found to be
inactive. On the other hand, in the series of AT harmicenes, the O-7- and N-9-substituted
derivatives were the most active, with 1Cso values in the submicromolar range. Among
harmicines, the O-6-substituted derivatives (49) showed moderate antimalarial activity, while
their C-1-, C-3-, and N-9-substituted counterparts were inactive. Harmiquins and harmicenes
exhibited good activity against P. berghei hepatic stages. The most active compounds were 53
(IC50= 0,548 + 0,051 uM) and 80 (ICso < 1 uM).



Conclusion

This work presents design, synthesis and results of the biological evaluation of three novel
classes of hybrid compounds, harmicines, harmiquins and harmicenes. We have shown that
harmine's antimalarial and/or antitumour properties can be improved by applying the molecular
hybridization approach. Among the hybrid compounds prepared, harmiquins exerted the
strongest antimalarial activity. Although the antimalarial activity of harmicines and harmicenes
was weaker, some of these compounds showed pronounced and selective antiproliferative
activity against MCF-7 and HCT116 cells. Based on the obtained results, it can be concluded
that harmiquins represent novel antimalarial hits, while further studies including harmicines

and harmicenes should focus on their anticancer properties.

Keywords: harmine, cinnamic acid derivatives, chloroquine, ferrocene, hybrid compounds,

“click” reaction, coupling reaction, antimalarial activity, anticancer activity



SADRZAJ

L. UVOD ottt ettt ne s 1
I T 10 11/ ] SRR 2
1.2, MALARIJA et 3
1.3, HIBRIDNI SPOJEVI ..ottt 5
1.4. ALKALOIDI B-KARBOLINSKOG TIPA ... 7

1.4.1.  Priprava B-Karbolina............ccocooiiiiiiiiii 9
O o = 10 o S UU USRS 10
1.42.1.  Protutumorsko djelovanje harmina...........ccccoovreriniininienesenc e 10
1.4.2.2.  Antimalarijsko djelovanje harmina ..........c..ccooceeieiieeiie i i 12
1.4.3.  Protutumorsko djelovanje derivata B-karbolina............cccocovininiiiinnnnnn. 12
1.43.1.  Derivati B-karbolina koji djeluju na DNA.........cccooiiiiiienene e 12
1.4.3.2.  Derivati B-karbolina koji inhibiraju Kinaze ...........c.ccoocevviininciiinnnen 19
1.4.3.3.  Derivati B-karbolina koji djeluju na tubulin............ccooevvniiiiicinnnnn, 21
1.4.3.4.  Inhibitori histonskih deacetilaza............cccccoceririiiiininiiieieese e 22
1.4.3.5.  Derivati Koji izazivaju fEerOptOZU .........coerververieiiniiieieee e 24
TG T TR - V. o3 1o J R 24
1.43.7.  SAR protutumorskog djelovanja derivata B-karbolina.......................... 26
1.4.4.  Antimalarijsko djelovanje derivata B-karbolina............ccooevinininiinnnnne 27
1.5. CIMETNA KISELINA I NJENI DERIVATI oo 33
1.5.1. Cimetna kiselina i njeni derivati U prirodi..........ccccoeevveieivieiienciicieenns 33
1.5.2.  Priprava cimetne Kiseline i derivata .............cccocveveiieieeieiic e 33
1.5.3. Biolosko djelovanje cimetne kiseline i DCK-a.........c.ccocvriiiiiiiiicnicnnns 34
1.5.3.1.  Antimalarijsko djelovanje.........ccccceiiiiiiiiii i 34
1.5.3.2.  Protutumorsko djelovanje...........cccoeiiiiiniiinineee e 37
1.6. KLOROKIN ..ottt e e e e 39
1.6.1.  Fizikalno-kemijska svojstva KIOrokina.............c.ccooovvviiiinincncnicen 39
1.6.2.  SINtEZa KIOTOKING.......cceeiieeieiieie ettt see e 40
1.6.3.  Antimalarijsko djelovanje Klorokina.............ccccoooveiiiiieiiciicsccec 41
1.6.4.  Protutumorsko djelovanje KIoroKina............ccccoevveiieiiieiic i, 43
1.6.5. Ostala djelovanja KIOrOKING...........cccovueiiiiiiiniieiecie e 44
1.6.6.  SAR derivata KIOrOKING..........ccoiiiieiiiiiiie e 45

1.6.7.  Derivati klorokina s antimalarijskim djelovanjem.............ccccccevvvivnnennns 47



1.7, FEROCEN ..o 51

1.7.1.  Struktura i SVOjStVa fErOCENA ........ccueiviiiieeieiie e 51
1.7.2.  SINtEZA TEIOCENA ...ecveeeieiieieie e 51
1.7.30 FEIOKIN ©eoviiiiect ettt bbb 52
1.7.3.1.  Derivati TEeroKiNa.........ccooeiieiiiiiiieiiee e 54
174, FEIOCITENE cveiuiiieieii et 55
1.7.4.1.  Derivati TerOCITENA ......ccovveiieiiiie et 57
1.7.5.  Ostali derivati ferocena s protutumorskim djelovanjem .............cc.ccoceee.. 57
1.8, TRIAZOL ..ot 59
1.8.1.  ReaKCije KIHK-KEMIJE ......ccociiiieiir et 60
2. OBRAZLOZENJE TEME ..ottt ssessesesns 62
3. MATERIJALI I METODE ......cooiitiiieiie e 64
3.1, MATERIJALI TINSTRUMENTI ..cooctiiiiiiiceeie e 65
B | |\ I 4 SRS 68
3.2.1.  Sinteza 1-(dimetoksimetil)-2,3,4,9-tetrahidro-1H-pirido[3,4-b]
INAOIA (L) 1ot s 68
3.2.2.  Sinteza 1-(dimetoksimetil)-9H-pirido[3,4-b]indola (2) .........ccccervrirnnnne 68
3.2.3.  Sinteza 9H-pirido[3,4-b]indol-1-karbaldehida (3) .......ccccoevvrinirinirnninns 68
3.2.4.  Sinteza (9H-pirido[3,4-b]indol-1-il)metanola (5) .......ccccovvevvvieireiecee 69
3.2.5.  Sinteza metil-1-metil-2,3,4,9-tetrahidro-1H-pirido[3,4-b]indol-3-
KarbOKSIHALA (8) ..vc.veevveivieiecie ittt 69
3.2.6.  Sinteza etil-1-metil-9H-pirido[3,4-b]indol-3-karboksilata (9).................. 70
3.2.7.  Sinteza (1-metil-9H-pirido[3,4-b]indol-3-il)metanola (10) ...................... 70
3.2.8.  Sinteza azida B-karbolina 6 i 11. Op¢a metoda..........ccoevrerreiviineniciencnns 70
3.2.9.  Sinteza amina B-karbolina 7 1 12. Opéa metoda .........ccceovverencicninnnnnns 72
3.2.10. Sinteza 1-metil-9H-pirido[3,4-b]indol-3-karbaldehida (14) ..................... 73
3.2.11. Sinteza B-karbolinskih alkina 4 i 15. Op¢a metoda..........ccccovererenirnnnnns 73
3.2.12. Sinteza 6-metoksi-1-metil-2,3,4,9-tetrahidro-1H-pirido[3,4-b]indol-2-
1jevog trifluoracetata (16).........ccooureririierieieiese e s 74
3.2.13. Sinteza 6-metoksi-1-metil-9H-pirido[3,4-b]indola (17) .......ccecvrvrvrnnnnne 75
3.2.14. Sinteza 1-metil-9H-pirido[3,4-b]indol-6-0la (18) ........cccoeviriiiiiiirine 75
3.2.15. Sinteza tert-butil-(2-((1-metil-9H-pirido[3,4-b]indol-6-
il)oksi)etil)karbamata (20) ........ccoeeiiiiiieiie e 75
3.2.16. Sinteza 1-metil-9H-pirido[3,4-b]indol-7-0la (23) ......ccccovvrviiiiirce 76
3.2.17. Sinteza alkina B-karbolina 13, 19 i 24. Op¢a metoda ..........c.coevriririnnnnne 76
3.2.18. Sinteza Boc-zasti¢enih amina [3-karbolina 25 i 29. Op¢a metoda............. 78



3.2.19. Sinteza amina B-karbolina 21, 26 i 30. Op¢a metoda .........cccccvevvverrernennee. 79
3.2.20. Sinteza azida pB-karbolina 22, 27 i 31. Opéa metoda...........ccccevevrververneenne. 80
3.2.21. Sinteza 7-metoksi-1-metil-9-(prop-2-in-1-il)-9H-pirido[3,4-b]

[0 (o] F- W (2 ) ISR 81
3.2.22. Sinteza metil-3-(7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-il)

Q100 L= L W (72 ISR 81
3.2.23. Sinteza 3-(7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-il)propanske

KISEIINE (33) 1.veeieeie et 82
3.2.24. Sinteza propargilnih estera DCK-a (34a-e). Op¢a metoda..............oc........ 82
3.2.25. Sinteza etilnih estera derivata cimetne kiseline (35a-e). Op¢a metoda.....83
3.2.26. Sinteza cimetnih alkohola (36a-€). Opca metoda ..........cccoeeveriiininnnnns 84
3.2.27. Sinteza azida DCK-a (37a-€). Opca metoda ..........cceovevereenierencnenennninns 86
3.2.28. Sinteza 4-azido-7-KIorkinolina (38) .........cccovriiiriiiiiiiee e 87
3.2.29. Sinteza 2-((7-klorkinolin-4-il)amino)etan-1-0la (39).......cccccocereriririninns 87
3.2.30. Sinteza N-(2-azidoetil)-7-klorkinolin-4-amina (40).........ccccccevvevveviernenne. 87
3.2.31. Sinteza 7-KIorkinolin-4-0la (41) ......ccccooveiiieie i 88
3.2.32. Sinteza 7-klor-4-(prop-2-in-1-iloksi)kinolina (42).......c.cccccecvvvveiivivernene. 88
3.2.33. Sinteza (7-klorkinolin-4-i)glicina (43) ......ccccoeveieeieiie e 88
3.2.34. Sinteza amina 7-klorkinolina 44 i 45. Opéa metoda ..........ccccceverenirinnnnns 89
3.2.35. Sinteza azidometilferoCena (46) ........coceverereiinieniseeeee e 89
3.2.36. Sinteza harmicina 47a-e. Opca Metoda.........ccocvrvrireeiieienenese e 90
3.2.37. Sinteza harmicina 48a-e. Opca Metoda..........ocvrerireriieiienenese s 93
3.2.38. Sinteza harmicina 49a-e. Opca Metoda..........cocevvrererieirenieieseseeesie e 97
3.2.39. Sinteza harmiCing 50@,C-€ .......cccoveirrierieriiieie st 100
3.2.40. Sinteza harmikina triazolskog tipa 51-58. Opc¢a metoda..............c...c...... 103
3.2.41. Sinteza harmikina amidnog tipa 59-63. Opc¢a metoda ..........cccevvrriennnnne 108
3.2.42. Sinteza harmikina amidnog tipa 64, 65. Op¢a metoda...........c.ccovruennee 111
3.2.43. Sinteza harmicena triazolskog tipa 66-70. Opca metoda .............cccueneee. 112
3.2.44. Sinteza harmicena triazolskog tipa 71-75. Opca metoda .............ccovenee. 115
3.2.45. Sinteza harmicena amidnog tipa 76-79. Opc¢a metoda...........ccccevvvruennee 118
3.2.46. Sinteza harmicena amidnog tipa 80-83. Opc¢a metoda..........ccceeverirennnne 121

3.3. ISPITIVANJA BIOLOSKOG DJELOVANIJA .....cccoooiiiieeeeeseeeeeereenees 124

3.3.1.  ANTIPROLIFERATIVNO DJELOVANIE .....cccooviieiieieie e, 124
3.3.1.1.  Ispitivanje unutarstani¢ne lokalizacije SPOJeVa ........cccocvririiivininnnns 125
3.3.2. ISPITIVANJE ANTIMALARIJSKOG DJELOVANJA ......coovvviiveenen. 126



PlAZMOTIJA. ...
3.3.2.2.  lIspitivanje inhibicije polimerizacije hemozoina...............cccccvevvrnenne.
3.3.2.3.  Ispitivanje ucinka hibrida na hepatocitnu fazu zZivotnog ciklusa

O] E V4 4 [oTo [ T USROS

4. REZULTATI I RASPRAVA ...ttt
AL, SINTEZE ..ottt ettt
4.1.1. Sinteza C-1 alkina, azida i amina B-karbolina ..........ccccccoeeviiienennnnnn
4.1.2. Sinteza C-3 alkina, azida i amina B-karbolina ..........ccccccoevniiennnnnnnn.
4.1.3. Sinteza O-6 alkina, azida i amina B-karbolina..........cccccecvvvvrivernnnnnne.
4.1.4. Sinteza O-7 i N-9 derivata B-karbolinskog prstena...........c.ccoceeervrunne.
4.1.5. Sinteza alkina i azida DCK-a .......cccocovieriiiieiie e
4.1.6. Sinteza azida, alkina, karboksilne kiseline i amina 7-klorkinolina.......
4.1.7.  Sinteza azida fErOCENA..........ccciviiriieieene s
4.1.8.  Sinteza harmiCina 47-50.........cccoiuiirimriiiieie e
4.1.9.  Sinteza harmikinga 51-65.........cccoiiiiiiiiiiiieieseee s
4.1.10. Sinteza harmicena 66-83 .........ccccuvrieiieieieiiieiise e
4.2. FIZIKALNO-KIVEMIJSKA SVOJSTVA HIBRIDNIH DERIVATA
HARMINA POZELJINA ZA LIEKOVITE TVARI ..o
4.3. BIOLOSKO DJELOVANJE HARMICINA, HARMIKINA I
HARMICENA ..ottt e e e e nnne e
4.3.1. ANTIPROLIFERATIVNO DJELOVANIE ......cccoeeiieieeecee e,
4.3.2. ANTIMALARIJISKO DJELOVANIE .....ccccccoieiiieecee e
4.3.2.1.  Djelovanje na eritrocitnu fazu zivotnog ciklusa plazmodija .............
432110 HarmiKiNi oo
4.3.2.1.2.  Harmiceni i harmiCini ........c.ccooviiiiiinniiiene e
4.3.2.1.3.  Selektivnost antimalarijskog djelovanja hibridnih derivata
B-KarboliNa.......c.ooiiiieiiie e
4.3.2.2.  Djelovanje na hepatocitnu fazu zivotnog ciklusa plazmodija ...........
5. ZAKLIUCCT ...ttt
6. LITERATURA .ot e e st e e ste e e nnae e e nnee e
7. ZIVOTOPIS ...ttt
PRILOG A
PRILOG B

3.3.2.1.  Ispitivanje djelovanje hibrida na eritrocitnu fazu zivotnog ciklusa

TEMELJNA DOKUMENTACIHSKA KARTICA



KRATICE

5-FU
A-549

ACN
ADMET
ADMP
ATP
ATR
Bax
BIU87
B-16
B16F10
BJeLR
Boc
BXPC-3
Calu-1
CCRF-CEM
CDK
CFPAC-1
CQ
CQOs
CORS
CuAAC
CYP
DBU
DCK
DIEA
DMF

5-fluorouracil

humana stani¢na linija adenokarcinoma alveolarnog bazalnog
epitela

acetonitril

apsorpcija, distribucija, metabolizam, eliminacija i toksi¢nost
2-azido-1,3-dimetilimidazolinijev heksafluorofosfat
adenozin-trifosfat

prigusena totalna refleksija (engl. attenuated total reflection)
X protein povezan s Bcl-2

humana stani¢na linija karcinoma mokraé¢nog mjehura
stani¢na linija misjeg melanoma

stani¢na linija mi§jeg melanoma

stani¢na linija geneti¢ki modificiranih fibroblasta
tert-butiloksikarbonil

humana stani¢na linija adenokarcinoma gusterace

humana stani¢na linija karcinoma pluc¢a nemalih stanica
humana stani¢na linija limfoblasti¢ne leukemije

kinaza ovisna o ciklinima

humana stani¢na linija duktalnog adenokarcinoma gusterace
klorokin

sojevi plazmodija osjetljivi na klorokin

sojevi plazmodija otporni na klorokin

bakrom(l) katalizirana alkin-azid cikloadicija

citokrom P450 enzim

1,8-diazabiciklo(5.4.0)undek-7-en

derivat cimetne kiseline

N,N-diizopropiletilamin

N,N-dimetilformamid



DMEM
DMSO
DNA
DU-145
EDTA
ESI
FBS
FP

FQ
H520
HAR
HATU

HCT116
HDAC
Hek293T
Hela
HepG2
HFF-1
HGC-27
HPLC
Hsp
HT-29
ICs0

IR

K562
L1210
LoVo
MCF-7
MDA-MB-231
MGC-803

Dulbeccov modificirani Eagleov medij
dimetilsulfoksid

deoksiribonukleinska kiselina

humana stani¢na linija karcinoma prostate
etilendiamintetraoctena kiselina
ionizacija elektrorasprSenjem

fetalni govedi serum

falcipain (cistein proteaza)

ferokin

humana stani¢na linija karcinoma skvamoznih stanica pluca
harmin

1-[bis(dimetilamino)metilen]-1H-1,2,3- triazolo[4,5-b]-
piridinijev-3-oksid heksafluorofosfat

humana stani¢na linija kolorektalnog karcinoma
histonske deacetilaze

humana stani¢na linija epitelnih stanica bubrega embrija
humana stani¢na linija karcinoma grli¢a maternice
humana stani¢na linija hepatocelularnog karcinoma
stani¢na linija fibroblasta ljudskog prepucija

humana stani¢na linija karcinoma zeluca

tekuc¢inska kromatografija visoke djelotvornosti
protein toplinskog Soka (engl. heat shock protein)
humana stanicna linija kolorektalnog karcinoma
koncentracija spoja koja inhibira rast stanica za 50 %
infracrveno elektromagnetsko zracenje

humana stani¢na linija mijeloi¢ne leukemije

stani¢na linija misje limfocitne leukemije

humana stanicna linija adenokarcinoma kolona
humana stani¢na linija adenokarcinoma dojke
humana stani¢na linija adenokarcinoma dojke

humana stani¢na linija adenokarcinoma Zeluca



MKN-28 humana stani¢na linija adenokarcinoma Zeluca

MS masena spektrometrija

MTT 3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazolijev bromid

MW mikrovalno zracenje

NF-«xB nuklearni faktor kappa B

NMP N-metil-2-pirolidinon

NMR nuklearna magnetska rezonancija

NPP novi putovi propusnosti

P-388 stani¢na linija misjeg limfoma pre-B stanica

PANC-1 humana stani¢na linija duktalnog adenokarcinoma gusterace
PARP1 poli[ADP-riboza]polimeraza-1

PC-3 humana stani¢na linija adenokarcinoma prostate

Pf3D7 soj P. falciparum osjetljiv na klorokin

Pf7G8 soj P. falciparum otporan na klorokin i pirimetamin

PfCRT transporter odgovoran za rezistenciju na klorokin

PfDd2 soj P. falciparum otporan na klorokin

PfHsp protein toplinskog Soka vrste P. falciparum

PfK1 soj P. falciparum otporan na klorokin, pirimetamin i sulfadoksin
Pfw2 soj P. falciparum otporan na klorokin

Ph fenil

PQ primakin

g.s. koli¢ina koja je dovoljna (lat. quantum satis)

RI indeks rezistencije

RKV reaktivne kisikove vrste

RPMI-8226 humana stani¢na linija multiplog mijeloma

RT112 humana stani¢na linija karcinoma mokra¢nog mjehura

RT4 humana stanicna linija karcinoma mokraé¢nog mjehura
SAHA suberoilanilid hidroksamska kiselina (vorinostat)

SAR odnos strukture i djelovanja (engl. structure-activity relationship)

Sl indeks selektivnosti



s.t.
SW-1990
SW620
SW780
T3P
T98G
TBAHS
t-Bu
TEA
TFA
THF
TLC
TLR
TMS
TNF-a
TPC-1
TrxR

tt

uv
WHO

sobna temperatura

humana stani¢na linija adenokarcinoma gusterace
humana stani¢na linija adenokarcinoma debelog crijeva
humana stani¢na linija karcinoma mokra¢nog mjehura
anhidrid propanfosfonske kiseline

humana stani¢na linija glioblastoma
tetrabutilamonijev hidrogensulfat

tert-butil

trietilamin

trifluoroctena kiselina

tetrahidrofuran

tankoslojna kromatografija

Toll-like receptor

tetrametilsilan

faktor nekroze tumora alfa

humana stani¢na linija papilarnog karcinoma stitnjace
tioreduksin reduktaza

temperatura taljenja

ultraljubicasto zracenje

Svjetska zdravstvena organizacija (engl. World Health
Organization)



1.UVvOD



1.1. TUMOR

Tumor je svaka nenormalna proliferacija stanica u tijelu (1). Uzrokuju ga karcinogeni iz
okolisa, hrane i duhanskog dima, virusi (npr. Epstein-Barrov virus) te bakterije (npr.
Helicobacter pylori). Takoder, moze biti uzrokovan radioterapijom i kemoterapijom, a bitnu
ulogu u nastanku ove bolesti imaju i nasljedni faktori. Nabrojani ¢imbenici dovode do mutacija
gena S§to rezultira deaktivacijom tumor supresorskih gena i aktivacijom protoonkogena.
Posljedice genskih defekata su: abnormalni signalni putevi, neosjetljivost na signale koji
inhibiraju rast stanice, nepravilnosti u regulaciji stani¢nog ciklusa, neogranic¢en broj dioba,
odnosno besmrtnost, prevladavanje programirane stani¢ne smrti (apoptoza), Sposobnost tvorbe
novih krvnih zila (angiogeneza), invazija okolnog tkiva i udaljenih dijelova tijela
(metastaziranje). Zbog svega navedenog tumorske stanice narusavaju normalno funkcioniranje
tkiva i organa, odnosno organizma u cjelini (1, 2).

Postoje dvije vrste tumora: dobrocudni (benigni), koji ostaje lokaliziran na mjestu
nastanka, i zlocudni (maligni), poznat kao rak, koji ima tendenciju Sirenja u ostale dijelove tijela
zbog Cega je izrazito opasan. Karcinom je vrsta raka koja zahvaca epitelne stanice te ¢ini 90 %
svih vrsta raka (1). Najcesce vrste tumora u Zena su karcinom dojke, cerviksa i §titinjace, dok
muskaraci najceS¢e obolijevaju od karcinoma prostatate, zeluca 1 jetre. Oba spola jednako
pogadaju kolorektalni karcinom i karcinom plué¢a (3). Tumor se moze lijeéiti kirurskim
odstranjivanjem, radioterapijom i/ili kemoterapijom (2).

Rak je drugi vodeci uzrok smrti u svijetu zbog ¢ega predstavlja globalni javnozdravstveni
problem. Prema podacima Svjetske zdravstvene organizacije (engl. World Health
Organization, WHO), u 2020. godini uzrokovao je oko 10 milijuna smrti u svijetu (3). lako je
kemoterapija posljednjih desetljeca znacajno napredovala, njenu ucinkovitost narusava razvoj
rezistencije tumorskih stanica prema postoje¢im citostaticima (4). Osim toga, neselektivnost,
odnosno toksi¢nost postojecih citostatika uzrokuje ozbiljne nuspojave koje narusavaju kvalitetu
zivota bolesnika i smanjuju adherenciju (5). Slijedom svega navedenoga, razvoj novih,

sigurnijih i u¢inkovitijih protutumorskih lijekova od iznimne je vaznosti.



1.2. MALARIJA

Malarija je zarazna bolest koju uzrokuju paraziti iz roda Plasmodium, a prenose Zenke
komarca iz roda Anopheles. Siroko je rasprostranjena u tropskim i suptropskim podrugjima (6).
Najcesce pogada dojencad, djecu do 5 godina starosti, trudnice i putnike (7, 8). U 2020. godini
zabiljezeno je 241 milijun slucajeva malarije, od Cega je 627 tisuca rezultiralo smrtnim ishodom
9).

Postoji vise od 120 vrsta plazmodija, ali samo njih 5 uzrokuje malariju u ¢ovjeka: P.
falciparum, P. vivax, P. ovale, P. malariae i P. knowlesi. Od navedenih, najsmrtonosniji je P.
falciparum (6). Plazmodij ima dvije faze Zivotnog ciklusa: spolnu, koja se odvija u komarcu, i
nespolnu, koja se odvija u ¢ovjeku (Slika 1). Nespolna faza zapocinje ubodom zarazenog
komarca, pri ¢emu dolazi do prijenosa sporozoita plazmodija iz sline komarca u ljudsku krv. 1z
periferne krvi sporozoit prvo dospijeva u jetru gdje sazrijeva u shizont (hepatocitna ili
egzoeritrocitna faza). P. vivax i P. ovale mogu u hepatocitima tvoriti hipnozoite, dormantne
oblike, koji se mogu aktivirati mjesecima ili godinama nakon primarne infekcije te izazvati
simptome bolesti. Prsnu¢em shizonta oslobada se veliki broj merozoita koji inficiraju eritrocite.
Merozoiti se u eritrocitima hrane hemoglobinom, rastu i sazrijevaju u shizont. Zreli shizonti
razaraju eritrocit oslobadajuci veliki broj merozoita, koji napadaju nove eritrocite te se nespolni
ciklus ponavlja (tzv. shizogonija u krvi). Prilikom svakoga pucanja eritrocita kod bolesnika se
javlja malari¢ni napad. Neki paraziti tijekom shizogonije u krvi prelaze u spolne gametocite
koji prilikom sljede¢eg uboda dospijevaju u zeludac komarca, gdje zapocinju spolni dio
zivotnog ciklusa (10).

Prema simptomima razlikujemo nekompliciranu i teSku malariju. Kod nekomplicirane
malarije javljaju se nespecificni simptomi poput groznice, glavobolje, mu¢nine, abdominalne
boli, povracanja i dijaree (11). Ukoliko se pravovremeno ne dijagnosticira i ne lijeci, bolest
moze uznapredovati u tezi oblik, pa ¢ak uzrokovati 1 smrt. TeSka malarija ukljucuje cerebralnu
malariju, pluéni edem, respiratorni distres, Sok, metaboli¢ku acidozu, zatajenje bubrezne ili
jetrene funkcije (8).

Od 2000. do 2015. godine bio je vidljiv opadajuéi trend zabiljezenih slu¢ajeva malarije u
svijetu, kao i malarijom uzrokovanih smrti (9, 12). Tome je pridonijelo koriStenje
artemizininske kombinirane terapije, zastitnih mreZa tretiranih insekticidima i brzi dijagnosticki
testovi. Unato¢ tome, od malarije i dalje umire priblizno 1700 ljudi dnevno. Zabrinjavajuéa je

Cinjenica da posljednjih godina napredak u suzbijanju malarije stagnira (12). Jedan od glavnih



razloga je pojava rezistentnih sojeva plazmodija. Rezistencija na klorokin (CQ) te krizna
rezistencija na 4-aminokinolinske antimalarike poznata je ve¢ neko vrijeme (13). Ranih 2000-
ih zabiljezeni su prvi slucajevi rezistencije na artemizinin i njegove derivate na podrucju
Kambodze. Medutim, nedavno je rezistencija na artemizinine primijecena i u Africi, kontinentu
s vise od 90 % svih slu¢ajeva malarije (14). S druge strane, kontrola ove bolesti u buduénosti
je neizvjesna. Globalizacija svijeta i procesi migracija te klimatske promjene mogle bi
rezultirati pojavom malarije u krajevima u kojim je ona odavno iskorijenjenja (15). S obzirom
na prethodno, razvoj novih, u¢inkovitih lijekova otpornih na rezistenciju 1 dalje ostaje jedan od
klju¢nih segmenata u borbi protiv ove bolesti. Veliki napredak dogodio se u listopadu 2021.
godine kada je WHO preporucio Siroku upotrebu cjepiva RTS,S (Mosquirix) za prevenciju

malarije u djece (16).
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Slika 1. Zivotni ciklus plazmodija (prilagodeno prema (17))



1.3.  HIBRIDNI SPOJEVI

Popularan pristup u dizajniranju i razvoju novih lijekova je molekulska hibridizacija koja
podrazumijeva kovalentno povezivanje dviju bioaktivnih molekula ili farmakofora u
jedinstveni kemijski entitet, odnosno hibridni spoj (18). S obzirom na nacin povezivanja,
razlikuju se tri vrste hibrida: 1) hibridi povezani metabolic¢ki nestabilnom poveznicom (Slika
2a), 2) hibridi povezani metaboli¢ki stabilnom poveznicom (Slika 2b) i 3) kondenzirani hibridi

koji ne sadrze poveznicu (Slika 2c) (19).
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Slika 2. Vrste hibridnih molekula

Hibridi pokazuju poboljSana svojstva u odnosu na zasebne molekule. Budu¢i da sadrze
dva farmakofora u strukturi, ostvaruju sinergisticki u¢inak 1 pokazuju jace biolosko djelovanje
od zasebnih molekula (18). Walsh i suradnici pripravili su hibride artemizinina i kinina koji su
ostvarili bolje antimalarijsko djelovanje od zasebnih molekula ili njihove smjese u omjeru 1:1
(20). Priprava hibridnih spojeva od posebnog je znac¢aja ako se Zele pripraviti molekule otporne
prema razvoju rezistencije. Farmakofori u hibridu se uzajamno ,,Stite* zbog ¢ega je vjerojatnost
razvoja rezistencije mala. StoviSe, racionalnim dizajniranjem hibridnih spojeva moguée je
povratiti u¢inkovitost koju je odredeni lijek izgubio zbog razvoja rezistencije (18). Poznato je
da CQ ne djeluje na rezistentne sojeve plazmodija zato Sto ti sojevi u membrani digestivne
vakuole sadrze transporter odgovoran za rezistenciju na CQ (PfCRT). Ovaj transporter izbacuje
CQ iz digestivne vakuole, ¢ime onemogucava njegovo nakupljanje i antimalarijsko djelovanje
(21). Peyton i suradnici pripravili su hibride CQ-a i razli¢itih molekula za koje je poznato da

inhibiraju PfCRT. Hibridi su jednako snazno djelovali na sojeve osjetljive na CQ (CQOS) i

rezistentne sojeve (CQRS) (22). Nadalje, pripravom hibridnih spojeva moguce je povecati



selektivnost djelovanja (npr. estramustin), povecati topljivost (npr. hibridi paklitaksela i

hidrofilnijih molekula) i poboljsati farmakokineti¢ka svojstva molekula (18, 19).



1.4.  ALKALOIDI B-KARBOLINSKOG TIPA

B-Karbolini su velika skupina alkaloida i srodnih sintetskih spojeva, Cija struktura se
temelji na triciklickom pirido[3,4-b]indolnom prstenu. Prefiks B u nazivu oznacava poloZaj
atoma dusika u piridinskom prstenu. S obzirom na zasi¢enost piridinskog prstena razlikuju se
potpuno zasiéeni tetrahidro-B-karbolini, djelomi¢no zasi¢eni dihidro-f-karbolini te potpuno
nezasic¢eni B-karbolini (Slika 3) (23, 24). Svojstva B-karbolina uvelike odreduju dva razlicita
dusSikova atoma u strukturi: piridinski dusik bazi¢nijeg karaktera i kiseliji indolski dusik.
Ovisno o pH i otapalu, B-karbolini postoje u Cetiri oblika: kation, neutralni oblik, zwitterion i

anion (25).
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N 8 N 1

H H (02
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1,2,3,4-tetrahidro-p-karbolin -karbolin
%

N
H

3,4-dihidro-B-karbolin

Slika 3. Strukturna raznolikost B-karbolina

Prirodni g-karbolini. p-karbolinski alkaloidi $iroko su rasprostranjeni u prirodi. Mogu se
pronaci u biljkama iz porodica Rutaceae, Simaroubaceae, Amaranthaceae, Caryophyllaceae,
Rubiaceae i Zygophyllaceae, morskim organizmima kao $to su meki koralji, spuzve, zarnjaci,
mikroorganizmima, kukcima, prehrambenim proizvodima, alkoholnim pi¢ima, duhanskom
dimu te ljudskim tkivima i tjelesnim tekuc¢inama (24). Posjeduju Siroki spektar bioloskih
djelovanja, ukljucujuc¢i antioksidativno (26), protuupalno (27), protutumorsko (28),
antimikrobno (29), antivirusno (30), antiparazitsko (31), sedativno (32), hipnoticko (33),
antikonvulzivno (34). Na Slici 4 prikazani su odabrani primjeri prirodnih B-karbolina.
Eudistomin K izoliran je iz mjes¢i¢nice Ritterella sigillinoides podrijetlom iz Novog Zelanda.
Karakteristian je po tome Sto u strukturi sadrzi oksatiazepinski prsten. Antiproliferativno
djelovanje eudistomina K ispitano je na nekoliko tumorskih stani¢nih linija. Otkriveno je da

izolirani iz odredenih vrsta morskih spuzvi s podrucja Indonezije. Strukturno su kompleksniji:
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sadrze [-karbolinski dio povezan sa slozenim aliciklickim sustavom. Manzamini ispoljavaju
protutumorsko, antimalarijsko, tuberkulostatsko i antileishmanijsko djelovanje (36). Pinolin je
B-karbolinski alkaloid prisutan u epifizi koji pokazuje antioksidativno djelovanje usporedivo s
melatoninom (37). Reserpin je izoliran iz korijena biljke Rauwolfia serpentina, a koristi se za

lijeenje hipertenzije (38).

Br \ N—0,
N /1
H

HoN

EUDISTOMIN K PINOLIN

°
o /
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Slika 4. Primjeri prirodnih B-karbolina

Sintetski Bkarbolini. Sintetizirani su brojni derivati koji u svojoj strukturi sadrze j3-
karbolinski motiv te je ispitano njihovo biolosko djelovanje. Na Slici 5 prikazani su odabrani
sintetski B-karbolini. Tadalafil je reverzibilni inhibitor forsfodiesteraze 5 zbog ¢ega djeluje kao
vazodilatator. Koristi se u lije¢enju erektilne disfunkcije, benigne hipertrofije prostate i pluéne
hipertenzije (39). Cipargamin je antimalarik koji spada u skupinu spiroindola. Mehanizam
djelovanja cipargamina temelji se na inhibiciji plazmodijske Na*-ATPaze (PfATP4), ¢ime je

naru$ena homeostaza Na* u parazitu. Trenutno se nalazi u drugoj fazi klini¢kih ispitivanja (40).



TADALAFIL CIPARGAMIN

Slika 5. Primjeri sintetskih B-karbolina

1.4.1. Priprava B-karbolina

Za pripravu B-karbolina najces$ée se koristi Pictet-Spenglerova reakcija koju su 1911.
godine otkrili Amé Pictet i Theodor Spengler (41, 42). Pictet-Spenglerovom reakcijom derivata
triptamina i aldehida uz kiseli katalizator dobiva se tetrahidro-B-karbolin, koji se naknadno
oksidira u Zeljeni B-karbolin (42). Detaljan mehanizam Pictet-Spenglerove reakcije prikazan je
na Shemi 1. U prvom koraku amino skupina indoletilamina nukleofilno se adira na karbonilnu
skupinu ¢ime nastaje karbinolamin. Slijedi protoniranje hidroksilne skupine, eliminacija vode
I nastajanje imina. Protoniranje imina daje iminijev ion Kkoji reagira s elektronima bogatim
indolskim prstenom zatvarajuci Sestero¢lani heterociklicki prsten. S obzirom na Baldwinova
pravila, rijec je o 6-endo-trig ciklizaciji. Gubitkom protona ponovno nastaje aromatski indolski

prsten kao konaéni produkt (43).
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Shema 1. Mehanizam Pictet-Spenglerove reakcije, P.T. — transfer protona



1.4.2. Harmin

Harmin je trivijalno ime za 7-metoksi-1-metil-9H-pirido[3,4-b]indol, jedan od najbolje
proucenih B-karbolinskih alkaloida. Prvotno je izoliran iz sjemenki sirijske rutvice (Peganum
harmala, Zygophyllaceae), visegodiS$nje biljke koja raste u sredi$njoj Aziji, sjevernoj Africi i
Bliskom Istoku. Sirijska rutvica koristila se u tradicionalnoj medicini kao abortiv, emenagog,
diuretik, antipiretik, halucinogen i laktagog, dok se ekstrakt sjemenki u sjevernom dijelu Kine
koristio za lijeCenje malarije i karcinoma probavnog trakta (44, 45). Osim harmina, u biljci su
pronadeni i drugi B-karbolinski alkaloidi poput harmalina, harmalola i tetrahidroharmina
poznati kao harmala alkaloidi (Slika 6) (45). Harmin, poput ostalih B-karbolina, ispoljava
brojne bioloske ucéinke (46). U nastavku teksta detaljnije je opisano njegovo protutumorsko i

antimalarijsko djelovanje.

\\ N

HARMIN HARMALOL

TETRAHIDROHARMIN

Slika 6. P. harmala i harmala alkaloidi (prilagodeno prema (47))

1.4.2.1. Protutumorsko djelovanje harmina

Protutumorsko djelovanje harmina ispitano je na nizu stani¢nih linija (Tablica 1). Vidljivo
je da harmin ostvaruje protutumorski ucinak razli¢itim mehanizmima, izravno ili pomazuci

djelovanje poznatih citostatika (npr. gemcitabin i temozolomid).
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Mota i suradnici istrazili su protutumorsko djelovanje harmina in vitro, in vivo i in silico
metodama. Ispitivanjem antiproliferativnog djelovanja na humanim tumorskim stani¢nim
linijama (MCF-7 1 karcinom grliéa maternice, HeLa) i normalnim (netumorskim) misjim
fibroblastima dosli su do zakljuc¢ka da harmin djeluje na tumorske stanice citotoksicno i
selektivno. U MCF-7 stanicama uzrokovao je smanjenje mitohondrijskog membranskog
potencijala i apoptozu ovisnu o Bax, a neovisnu o p53. Inhibicijom fosforilacije pRb i
smanjenjem ekspresije kinaze ovisne o ciklinima (CDK) 2, ciklina A i ciklina B1 uzrokovao je
zaustavljanje ciklusa u G2/M fazi. Biofizikalnim metodama i molekulskim simulacijama
potvrdili su interkalaciju harmina u molekulu deoksiribonukleinske kiseline (DNA). Nadalje,
pokazali su da harmin inhibira popravak DNA ovisan o polifADP-riboza] polimerazi-1
(PARP1). In vivo protutumorsko djelovanje istrazeno je na misevima koji nose Ehrlichov
ascitiéni tumor te je pokazano da harmin smanjuje stopu rasta i veli¢inu tumora, povecava omjer

nevijabilnih i vijabilnih tumorskih stanica te produljuje Zivotni vijek miSeva (54).

Tablica 1. Protutumorski u¢inak harmina na razli¢itim tumorskim stani¢nim linijama

Stanic¢ne linije U¢inak Literaturni izvor

. ) supresija stani¢ne proliferacije i migracije, izazivanje
adenokarcinom dojke

apoptoze in vitro, inhibicija rasta tumora in vivo, Ding i suradnici

(MCF-7 i _
znadajno smanjena ekspresija TAZ, p-Erk, p-Akt i Bcl- (48)
MDA-MB-231)
2, a povecana ekspresija Bax
adenokarcinom zeluca  inhibicija AkKt/mTOR/p70S6K signaliziranja, izazivanje He i suradnici
(MGC-803) apoptoze i autofagije (49)
adenokarcinom zaustavljanje  proliferacije ~ tumorskih  stanica,
gusterace pojacavanje  citotoksi¢nog ucinka  gemcitabina, Zhang i suradnici
(PANC-1, CFPAC-1, inhibicija AKT/mTOR signalnog puta (u kombinaciji s (50)
SW-1990, BXPC-3)  gemcitabinom)
) zaustavljanje proliferacije tumorskih stanica, izazivanje
adenokarcinom o ) o o o
o apoptoze reguliranjem omjera Bcl-2/Bax, inhibiranje Li i suradnici
Stitnjace . . N L
sposobnosti  stvaranja kolonija stanica, inhibicija (51)
(TPC-1)

migracije i invazije tumorskih stanica

karcinom mokra¢nog
mjehura (RT112, RT4,
SW780, BIU87 i 5637)

inhibicija proliferacije i migracije tumorskih stanica,
izazivanje apoptoze ovisne o kaspazama, zaustavljanje

signalnog puta povezanog s VEGFR2

Zhang i suradnici

(52)

glioblastom
(T98G)

sinergisticko djelovanje s temozolomidom, inhibicija

migracije, invazije i adhezije tumorskih stanica,

smanjena ekspresija metaloproteinaza 2 i 9

Jalili i suradnici

(83)
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1.4.2.2. Antimalarijsko djelovanje harmina

Pillai i suradnici pokazali su da se harmin selektivno i s visokim afinitetom veze za ATP-
vezno mjesto u proteinu toplinskog Soka 90 P. falciparum (PfHsp90). Predlozili su da je
inhibicija PfHsp90 jedan od mogu¢ih mehanizama antimalarijskog djelovanja harmina je (55,
56). Hsp su visoko oCuvani proteini prisutni u svim oblicima zivota, od prokariota do visih
eukariota (npr. biljaka i sisavaca). Djeluju kao Saperoni, odnosno pomazu pravilno smatanje
proteina, ¢ime su ukljuceni u mnoge stani¢ne procese poput ekspresije gena, unutarstanicnog
transporta proteina, reguliranja stani¢nog ciklusa i diferencijacije. Hsp90 jedan je od vaznijih
proteina u ovoj porodici. Na N-kraju sadrzi vezno mjesto za adenozin-trifosfat (ATP), koje je
bitho za ATP-azno djelovanje (55, 57). PfHsp90 ima nekoliko bitnih uloga: omogucava
otpornost plazmodija na stres uzrokovan toplinskim Sokom prilikom promjene domacdina,
neophodan je za razvoj plazmodija tijekom eritrocitne faze, a novija istrazivanja ukazuju na
njegovu ulogu u razvoju rezistencije plazmodija na postojece lijekove (57-59). PfHsp90 je
dobra meta za razvoj novih antimalarika iz nekoliko razloga. Prvo, postoje razlike u veznom
mjestu za ATP izmedu PfHsp i humanog Hsp $to omogucava selektivno djelovanje (59). Drugo,
usporedbom veznog mjesta za ATP PfHsp90 izmedu izolata P. falciparum iz geografski
razli¢itih podrucja zakljuceno je da postoji visoka ocuvanost Sto ukazuje na malu vjerojatnost
razvoja rezistencije spram ove mete (55). Nadalje, nakon tretmana P. falciparum s inhibitorom
Hsp90 PU-H17 uocen je gubitak PFCRT. Kombinacija CQ i harmina djelovala je na sojeve
plazmodija otporne na CQ (CQRS) §to govori u prilog tome da harmin inhibicijom PfHsp90

moze interferirati S mehanizmima u plazmodiju odgovornim za rezistenciju (56).

1.4.3. Protutumorsko djelovanje derivata B-karbolina

Postoji veliki broj pripravljenih derivata B-karbolina kojima je ispitano protutumorsko
djelovanje. U nastavku je dan pregled tih derivata s obzirom na potencijalni mehanizam

djelovanja.

1.4.3.1. Derivati B-karbolina koji djeluju na DNA

Interkalirajudi agensi
Brojne studije ukazuju na sposobnost interkalacije B-karbolina u dvostruku uzvojnicu

DNA c¢ime interferiraju s procesom replikacije DNA 1 djelovanjem enzima uklju¢enih u taj
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proces. Kamal i suradnici sintetizirali su C-1- i C-3-supstituirane konjugate B-karbolina i
benzimidazola te su ispitali njihovu citotoksi¢nost na humanim tumorskim stani¢nim linijama.
Konjugat koji je imao 4-metoksifenilni prsten u polozaju C-1 i 6-metoksi-supstituirani
benzimidazol u polozaju C-3 (Slika 7a) pokazao je najbolje djelovanje na stanice multiplog
mijeloma (RPMI-8226) i limfoblasti¢ne leukemije (CCRF-CEM) s ICso vrijednostima 0,36,
odnosno 0,88 uM. Biofizikalnim eksperimentima (spektroskopija, fotocijepanje DNA,
inhibicija topoizomeraze 1) i molekulskim modeliranjem pokazano je da ovi spojevi mogu
interkalirati u DNA (60).

Yang i suradnici sintetizirali su seriju C-3-supstituiranih derivata 3-karbolina. Primijetili
su da uvodenje alkildiaminskog bo¢nog lanca (Slika 7b) povecava fleksibilnost molekule i
sposobnost interkaliranja u DNA (61).

Nagula i suradnici sintetizirali su derivate B-karbolina supstituirane piridinom u polozaju
C-3. Sintetiziranim spojevima ispitan je afinitet vezanja za DNA te je uo¢eno da spoj prikazan
na Slici 7c ima ve¢i afinitet vezanja za DNA od doksorubicina. Studije molekularnog
modeliranja otkrile su postojanje m-w interakcija izmedu planarnog [B-karbolinskog dijela

molekule i parova baza u DNA ukazujuéi na interkalaciju u DNA kao vjerojatni mehanizam

djelovanja ovih spojeva.

0
b) /Ny

Slika 7. Derivati B-karbolina koji djeluju kao interkaliraju¢i agensi

Nadalje, hibridima p-karbolina i kalkona in vitro je ispitana citotoksi¢nost na nizu
humanih tumorskih stani¢nih linija. Vecina hibrida pokazala je dobro djelovanje protiv
stani¢nih linija miSjeg melanoma (B-16) i adenokarcinoma alveolarnog bazalnog epitela (A-
549). Hibrid koji je u polozaju C-1 imao fenilni prsten supstituiran fluorom i metoksi skupinom,
a fenilni prsten kalkonskog dijela molekule supstituiran metoksi skupinom pokazao je snazno i

selektivno djelovanje na A-549 (Slika 8a). Na temelju fluorescencijske titracije, mjerenja
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viskoznosti DNA, molekulskog uklapanja i dinamike zaklju¢eno je da ova serija spojeva ima
sposobnost interkaliranja u DNA (62).

Peng i suradnici izvijestili su o sintezi i in vitro citotoksi¢nom djelovanju konjugata [3-
karbolina i estera aminokiselina. Zakljucili su da uvodenje kationskih aminokiselina kao $to su
lizin 1 arginin znacajno pojacava citotoksi¢ni ucinak spojeva u usporedbi s nenabijenim
aminokiselinama. Spojevi prikazani na Slici 8b snazno su djelovali na HeLa, MCF-7 i stani¢nu
liniju hepatocelularnog karcinoma (HepG2) (I1Cso vrijednosti u rasponu 1-7 uM) te je uoc¢eno
da interkaliraju u DNA (63).

b) 9
Lys-OBzI Arg-OBzI
— —
\ N \ N

N N

H H
Lys = lizin
Arg = arginin

OBzl = r\—{o/\©

Slika 8. Hibridi B-karbolina i: a) kalkona, b) aminokiselina

Song i suradnici pripravili su seriju bivalentnih B-karbolina s poveznicom izmedu dva
indolska atoma dusika duljine 3—10 metilenskih jedinica. Sintetiziranim spojevima ispitano je
citotoksi¢no djelovanje protiv razli¢itih humanih tumorskih stani¢nih linija. SAR studija otkrila
je vaznost supstituenta u polozaju C-1 za djelovanje: uvodenjem odgovarajuceg supstituenta u
ovaj polozaj uvelike se moZe poboljsati protutumorsko djelovanje molekula. Takoder,
pokazano je da je optimalna duljina lanca 4-6 metilenskih jedinica. Dalje, odabranim
molekulama ispitano je protutumorsko djelovanje in vivo na misevima uz ciklofosfamid kao
referentni lijek. Spoj prikazan na Slici 9a je u dozi od 40 mg/kg najucinkovitije inhibirao rast
tumora in vivo (64).

Chen i suradnici pripravili su hibride B-karbolina i tripeptida (Slika 9b) te su ispitali
njihovo antiproliferativno djelovanje na nekoliko tumorskih stani¢nih linija. Rezultati in vitro
ispitivanja pokazali su njihovo umjereno antiproliferativno djelovanje, dok su neki derivati u in
Vvivo ispitivanjima ostvarili uéinak usporediv s adriamicinom (pozitivna kontrola). Na temelju

eksperimenata (UV apsorpcija, fluorescencijska spektroskopija, mjerenje viskoznosti)
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zakljuCeno je da ovi spojevi djeluju interkaliranjem u DNA. Smatra se da interkaliranje

omogucavaju planarni policikli¢ki farmakofori: B-karbolinski prsten i Trp-Trp motiv (24).

a) b) Trp-Trp-AA-OBzI
/ N N\(v)ZN 72 \ Trp = triptofan
AA = aminokiselina
— ~
N N

Slika 9. a) Bivalentni B-karbolni, b) hibridi B-karbolina i tripeptida

Agensi koji se veZu u utor DNA

Klik-reakcijom sintetizirana je serija derivata koji su supstituirani triazolom u poloZaju
C-3 te je ispitan njihov citotoksi¢ni u¢inak na tumorske stani¢ne linije. Spoj prikazan na Slici
10a pokazao se najucinkovitijim protiv stanica kolorektalnog adenokarcinoma (HT-29) (1Cso =
3,67 uM). Studije molekulske dinamike pokazale su da se ova serija spojeva veZe u manji utor
DNA. Daljnji eksperimenti (cirkularni dikroizam, fluorescencijska titracija, viskozimetrijska
titracija) potvrdile su prethodnu teoriju te ukazale na jake elektrostatske sile izmedu DNA i ovih

spojeva (65).

Slika 10. a) Derivati p-karbolina i triazola, b) kombileksini

Kamal i suradnici pripravili su derivate B-karbolina koji sadrze supstituirani fenil u
polozaju C-1 i kalkon/(N-acetil)-pirazol u polozaju C-3. Derivatima je ispitano
antiproliferativno djelovanje na A-549, DU-145, MCF-7, HeLa, ACHN i HEK-293 uz
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doksorubicin i harmin kao pozitivne kontrole. Opcenito, spojevi su pokazali dobru do umjerenu
aktivnost, dok su spojevi prikazani na Slici 10b bili najucinkovitiji. Hoechstovim bojanjem,
fragmentacijom DNA i analizom s aneksinom V-FITC, potvrdeno je da ovi spojevi uzrokuju
apopotozu. S druge strane, molekulskim uklapanjem (engl. docking) utvrdeno je da ovi spojevi
mogu inhibirati topoizomerazu | (66). Nadalje, pripravili su hibride C-1-supstituiranih -
karbolina i trans-cinamida u polozaju C-3 B-karbolinskog prstena (Slika 11). Hibridi su
pokazali izrazito snazno i selektivno djelovanje u niskim nanomolarnim koncentracijama.
Nadeno je da ovi spojevi u¢inak ostvaruju induciranjem apoptoze i inhibicijom topoizomeraze
I. Pokazali su da se spojevi interkaliraju u DNA na mjestu vezanja topoizomeraze te da se

cinamidni dio veze u manji utor DNA =-rt interakcijama (67).

(0]
M@’Rz
N
= H
\ N
N
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Slika 11. Hibrid C-1-supstituiranog p-karbolina i trans-cinamida

Inhibitori topoizomeraze

Hibridi p-karbolina i bisindola dizajnirani su s ciljem vezanja za DNA i inhibicije
topoizomeraze. Svim spojevima ispitano je antiproliferativno djelovanje na razli¢itim humanim
tumorskim stani¢nim linijama. Spojevi su pokazali umjereno do dobro djelovanje s ICso
vrijednostima u rasponu od 1,80 do 44,20 uM. Najucinkovitiji spojevi (Slika 12) snazno su
djelovali na karcinom prostate (DU-145) u niskim mikromolarnim koncentracijama. SAR
analiza otkrila je da supstituenti na fenilnom i indolskom prstenu utje¢u na djelovanje. Spoj s
4-fluor-supstituiranim fenilnim prstenom u polozaju C-1 pokazao je najjace djelovanje na DU-
145, a slijedio ga je spoj s 4-metil-supstituiranim fenilnim prstenom. Utvrdeno je da zamjena
metilne skupine metoksi skupinom dovodi do smanjenja antiproliferativnog djelovanja.
Najucinkovitijim spojevima ispitan je mehanizam djelovanja. Uo¢eno je da ovi spojevi dovode
do cijepanja pBR322 plazmidne DNA kada se ozrac¢e UV svjetlom. Raznim biofizikalnim
eksperimentima (Annexin V-FITC, Hoechstovo bojenje, analiza DNA fragmentacije) utvrdena

je sposobnost uzrokovanja apoptoze tumorskih stanica. Molekulskim uklapanjem pokazano je
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da spojevi tvore ternarni kompleks s DNA 1 topoizomerazom I uzrokuju¢i inhibiciju enzima

(68).

Slika 12. Hibridi B-karbolina i bisindola

Kamal i suradnici sintetizirali su hibride B-karbolina i podofilotoksina kao potencijalne
inhibitore topoizomeraze II. Pripravljenim spojevima ispitana je citotoksi¢nost in vitro na
razli¢itim humanim tumorskim stanicama (A-549, DU-145, MDA-MB-231, HT-29 i HeLa).
Opcenito, spojevi su pokazali visoku citotoksicnost 1 selektivnost u usporedbi s
doksorubicinom, etopozidom i podofilotoksinom protiv DU-145 s ICso vrijedno$¢u u niskim
mikromolarnim vrijednostima. Najbolje djelovanje na ovu stani¢nu liniju pokazali su spojevi
prikazani na Slici 13. Mehanizam djelovanja spojeva odreden je analizom stani¢nog ciklusa,
ispitivanjem inhibicije enzima i molekulskim uklapanjem. Uoc¢eno je da ovi Spojevi imaju

afinitet vezanja za DNA te sposobnost inhibicije topoizomeraze 11 (69).

Slika 13. Hibridi B-karbolina i podofilotoksina

Ista istrazivacka skupina sintetizirala je derivate -karbolina koji sadrze ditiokarbamatnu
funkcionalnu skupinu te su ispitali njihovo djelovanje na humanim tumorskim stani¢nim

linijjama. Spojevi prikazani na Slici 14a pokazali su snazno djelovanje na DU-145 te im je u
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daljnjim eksperimentima ispitan mehanizam djelovanja. Nadeno je da se vezu za DNA s
velikim afinitetom te inhibiraju topoizomerazu II, §to dovodi do apoptoze stanice (70).
Macdonald i suradnici sintetizirali su hibride p-karbolina i aminokiselina te su in vitro
ispitali njihov ucinak na humanim tumorskim stani¢nim linijama i sposobnost inhibicije
topoizomeraze 1l. Za spojeve prikazane na Slici 14b utvrdeno je da inhibiraju proliferaciju

tumorskih stanica i topoizomerazu Il (71).
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Slika 14. a) Ditiokarbamati, b) hibridi B-karbolina i aminokiselina

Cijepanje DNA

Al-Allaf i suradnici pripravili su komplekse harmina i paladija te su ispitali njihovo
djelovanje na P388, misju limfocitnu leukemiju (L1210) i mijeloi¢nu leukemiju (K562). Spoj
prikazan na Slici 15a pokazao je znacajan citotoksi¢ni ucinak u usporedbi s lijekovima koji
sadrZe platinu poput cisplatina i1 karboplatina, s vrijedno$¢u ICso u rasponu 0,364-0,385 uM
(72).

Toshima i suradnici pripravili su hibride -karbolina i ugljikohidrata. Uo¢ili su da hibrid
koji sadrzi 2,6-dideoksi Secer (Slika 15b) cijepa DNA u polozaju gvanina kada je ozracen UV
zraCenjem duge valne duljine. Uvodenjem dideoksi Secera u strukturu smanjuje hidrofilnost
molekule $to pridonosi boljem vezanju u utor DNA te poboljsava sposobnost cijepanja DNA
(73).
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Slika 15. a) Kompleks harmina s paladijem, b) hibrid B-karbolina i ugljikohidrata

1.4.3.2. Derivati B-karbolina koji inhibiraju kinaze

Proteinske kinaze su enzimi koji fosforiliraju specificne aminokiseline u proteinu
posredstvom kofaktora, odnosno ATP-a (2). Fosforilacijom aminokiselina uzrokuju
konformacijsku promjenu proteina $to mijenja njegovu aktivnost. Proteinske kinaze imaju
vaznu ulogu u reguliranju razli¢itih stani¢nih funkcija poput rasta, proliferacije, popravka DNA,
pokretljivosti stanice i apoptoze. Budu¢i da je u tumorskim stanicama uocena pojacana
ekspresija proteinskih kinaza, svrsishodno je razvijati inhibitore ovih enzima kao potencijalne
protutumorske lijekove (2, 24). Brojni inhibitori proteinskih kinaza poput gefitiniba, erlotiniba,
afatiniba, imatiniba, sorafeniba, sunitiniba registrirani su citostatici (2).

Bauerin C, prirodni produkt alge Dichotrix baueriana, ispoljava antiproliferativno i
antivirusno djelovanje, dok njegovi 1-okso-derivati djeluju kao inhibitori kinaza. Bracher i
suradnici pripravili su seriju 7,8-diklor-1-okso-p-karbolina temeljenih na strukturi bauerina C.
Utvrdeno je da derivati snaZno i selektivno inhibiraju onkogene PIM kinaze u usporedbi s
drugim humanim kinazama. Spoj prikazan na Slici 16a ostvario je najjace djelovanje na PIM1
i PIM3 kinaze s I1Csg vrijednostima 60, odnosno 90 nM. Selektivnost derivata objasnjena je
posebnim nac¢inom njihovog vezanja za zglobno mjesto enzima. Analiza kokristala otkrila je da
ovi spojevi, za razliku od ostalih inhibitora koji oponasaju vezanje ATP-a, stvaraju halogenske

veze s aminokiselinskim ostacima iz okosnice enzima (74).
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Slika 16. a) Inhibitor PIM kinaza, b) inhibitori haspin kinaza

Haspin kinaze su atipi¢ne eukariotske proteinske kinaze koje se veZzu za kromosom i
fosforiliraju treonin 3 u histonu 3 tijekom mitoze. Prekomjerna ekspresija ili izostanak
ekspresije haspin kinaza rezultiraju disfunkcionalnom mitozom. Istrazivanja su pokazala da
inhibitori haspin kinaza imaju protutumorski ucinak (75). Pretrazivanjem visokog kapaciteta
(engl. high throughput screening) nadeno je da harmin i harmol umjereno inhibiraju haspin
kinaze. Cuny i suradnici pripravili su derivate harmina te ispitali njihovo inhibitorno djelovanje
spram haspin kinaza. Spojevi prikazani na Slici 16b pokazali su snazno inhibitorno djelovanje
s ICso vrijednostima u submikormolarnim koncentracijama (76).

B-Raf je serin-treonin kinaza koja posreduje u prenoSenju signala izmedu Ras i MEK u
MAPK signalnom putu. Primijeceno je da neke vrste tumorskih stanica sadrze mutirani gen za
ovu kinazu. Njegovom ekspresijom nastaje modificirani B-Raf koji je zaklju¢an u aktivnoj
konformaciji zbog ¢ega vrsi kontinuirano unutarstanic¢no signaliziranje. Posljedica je povecana
proliferacija, prezivljavanje i pokretljivost tumorskih stanica (77). Lu i suradnici dizajnirali su
seriju  1-karboksamid-6-sulfonamid-supstituiranih  B-karbolina kao potencijalnih B-Raf
inhibitora. Svi sintetizirani spojevi pokazali su dobro inhibitorno djelovanje s vrijednostima
ICs0 U rasponu 1,62-91,55 uM. Derivat koji je sadrzavao dvije dimetilaminopropilne skupine
ostvario je najsnaznije djelovanje (ICso = 1,62 puM). Uoceno je da zamjena obje
dimetilaminopropilne skupine s dietilaminopropilnim skupinama rezultira smanjenjem ucinka
(ICs0 = 2,81 mM). Studijama molekulskog uklapanja pokazano je da se najucinkovitiji derivat
veze za enzim na sliCan nacin kao referentni lijek sorafenib i spoj PLX4032 (Slika 17).
Temeljem toga autori su predlozili da se u dizajniranju novih inhibitora B-Rafa -karbolinska

jezgra moze upotrijebiti kao dio molekule koji se veze za zglobnu regiju enzima (78).
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Slika 17. Koristenje B-karbolinske jezgre u dizajniranju B-Raf inhibitora

CDK su heterodimerni proteini koji reguliraju napredovanje stani¢nog ciklusa. Uoceno
je da je funkcija CDK u tumorskim stanicama poremecena zbog ¢ega mogu posluziti kao mete
za razvoj lijekova. Inhibitori CDK natje¢u se s kompleksom ATP-Mg?* za ATP-vezno mjesto
u CDK. Sintetizirani su harmin i C-1-supstituirani B-karbolini te je ispitano njihovo
protutumorsko djelovanje. Derivat koji sadrzi 5-metilimidazol-4-ilni supstituent u polozaju C-
1 (Slika 18) pokazao je najsnaznije djelovanje, pri 50 uM koncentraciji inhibirao je CDK5 94
%, a CDK2 89 % (24).

N
\_NH

Slika 18. Inhibitor kinaza ovisnih o ciklinima

1.4.3.3. Derivati B-karbolina koji djeluju na tubulin

Tubulin je globularni protein koji u stanici polimerizira u mikrotubule. Tubulin, odnosno
mikrotubuli imaju mnoge funkcije u stanici, izmedu ostalih sudjeluju u diobi stanice. Prije diobe
mikrotubuli depolimeriziraju u tubulin koji ponovno polimerizira i tvori diobeno vreteno. Neki
protutumorski lijekovi interferiraju s ovim procesom: vezu se na tubulin i sprjeavaju

polimerizaciju ili stabiliziraju mikrotubule i sprije¢avaju depolimerizaciju (2).
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Shen i suradnici pripravili su C-1-supstituirane derivate 1,2,3,4-tetrahidro-p-karbolina i
3,4-dihidro-B-karbolina (Slika 19a) te su ispitali njihovo protutumorsko djelovanje na nizu
tumorskih stani¢nih linija. Spojevi su pokazali znac¢ajno protutumorsko djelovanje: 3,4-dihidro-
B-karbolin ostvario najsnaznije djelovanje (ICso < 0,001 ug/mL na svim ispitivanim linijama),
dok je 1,2,3,4-tetrahidro-B-karbolin snazno djelovao na P-388 (ICso = 0,07 upg/mL).
Pretpostavljeni mehanizam djelovanja ovih derivata je sprijeCavanje stvaranja diobenog vretena
i segregacije kromosoma (79).

Kulkarni i suradnici pripravili su hibride tetrahidro-p-karbolina/dihidro-p-karbolina/p-
karbolina i kumarina (Slika 19b) te su ispitali njihovu citotoksi¢nost na 60 razli¢itih tumorskih
linija. Vecina hibrida pokazala je dobro djelovanje. Uoceno je da najbolje djelovanje ostvaruju
B-karbolini, potom tetrahidro-B-karbolini, dok su dihidro-p-karbolini djelovali slabije. U seriji
-karbolina najbolje djelovanje ostvarili su derivati kojima je kumarinski prsten u polozaju O-
6 bio supstituiran klorom ili metoksi skupinom. Molekulskim uklapanjem pokazano je da se

spojevi vezu za tubulin i motorni protein KSP (80).

ICso(P-388) = 0,07 pg/mL ICs0 < 0,001 pg/mL

opadanje djelovanja

Slika 19. Derivati 3-karbolina koji djeluju na tubulin

1.4.3.4. Inhibitori histonskih deacetilaza

Opcenito, inhibitori histonskih deacetilaza (engl. histone deacetylase, HDAC)
kompleksiraju cink u aktivnom mjestu HDAC ¢ime inhibiraju njegovo djelovanje. Gradeni su

od tri dijela: skupina koja kompleksira cink, povrSinska vezujuca skupina i poveznica (81).
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Ling i suradnici sintetizirali su dvije serije derivata p-karbolina supstituiranih
hidroksamskom kiselinom u polozaju C-3 te su ispitali njihovo antiproliferativno djelovanje na
tri linije ljudskog kolorektalnog karcinom (HCT116, SW620, LoVo) i sposobnost inhibicije
HDAC. Hidroksamska kiselina djelovala je kao cink-kompleksirajuca skupina, [-karbolinski
prsten predstavljao je povrsinsku vezujucu skupinu, a ugljikovodicni lanac je bio poveznica. U
prvoj seriji poveznica izmedu B-karbolinskog prstena i ugljikovodi¢nog lanca bio je amid, a
strukturna raznolikost postignuta je variranjem supstituenata u polozaju C-1 i duljine poveznice
(Slika 20a). Utvrdeno je da derivati koji su bili supstituirani p-metoksifenilnom skupinom u
polozaju C-1 imaju usporedljiv ili bolji u¢inak u odnosu na suberoilanilidhidroksamsku kiselinu
(SAHA, vorinostat). S druge strane, derivati koji su u tom polozaju imali metilnu skupinu ili su
bili nesupstituirani, pokazali su slabije antiproliferativno djelovanje. Dalje, spojevima je in vitro
ispitano inhibitorno djelovanje na HDAC enzime. Spojevi koji su sadrzavali poveznicu s
jednom ili dvije metilenske jedinice pokazale su slabiju inhibiciju enzima u odnosu na spojeve
koji su sadrzavali viSe od 3 ili 4 metilenske jedinice.

Na temelju ovih rezultata sintetizirana je druga serija spojeva u kojoj je zadrzan p-
metoksifenilni supstituent u polozaju C-1, amid zamijenjen ureom, dok je strukturna raznolikost
postignuta variranjem supstituenta u polozaju N-9 i duljine poveznice (Slika 20b).
Antiproliferativno djelovanje ovih spojeva bilo je blago jace od spojeva prve serije. SAR
analizom nadeno je da derivati s poveznicom duljine 3 ili 4 metilenske jedinice pokazuju
najbolje djelovanje, dok supstituent u polozaju N-9 ima mali utjecaj na antiproliferativni u¢inak.
U ispitivanju inhibitornog djelovanja spojeva na HDAC enzime otkriveno je da djeluju
usporedivo ili snaznije od SAHA-e. Zanimljivo je da su neki spojevi mnogo snaznije inhibirali
proliferaciju stanica nego HDAC enzime zbog ¢ega su autori zakljucili da uz, inhibiciju HDAC,

postoje i drugi mehanizmi djelovanja spojeva (82).
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Slika 20. Derivati B-karbolina koji djeluju kao inhibitori HDAC
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1.4.3.5. Derivati koji izazivaju feroptozu

Feroptoza je programirana stani¢na smrt ovisna o zeljezu koju karakterizira nakupljanje
lipidnih peroksida. RSL3, derivat B-karbolina (Slika 21), inducirao je feroptozu u geneticki
modificiranim fibroblastima (BJeLR) (ICso = 2 uM) i Calu-1 stanicama (1Cso = 20 uM). Nadeno
je da je za djelovanje ovog derivata bitna kloracetamidna skupina. Daljnja istrazivanja pokazala
su da RSL3 izaziva apoptozu inhibicijom glutation-reduktaze, zbog ¢ega dolazi do lipidne

peroksidacije (83).

Slika 21. RSL3

1.4.3.6. Razlicito

Zjawiony i suradnici pripravili su hibride N-9-supstituiranih B-karbolina i hidantoina.
Hibridi su pokazali dobro antiproliferativno djelovanje in vitro. Derivati prikazani na Slici 22
snazno su djelovali na MCF-7, MDA-MB-231 i A549. Derivat supstituiran p-CN-benzilnom
skupinom u polozaju N-9 djelovao je 83 puta jace na MCF-7 od 5-fluorouracila (5-FU) te je
pokazao visoku selektivnost prema tumorskim stanicama. Uoceno je da supstituenti bogati

elektronima u polozaju N-9 doprinose citotoksi¢nom ucinku, dok ga elektron-odvlacece

O
R4 = H, R, = p-CN-benzil R; = H, Ry = p-OCH3-benzil
- N
IC5o(MCF-7) = 1,70 uM

ICso(MCF-7) = 0,37 uM
Ry \ N ICso(MDA-MB-231) = 1,18 uM  ICso(MDA-MB-231) = 1,14 uM
o) ICs0(A549) = 2,96 uM ICso(A549) = 3,09 M

skupine smanjuju (84).

Slika 22. Hibridi B-karbolina i hidantoina
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Na Slici 23 prikazani su triazolski derivati B-karbolina. Povezivanje C-1 polozaja -
karbolina i C-4 polozaja triazola arilnom/alkilnom/eterskom poveznicom rezultiralo je
derivatima s umjerenim djelovanjem (Slika 23a). Na Slici 23b prikazani su hibridi gradeni od
[-karbolina, triazola i supstituiranih arila uz kalkonsku poveznicu kojima je ispitano djelovanje
na MCF-7 i MDA-MB-231. SAR analiza pokazala je da priroda arilnog supstituenta i duljina
poveznice znacajno utjeCu na djelovanje. Derivat s trimetoskifenilom i poveznicom od 4
ugljikova atoma pokazao je snazno i selektivno djelovanje na MDA-MB-231, dok je derivat s
p-fluorfenilom i kra¢om poveznicom (3 ugljikova atoma) bio selektivan prema MCF-7.
Policikli¢ki hibridi gradeni od tetrahidro-f-karbolina i triazola (Slika 23c) pokazali su dobro
djelovanje na MCF-7 i misji melanom (B16F10). Pokazano je da se ovi derivati veZu za manji
utor molekule DNA, induciraju apoptozu, zaustavljaju stani¢ni ciklus, inhibiraju migraciju

stanica i stvaranje kolonija stanica (85).
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Slika 23. Triazolski derivati 3-karbolina

Konakahara i suradnici sintetizirali su p-karboline supstituirane aminobenzilnom
skupinom u polozaju C-3. Sintetiziranim spojevima ispitali su protutumorsko djelovanje na
HeLa i sarkom 180. Utvrdeno je da je vecina hibrida ostvaruje dobro djelovanje s ICso
vrijednostima u rasponu 0,032-16 uM. Spojevi prikazani na Slici 24 pokazali su najbolje
djelovanje protiv HeLa sa submikormolarnim 1Csp vrijednostima. Na temelju fragmentacije
DNA, Hoechst bojanja te rezultata protocne citometrije zakljuceno je da spojevi zaustavljaju

stani¢ni ciklus u G2/M fazi (86).

25



Y

ZT
ZT

\ /N —
\ N

Iz

—NH

Iz

—NH

Slika 24. Derivati B-karbolina koji utjecu na stani¢ni ciklus

1.4.3.7. SAR protutumorskog djelovanja derivata g-karbolina

Veliki broj pripravljenih derivata p-karbolina omogucio je analizu utjecaja polozaja i
vrste supstituenta na [-karbolinskom prstenu na protutumorsko djelovanje. Rezultati SAR

analize sazeto su prikazani na Slici 25.

p-Karbolinska jezgra
bitna je za protutumorsko
djelovanje. Tetrahidro-p-
karbolini takoder mogu Odgovarajuéi  supstituent u
ostvariti dobro djelovanje. polozaju C-3 moZe pobolj$ati
protutumorsko djelovanje te
smanjiti akutnu toksiCnost i
neurotoksi¢nost; preferirane
skupine su amin, amid i tiourea.

Alkoksi supstituent u polozaju C-
7 moZe pobolj$ati protutumorsko
djelovanje. Metoksi skupina u
poloZaju C-7 potencijalno je
neurotoksicna.

! Uvodenje  benzilnog

N2 — . supstituenta u poloZzaj

\ Z : N-2 moZe povedati
' protutumorski uginak.

Odgovarajuéi supstituent (npr.
arilna skupina) u polozZaju C-1
znagajno moze  poboljsati
protutumorsko djelovanje.

Uvodenje kratke alkilne ili
aril-alkilne skupine u poloZaj
N-9 rezultira poboljSanjem
protutumorskog djelovanja.

Slika 25. SAR analiza derivata p3-karbolina (87)
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1.4.4.  Antimalarijsko djelovanje derivata B-karbolina

Coldham i suradnici pripravili su derivate B-karbolina supstituirane razli¢itim aminima u
polozaju C-1 te su ispitali njihovo antimalarijsko djelovanje (Slika 26a). Derivati supstituirani
N-alkiliranim propan-1,3-diaminom pokazali su dobro djelovanje, dok je derivat supstituiran
etanolaminom bio manje ucinkovit. Izmedu derivata supstituiranih ciklickim aminima
najucinkovitiji je bio onaj koji je sadrzavao 1-(piperidin-4-il)azepan (ICso = 0,35 uM). Derivati
supstituirani piperazinom djelovali su snaznije od derivata s piperidinom i morfolinom (88).

Ista istrazivaCka skupina pripravila je seriju srodnih 1-amino-B-karbolina koji su bili
supstituirani halogenom (F ili Br) u polozaju C-7. Uoceno je da uvodenje halogena u polozaj
C-6 doprinosi antimalarijskom djelovanju. U seriji kloriranih derivata najbolje djelovanje
pokazao je spoj koji u polozaju C-1 sadrzi diaminoalkilni lanac identi¢an onom u CQ, dok je u
seriji fluoriranih derivata najucinkovitiji bio derivat supstituiran u polozaju C-1 s

nerazgranatim, za jednu metilensku jedinicu skrac¢enim diaminoalkilnim lancem (Slika 26b)

(89).
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Slika 26. a) 1-amino-B-karbolini, b) C-6-halogenirani 1-amino-p-karbolini

Alkiliranjem polozaja N-2 pripravljene su kvarterne amonijeve soli B-karbolina (Slika
27a) koje su pokazale znaCajno antimalarijsko djelovanje. Derivat supstituiran metilnom
skupinom pokazao je najsnaznije djelovanje (ICso = 0,194 uM). Uoceno je da zamjena metilne
skupine duzim alkilnim, alilnim ili aromatskim skupinama rezultira opadanjem antimalarijskog

djelovanja i porastom citotoksi¢nosti (90).
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Slika 27. a) Monomerne i b) dimerne kvarterne amonijeve soli B-karbolina

Gademann i suradnici pripravili su seriju dimernih kvarternih amonijevih soli B-karbolina
(Slika 27b) koje su djelovale snaznije od analognih monomera. Najbolje antimalarijsko
djelovanje pokazali su derivati s dugackom alifatskom (fleksibilnom) poveznicom (ICso
vrijednosti < 0,1 uM). S druge strane, porastom duljine poveznice dolazi do poveéanja
citotoksi¢nosti i smanjenja selektivnosti. Nadeno je da derivati koji sadrze poveznicu duljine
pet, odnosno Sest ugljikovih atoma imaju optimalan odnos izmedu antimalarijskog djelovanja i
citotoksi¢nosti (91).

Pripravljeni su N-2-supstituirani derivati eudistomina N i eudistomina O. Eudistomini su
B-karbolini supstituirani bromom u polozaju C-6, odnosno C-8 (Slika 28). Izmedu derivata
eudistomina N najbolje antimalarijsko djelovanje ostvarili su oni koji su u polozaju N-2
sadrzavali metilnu (ICsp = 18 nM), odnosno etilnu (ICsp = 32 nM) skupinu. Ovi derivati nisu
bili citotoksi¢ni zbog ¢ega su pokazali visoke indekse selektivnosti. Derivati eudistomina O

djelovali su slabije (ICso vrijednosti u rasponu 0,502—6,738 uM) (90).

a) b)
Br Br
— — S S
\ /N : \ /NLR \ /N :> \ /)T_\R
- N N
H H X Br H Br H

eudistomin N eudistomin O
X=1,Br X=1,Br
R = CHj;, C,Hs, alil, n-butil, benzil, p-F-benzil, m-F-benzil, R = C,Hs, alil, benzil, p-F-
p-NO,-benzil, 3-fenilpropil, metilnaftil benzil, metilnaftil

Slika 28. N-2-supstituirani derivati: a) eudistomina N i b) eudistomina O
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Liew i suradnici pripravili su derivate p-karbolina, 3,4-dihidro-p-karbolina i 1,2,3,4-
tetrahidro-B-karbolina supstituirane indolom u polozaju C-1 (Slika 29). Derivati B-karbolina
koji su sadrzavali metoksi, odnosno hidroksilne skupine (R1 = Rz = OCH3, R2 = H, odnosno R
= R3 = OH, R2 = H) pokazali su dobro antimalarijsko djelovanje. S druge strane, nesupstituirani
derivat B-karbolina te derivati -karbolina koji su u polozaju C-3 bili supstituirani karboksilnom
kiselinom ili esterom (R1 = R3 =H, R, = COOH, odnosno R1 = R3 = H, R, = COOCH3) djelovali
su slabije. Tetrahidro-B-karbolin supstituiran metoksi skupinama (R1 = Rs = OCHj3, Rz = H)
djelovao je usporedljivo, a nesusptituirani tetrahidro-p-karbolin snaznije od analogno
supstituiranih B-karbolina. Derivati dihidro-f-karbolini djelovali su najslabije u ovoj seriji

spojeva (92).

) ) ) R1 = R2 = R3 =H
R, =Ry =OH, R, = H jace djelovanje R, =R;=H, R, = COOH slabije djelovanje
R1 = R3 = H, R2 = COOCH3

R1 = R3=OCH3, R2= H

Slika 29. Derivati indola i: a) p-karbolina, b) 3,4-dihidro-B-karbolina,
c) 1,2,3,4-tetrahidro-p-karbolina

Batra i suradnici pripravili su fuzionirane derivate -karbolina i 1,4-oksazepina Izmedu
ostalih derivata, spoj prikazan na Slici 30 pokazao je najsnaznije antimalarijsko djelovanje koje

je ipak bilo slabije u odnosu na CQ (93).

Slika 30. Derivat B-karbolina i 1,4-oksazepina
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Anderson i suradnici pripravili su tetrahidro-p-karbolinske i B-karbolinske derivate
harmina (42). U seriji spojeva naju¢inkovitijim se pokazao 6-klortetrahidro-f-karbolinski
derivat (Slika 31) koji je ostvario dobro antimalarijsko djelovanje, nije bio toksican prema
ljudskim stanicama te je, poput harmina, pokazao sposobnost inhibicije PfHsp90. U nastavku
istrazivanja ovaj derivat posluzio je kao spoj uzor. Alkiliranjem indolskog dusika, odnosno
uvodenjem arilnih supstituenata u polozaj C-1 pripravljena je nova serija spojeva. Nealkilirani
derivat supstituiran m-metilfenilom u polozaju C-1 pokazao je dva reda veli¢ine snaznije

djelovanje u odnosu na spoj uzor (94).

N-alkilacija

spoj uzor Q

ECso (3D7) = 12,2 £ 2,3 uM
ECsp (3D7) = 0,353 + 0,497 uM

Slika 31. Derivati 3-karbolina supstituirani u polozajima C-1 i C-6

Saha i suradnici pripravili su konjugate p-karbolina i tiouree/gvanidina. Dva gvanidina
(Slika 32a) pokazali su dobro djelovanje na CQOS i CQRS P. falciparum s ICso vrijednostima
u rasponu 0,6-1 uM. Studije molekulskog uklapanja pokazale su da se ovi spojevi mogu vezati
za dihidrofolat reduktazu i FP3 (95).

e

i
\q

R

Slika 32. a) Konjugati B-karbolina i gvanidina, b) derivati 3-karbolina amidnog tipa

Zago6rska i suradnici pripravili su seriju tetrahidro-p-karbolina koji sadrze aromatski i/ili

alkilni lanac u polozaju C-1 te amidnu skupinu u polozaju C-3. Opcenito, derivati su pokazali
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umjereno antimalarijsko djelovanje. Vazno je ista¢i da su derivati snaznije djelovali na CQRS
od CQOS. Spoj prikazan na Slici 32b pokazao je najsnaznije djelovanje, visoku selektivnost i
nisku toksi¢nost (96).

Raji¢ i suradnici pripravili su harmicine, hibridne spojeve harmina i derivata cimetne
kiseline, koji u strukturi poveznice sadrze triazol u polozajima O-7 i N-9 (Slika 33).
Pripravljenim spojevima ispitali su antimalarijsko djelovanje in vitro na eritrocitnu fazu dva
soja P. falciparum (Pf3D7, CQOS, i PfDd2, CQRS), hepatocitnu fazu P. berghei i
citotoksicnost na HepG2. Vecina spojeva pokazala je znacajno djelovanje protiv obje faze
zivotnog ciklusa plazmodija, snaZnije od roditeljske molekule harmina. Harmicini supstituirani
u polozaju O-7 pokazali su najsnaznije djelovanje protiv eritrocitnog stadija oba soja P.
falciparum, dok su O-7,N-9-bis-harmicini bili najucinkovitiji protiv hepatocitne faze P.
berghei. Za bis-harmicine molekulskom dinamikom utvrdeno je vezanje za ATP-vezno mjesto
PfHsp90. N-9-supstituirani harmicini bili su najmanje, a O-7-supstituirani harmicini najvise

citotoksi¢ni prema HepG2 (97).

a b c d e f g h i

Ry | H H H H H H H H CHs

A0
Ry | H pOCHs - > mF pF mFpF pC mBr H

0-7,N-9-disuptiruirani harmicini
(bis harmicini)

N \ N-9-supstituirani harmicini
\
R N=N \ <

O-7-supstituirani harmicini

Slika 33. Harmicini triazolskog tipa

Ista istrazivacka skupina pripravila je analognu seriju spojeva u kojima je triazol
zamijenjen amdinom skupinom (Slika 34). Ovi derivati pokazali su dobro djelovanje na
eritroctinu fazu P. falciparum (ICso vrijednosti u niskim submikromolarnim koncentracijama),
dok su na hepatocitnu fazu P. berghei djelovali slabije. Nadalje, ispitivanje citotoksi¢nosti na
HepG2 pokazalo je povoljne indekse selektivnosti. Molekulskom dinamikom pokazano je da

se i ovi harmicini vezu za ATP-vezno mjesto PfHsp90 (98).
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Slika 34. Harmicini amidnog tipa
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1.5. CIMETNA KISELINA I NJENI DERIVATI

1.5.1. Cimetna Kiselina i njeni derivati u prirodi

Cimetna kiselina (3-fenilprop-2-enska ili fenilakrilna kiselina) (Slika 35) i njeni derivati
(DCK-i) prirodni su produkti nastali sekundarnim metabolizmom biljaka (99). Siroko su
rasprostranjeni u biljnom svijetu, uglavhom kao stabilniji trans izomeri. Primjerice, trans-
cimetna kiselina prisutna je u kori kineskog cimeta (Cinnamomum cassia) i drugih biljaka iz
roda Cinnamomum prema kojem je dobila trivijalno ime (100). U biljkama cimetna kiselina
nastaje deaminacijom L-fenilalanina uz enzim fenilalanin-amonij-liazu. Djelovanjem enzima
citokrom P450 (CYP) cimetna kiselina se prevodi u fenolne derivate (p-kumarinska, kavena,
ferulicna i sinapinska kiselina). Takoder, motiv cimetne kiseline prisutan je u brojnim
sekundarnim metabolitima fenilpropanoidnog biosintetskog puta (99, 101). Cimetna kiselina i

njeni derivati imaju Siroki spektar djelovanja u biljaka, od zastite od mikroba do privlacenja

o™
OH

Slika 35. Struktura cimetne kiseline

opra$ivaca (100).

1.5.2. Priprava cimetne kiseline i derivata

Cimetna kiselina i DCK-i upotrebljavaju se u proizvodnji mirisa, okusa, boja i lijekova.
Za industrijske potrebe ne izoliraju se iz prirodnih izvora, nego se pripravljaju sintetskim putem.
Postoje brojne metode za pripravu cimetne Kiseline i DCK-a, a najc¢esce se koristi Perkinova
reakcija (Shema 2) (102). Ova metoda podrazumijeva kondenzaciju aromatskog aldehida i
anhidrida alifatske karboksilne kiseline u prisutnosti slabe baze, npr. natrijevog acetata (43,
102).

R2
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Shema 2. Sinteza cimetne kiseline i DCK-a Perkinovom reakcijom
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1.5.3. Biolosko djelovanje cimetne Kiseline i DCK-a

Cimetna kiselina i DCK-i posjeduju brojna bioloSka djelovanja poput antioksidativnog
(103), protutumorskog (101), antimikrobnog (99), protuvirusnog (104), antituberkulotskog
(105), antimalarijskog (100), neuroprotektivnog (106), protuupalnog (107) i antidijabetickog
(108). U nastavku teksta detaljnije je prikazano njihovo antimalarijsko i protutumorsko

djelovanje.

1.5.3.1. Antimalarijsko djelovanje

Tijekom eritrocitne faze plazmodij primarno osigurava energiju potrebnu za rast i razvoj
procesom glikolize. Uoceno je da eritrociti zarazeni plazmodijem ¢ak 100 puta brze
metaboliziraju glukozu u odnosu na zdrave crvene krvne stanice, pri ¢emu stvaraju veliku
koli¢inu laktata, nusprodukta ovog metabolickog puta. Kako bi parazit odrzao potrebnu
koli¢inu energije, pH i1 osmotski tlak neophodan je kontinuirani unos glukoze te izlucivanje
laktata. Potonji se iz plazmodija izluuje posredstvom transportera za prijenos
monokarboksilata (109). Na temelju spoznaje da DCK-i inhibiraju prijenos monokarboksilata
kroz stani¢nu 1 mitohondrijsku membranu, Kanaani 1 Ginsburg pretpostavili su da je mehanizam
antimalarijskog djelovanja DCK-a inhibicija prijenosa laktata. Medutim, uoc¢ili su da DCK-i
inhibiraju transport gukoze, glicina i sorbitola snaznije nego laktata. Zakljucili su da DCK-i,
osim transporta laktata, inhibiraju i nove putove propusnosti (NPP) koje plazmodij inducira u
membrani eritrocita kako bi omogucéio dostavu tvari potrebnih za razvoj. Takoder, uoceno je da
DCK-i smanjuju koli¢inu ATP-a i proliferaciju parazita (100, 110).

U literaturi postoje brojni primjeri uspje$ne hibridizacije DCK-a s drugim bioaktivnim
molekulama, koji su rezultirali poboljsanim antimalarijskim djelovanjem. Gomes i suradnici
pripravili su dvije serije hibrida 4-amino-7-klorkinolina i razli¢itih DCK-a. U prvoj seriji
klorkinolinski i cimetni strukturni motivi bili su izravno povezani (Slika 36a), dok su derivati
druge serije sadrzavali dipeptidnu poveznicu (Slika 36b). Spojevima je ispitano antimalarijsko
djelovanje in vitro na eritrocitnu fazu P. falciparum te sposobnost inhibicije polimerizacije
hemozoina i proteaza falcipain-2 i -3. Hibridi prve serije su neSto snaznije inhibirali falcipain
proteaze, ali su bili nedjelotvorni protiv P. falciparum (ICso > 10 puM) i nisu inhibirali
polimerizaciju hemozoina. S druge strane, hibridi druge serije pokazali su umjereno

anitmalarijsko djelovanje (0,8 < ICsgp < 10 uM), koje nije bilo u korelaciji s njihovom
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sposobno$¢u inhibicije  polimerizacije hemozoina. Zamjena L-aminokiselina D-
aminokiselinama u poveznici rezultirala je ja¢im antimalarijskim djelovanjem (111).

Na temelju prethodnih podataka i in silico studija, isti autori su dizajnirali i sintetizirali
novu generaciju hibrida u kojima je dipeptidna poveznica zamijenjena hidrofobnijom i
fleksibilnijom (Slika 36¢). Pronadeno je da spojevi koji u poveznici izmedu amino i amidne
skupine imaju cetiri metilenske jedinice (n = 4) pokazuju snazno djelovanje in vitro protiv
CQRS P. falciparum (11 < ICso < 111 nM). Antimalarijsko djelovanje hibrida nove generacije
nije bilo u potpunoj korelaciji sa sposobnos$¢u inhibicije falcipain proteaza i polimerizacije
hemozoina §to sugerira da hibridi imaju dodatni mehanizam djelovanja. Budu¢i da hibridi
sadrze cimetnu kiselinu kao strukturni motiv, autori su pretpostavili da bi dodatni mehanizam
djelovanja bio inhibicija NPP (112).
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Slika 36. Hibridni spojevi DCK-a i 4-amino-7-klorkinolina

Ista istrazivacka skupina naknadno je pripravila analoge spojeva prikazanih na Slici 36c.
Nakon provedene SAR analize zakljuc¢eno je da se ucinak spojeva zna€ajno smanjuje ili ¢ak
izostaje ako se: 1) 4-amino-7-klorkinolinska jezgra zamijeni drugim heteroaromatskim ili
nearomatskim prstenom, 2) amidna veza zamijeni esterskom, 3) broj metilenskih jedinica
razlikuje od 4, 4) fenilni prsten cimetnog dijela molekule disupstituira, i 5) supstituent na
fenilnom prstenu ne nalazi u p-polozaju. Takoder, uoceno je da ovi hibridi ostvaruju dvostruko
djelovanje: uc¢inkoviti su protiv eritrocitne i hepatocitne faze Zivotnog ciklusa plazmodija (112).

Gomes i suradnici pripravili su hibride DCK-a i mepakrina (kinakrina), jednog od
najstarijih sintetskih antimalarika, te su ispitali njihovo antimalarijsko djelovanje in vitro na
eritrocitnu fazu dva soja P. falciparum (CQOS i CQRS) i hepatocitnu fazu P. berghei. Hibridi
¢iji je akridinski prsten bio supstituiran (R1 = OCHzs, R2 = Cl) (Slika 37) pokazali su jace

djelovanje od nesupstituiranih analoga (R1 = Rz = H). Supstituirani hibridi pokazali su 2 do 4
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puta snaznije djelovanje od primakina (PQ) protiv hepatocitne faze, protiv soja 3D7 P.
falciparum djelovali su usporedivo s CQ, dok im je ucinak protiv soja Dd2 bio 2 do 4 puta
snazniji od CQ. Neki od hibrida bili Su manje citotoksi¢ni, ali u¢inkovitiji protiv plazmodija u

odnosu na roditeljsku molekulu mepakrin.(113).

Slika 37. Hibridni spojevi DCK-a i mepakrina

U literaturi su opisani i brojni primjeri povezivanja derivata cimetnih kiselina sa
strukturnim motivima koje ne pronalazimo u postoje¢im antimalaricima. Primjerice, Schlitzer
i suradnici pripravili su konjugate derivata cimetne kiseline prikazane na Slici 38a te su ispitali
njihovo djelovanje na CQRS Dd2. Uocili su da antimalarijsko djelovanje uvelike ovisi o vrsti
supstituenta u fenilnom prstenu cimetnog dijela molekule. Derivat supstituiran p-propoksi
skupinom ispoljio je najsnaznije djelovanje (ICso = 0,2 uM) (114). Gassama i suradnici
pripravili su konjugate DCK-a i 1-(R)-feniletilalanina (Slika 38b). Spoj koji sadrzi 3,4-
dihidroksi supstituirani fenilni prsten ostvario je najbolje djelovanje na 3D7, usporedivo s CQ-
om (115).
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Slika 38. Razli¢iti konjugati DCK-a
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1.5.3.2. Protutumorsko djelovanje

Protutumorsko djelovanje cimetne kiseline i DCK-a detaljno je opisano u preglednom
radu De i suradnika. Cimetne kiseline i DCK-i ostvaruju protutumorski u¢inak razli¢itim
mehanizmima djelovanja, poput izazivanja apoptoze, zaustavljanja stani¢nog ciklusa u S fazi,
narusavanja stani¢nog citoskeleta, aktivacije kaspaza, generiranja reaktivnih Kisikovih vrsta
(RKV) te inhibicije histonskih deacetilaza. Jedan od mogucih mehanizama citostatskog
djelovanja cimetne kiseline i DCK je stvaranje adukata Michaelovom adicijom. Ovi spojevi u
strukturi sadrze o, 3-nezasi¢enu karboksilnu skupinu, koja djeluje kao Michaelov akceptor zbog
¢ega moze reagirati s tiolnim skupinama glutationa i cisteina. Ne postoji izravan dokaz da ovi
spojevi ostvaruju protutumorsko djelovanje Michaelovom adicijom, ali je na nekoliko primjera
uoc¢eno da redukcijom dvostruke veze dolazi do smanjenja citostatskog djelovanja (101).

Gomes i suradnici ispitali su antiproliferativno djelovanje hibrida 4-amino-7-klorkinolina
i DCK-a (Slika 36c) na tumorskim stani¢nim linijjama karcinoma zeluca (MKN-28),
kolorektalnog adenokarcinom (Caco-2) i MCF-7. Svi hibridi pokazali su dobro djelovanje na
ispitivane tumorske stani¢ne linije u niskim mikromolarnim koncentracijama, dok su bili
netoksi¢ni prema fibroblastima ljudskog prepucija (HFF-1, netumorska stani¢na linija). U¢inak
spojeva bio je uvelike smanjen ili je izostao ako je aminokinolinska jezgra bila zamijenjena
drugim aromatskim, heteroaromatskim ili nearomatskim prstenovima, a povecao se s duljinom
alkilne poveznice. Promjene u molekuli, odnosno uklanjanje atoma klora u kinolinskom prstenu
ili zamjena amida esterom, rezultirale su gubitkom selektivnosti (116).

Ista istrazivacka skupina ispitala je djelovanje hibrida mepakrina i DCK-a (Slika 37),
odnosno analoga DCK-a u kojima je cimetni dio zamijenjen drugim acilnim motivima. Spojevi
su bili znacajno selektivniji od roditeljske molekule, mepakrina, prema MKN-28, Caco-2 i
MCF-7 u odnosu na HFF-1. Jedan od spojeva (R1 = OMe, R2 = Cl, R = p-F) istaknuo se
selektivnim djelovanjem na MKN-28. Proucena je lokalizacija ovoga spoja u jezgri te
predlozeno da se veze za DNA (117).

Zorc i suradnici pripravili su hibride primakina i DCK-a amidnog (Slika 39a) i
acilsemikarbazidnog tipa (Slika 39b). Opcenito, hibridi su pokazali dobro antiproliferativno
djelovanje in vitro protiv Sest humanih tumorskih stani¢nih linija. Posebno su bili u¢inkoviti
protiv MCF-7 (0,03 uM < Glsp < 16 uM). Acilsemikarbazid supstituiran p-CFs skupinom u
fenilnom prstenu cimetnog dijela molekule bio najuéinkovitiji. Zamjena p-CFs skupine m-CFs
ili priprava disupstituiranog analoga rezultirala je smanjenjem antiproliferativnog djelovanja.

Nadalje, proucen je mehanizam djelovanja tri najaktivnija acilsemikarbazida (R = p-CFs, p-F i
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p-OCH3) na MCF-7. Nadeno je da ti acilsemikarbazidi induciraju apoptozu cijepanjem PARP
I aktivacijom kaspaze-9. Takoder, uoceno je da uzrokuju morfoloske promjene na MCF-7

stanicama koje su tipi¢ne za apoptozu (118).
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Slika 39. Hibridni spojevi primakina i DCK

Yu i suradnici pripravili su mono (Slika 40a) i bis hibride (Slika 40b) artemizinina i
DCK-a te su ispitali njihovo antiproliferativno djelovanje in vitro protiv humanih tumorskih
stani¢nih linija jedne netumorske linije (stani¢na linija hepatocita fetusa, L-02). Jedan od bis
derivata (R1 = R4 =Rs = H, R2 = R3 = OCH3) pokazao je snazno i selektivno antiproliferativno
djelovanje protiv A549 (Glso = 0,20 uM). Nadeno je da spoj povecava koli¢inu unutarstani¢nih

Fe?" iona i oksidativni stres, zbog ¢ega uzrokuje apoptozu (119).
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Slika 40. Hibridni spojevi artemizinina i DCK-a
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1.6. KLOROKIN

CQ je antimalarik iz skupine 4-aminokinolina. Prvi ga je sintetizirao Hans Andersag
(tvrtka Bayer) 1934. godine, a u klinicku primjenu uveden je 1947. godine (120). lako je od
otkri¢a CQ-a proslo otprilike 90 godina, jo$ uvijek se nalazi na listi esencijalnih lijekova WHO-
a (121).

1.6.1. Fizikalno-kemijska svojstva klorokina

CQ je medunarodno nezastiéeno ime (engl. International Nonproprietary Name) N*-(7-
klorkinolin-4-il)-N*,N*-dietilpentan-1,4-diamina (Slika 41).
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Slika 41. Struktura CQ

Molekulska formula CQ-a je C1sH26CINs3, a relativna molekulska masa 319,88. Na sobnoj
temperaturi CQ je kristalini¢ni prah bijele do blago Zute boje. Taliste CQ-a iznosi 87-89,5 °C.
Slabo je topljiv u vodi, a dobro u kloroformu, dietil-eteru i razrijedenim kiselinama (122). lako
CQ ima kiralni ugljikov atom, upotrebljava se kao racemat. Na trzistu je dostupan u obliku soli
s fosfornom i sulfatnom kiselinom (123).

CQ je dibazi¢na tvar s pKavrijednostima 10,2 (tercijarni amin postrani¢nog lanca) i 8,1
(kinolinski dusik) (Shema 3). Pri pH 7,4 (pH krvne plazme) 18 % CQ-a je u monoprotoniranom

obliku, koji je topljiv u lipidima te moze prolaziti kroz stani¢cnu membranu (124).
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Shema 3. Disocijacijske konstante CQ-a
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1.6.2. Sinteza klorokina

CQ se pripravlja reakcijom 4,7-diklorkinolina i 4-dietilamino-1-metilbutilamina na 180
°C tijekom 7 sati (Shema 4) (125).

[ K 180 © HNJ\/\/'\(/
N 4+ 180 °C
m HZNJ\/\/N\/ m
Cl N P
Cl N
Shema 4. Sinteza CQ-a

Za sintezu CQ-a potrebno je pripraviti odgovarajuc¢e prekursore. 4,7-Diklorkinolin
pripravlja se iz m-kloranilina u nekoliko reakcijskih koraka. U Metodi 1 (Shema 5) sinteza
zapocinje nukleofilnom adicijom amino skupine m-kloranilina na karbonilnu skupinu dietilnog
estera oksaloctene kiseline u prisustvu octene kiseline. Eliminacijom molekule vode nastaje
imin, koji zagrijavanjem na 250 °C heterociklizira u etilni ester 7-klor-4-hidroksikinolin-2-
karboksilne kiseline. Hidrolizom estera u luznatom mediju nastaje 7-klor-4-hidroksikinolin-2-
karboksilna kiselina koja zagrijavanjem na 250 °C dekarboksilira u 7-klor-4-hidroksikinolin.
Potonji meduprodukt reagira s POCls dajuéi 4,7-diklorkinolin (125, 126).
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Shema 5. Sinteza 4,7-diklorkinolina prema Metodi 1

Metoda 2 analogna je prethodnoj, samo $to u prvom koraku m-kloranilin reagira s esterom
etoksimetilenmalonske kiseline (125, 127). U Metodi 3 (Shema 6) 4,7-diklorkinolin se
pripravlja u tri reakcijska koraka jer sinteza krece iz etilnog estera formiloctene kiseline te nema

koraka hidrolize estera i dekarboksilacije (125, 128).
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Shema 6. Sinteza 4,7-diklorkinolina prema Metodi 3

Drugi prekursor potreban za sintezu CQ-a je 4-dietilamino-1-metilbutilamin. Pripravlja
se reakcijom etilnog estera acetooctene kiseline i 2-dietilaminoetilklorida (Shema 7). Nakon
hidrolize u kiselom mediju i spontane dekarboksilacije nastaje 1-dietilamino-4-pentanon.
Reduktivnom aminacijom koriStenjem vodika i amonijaka uz Raney nikal (katalizator) nastaje

4-dietilamino-1-metilbutilamin (125).

)J\/U\o/\+ ar >N \/ zf
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Shema 7. Sinteza 4-dietilamino-1-metilbutilamina

1.6.3. Antimalarijsko djelovanje klorokina

CQ se prvenstveno upotrebljava kao antimalarik. Nakon otkrica 1934. godine dugi niz
godina bio je lijek prvog izbora za prevenciju i lije¢enje malarije. Siroka upotreba dovela je do
razvoja rezistencije te je danas P. falciparum, glavni uzro¢nik malarije, rezistentan na CQ u
brojnim endemskim podruc¢jima. Unato¢ tome, CQ je ostao lijek izbora za prevenciju i lijeCenje
nekomplicirane malarije uzrokovane vrstama P. vivax, P. ovale, P. malarie i P. knowlesi u
podruc¢jima gdje nije zabiljezena rezistencija (129). CQ ucinkovito djeluje na eritrocitnu fazu
zivotnog ciklusa plazmodija, dok je nedjelotvoran na hepatocitnu i gametocitnu fazu, te
hipnozoite koje stvaraju P. vivax i P. ovale. Za radikalno lijeenje infekcija uzrokovanih ovim
vrstama plazmodija kombinira se s 8-aminokinolinskim antimalarikom (primakinom ili
tafenokinom) (130).
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Antimalarijsko djelovanje CQ-a temelji se na inhibiciji polimerizacije hema u hemozoin.
Tijekom eritrocitne faze plazmodij unutar digestivne vakuole razgraduje hemoglobin u globin
i slobodni hem (Fe?*). Globin se dalje razgraduje cistein proteazom i egzopeptidazama u manje
peptide i aminokiseline koje parazit koristi za sintezu proteina. S druge strane, hem je toksi¢an
za parazita jer uzrokuje razaranje membrane, lipidnu peroksidaciju te oksidaciju proteina i
DNA. Parazit ima razvijen sustav detoksifikacije kojim prevodi toksican i topljiv hem u
netoksicni i netopljivi hemozoin. Struktura hemozoina je kompleksna: safinjavaju ga dimeri
hema povezani medumolekulskim vodikovim vezama. Svaki dimer predstavlja koordinacijski
kompleks: karboksilna skupina propionatnog lanca jednog monomera koordinira Fe?* u
porfirinskom prstenu drugog monomera (131). CQ inhibicijom polimerizacije hema u
hemozoin uzrokuje nakupljanje toksi¢nog hema sto dovodi do smrti parazita. Tocan mehanizam
inhibicije polimerizacije hema u hemozoin i dalje je predmet istrazivanja. Ranije studije govore
u prilog tome da CQ u prehrambenoj vakuoli plazmodija s hemom tvori kompleks Koji
interferira s lipidima i proteinima bitnim za proces polimerizacije. Takoder, upucuju na
mogucnost da se kompleks CQ-a i hema veze na kraj rastuc¢eg polimera hemozoina te uzrokuje
terminaciju daljnje polimerizacije. Novije studije ukazuju na izravno vezanje CQ-a za rastuéi
kraj polimera (132).

Osim sposobnosti vezanja za hem/hemozoin, za djelovanje CQ bitno je njegovo
nakupljanje unutar prehrambene vakuole. Mnoge molekule, iako imaju sposobnost vezanja za
hem/hemozoin, ne nakupljaju se u prehrambenoj vakuoli zbog cega ne ispoljavaju
antimalarijski u¢inak. lonizabilni kinolinski dusik i postrani¢na amino skupina omogucavaju
nakupljanje CQ u prehrambenoj vakuoli plazmodija principom pH klopke. U citoplazmi
plazmodija (pH = 7,4) CQ je prisutan u monoprotoniranom i diprotoniranom obliku.
Monoprotonirani oblik moze pasivno difundirati kroz membranu prehrambene vakuole. Kada
se CQ nade u kiselom mediju prehrambene vakuole (pH = 5,0-5,2) u cijelosti je diprotoniran
zbog ¢ega vise ne moZe pasivno difundirati kroz membranu 1 ostaje zarobljen unutar organela.
Na ovaj nacin osigurava se visoka koncentracija CQ na mjestu djelovanja (132).

CQ se uglavnom dobro podnosi u terapijskim dozama. Najcesc¢e nuspojave su glavobolja,
mucnina, povracanje, dijarea, abdominalni bolovi i osip. Visoke doze i dugotrajna terapija CQ-
om mogu izazvati ozbiljnije nuspojave poput retinopatije, miopatije, kardiomiopatije,
hipoglikemije, ototoksi¢nosti. [zmedu ostalih, najcesce se javlja retinopatija koja moze dovesti
do ireverzibilnog oSte¢enja mreznice i gubitka vida te je kod produljene primjene CQ-a uputno
periodi¢no raditi preglede oka (129). Smatra se da CQ nema stetne ucinke na fetus. Dozvoljena

je njegova upotreba u trudnica, dojilja i djece (133).
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Doziranje i rezim primjene CQ-a ovise o vrsti indikacije i tjelesnoj masi pacijenata. U
prevenciji malarije odrasli koriste 300 mg CQ-a, $to odgovara 500 mg CQ difosfata, tjedno za
prevenciju malarije. Preporuca se koristenje lijeka 1-2 tjedna prije putovanja, tijekom boravka
u rizi¢nim podrucjima te 4 tjedna nakon povratka iz tih podrucja. U lijeCenju malarije odrasli
koriste po¢etnu dozu od 600 mg CQ-a (1000 mg CQ disfosfata) te dozu od 300 mg CQ-a (500
mg difosfata) 6-8, 24, odnosno 48 sati nakon pocetne doze. Primjena u djece smatra se sigurnom
te se primjenjuje u dozi od 5 mg/kg tjedno za prevenciju, dok lijecenje zapocinje s pocetnom

dozom od 10 mg/kg te se nastavlja s 5 mg/kg 6, 24, odnosno 36 sati nakon pocetne doze (134).

1.6.4. Protutumorsko djelovanje klorokina

Mnogi lijekovi protiv malarije, a narocito oni iz skupine seskviterpenskih laktona
radiosenzitirajuce i kemosenzitiraju¢e, odnosno povecavaju osjetljivost tumora na zracenje ili
citostatike i/ili inhibiraju razvoj rezistencije te u konacnici povecavaju protutumorski uc¢inak
(135).

CQ ostvaruje protutumorski uc¢inak izravnim djelovanjem na tumorske stanice, ali djeluje
1 na njihov mikrookolis. Inhibicija autofagije jedan je od najistraZenijih mehanizama izravnog
protutumorskog djelovanja CQ (136). Autofagija je proces kojim stanica uniStava i razgraduje
stare ili nefunkcionalne stani¢ne komponente stvaraju¢i nukleotide, aminokiseline i masne
kiseline koje kasnije moZe ponovno koristiti za metabolicke potrebe. Autofagija predstavlja
esencijalni unutarstani¢ni proces koji omogucava prezivljavanje stanice u stresnim uvjetima
(npr. hipoksija, gladovanje, ostecenje organela) (137). Moze imati protumorski i protutumorski
uc¢inak. U ranoj karcinogenezi autofagija ima protutumorski ucinak jer Stiti stanicu od
nefunkcionalnih staniénih komponenti (npr. oSte¢enih mitohondrija) 1 odrZzava stani¢nu
homeostazu. Stovise, nekoliko proteina ukljuéenih u autofagiju (npr. Beclin-1, UVRAG i Bif-
1) izravno inhibiraju stvaranje tumora, dok sam proces autofagije uniStava proteine koji
promoviraju rast tumora (npr. P62/SQSTM1). S druge strane, u Kkasnijim stadijima
karcinogeneze autofagija pomaze rast tumora jer mu osigurava energiju i hranjive tvari (138,
139). CQ inhibira proces autofagije tako Sto se nakuplja u lizosomima principom pH klopke i
podize pH vrijednost ¢ime inhibira lizosomske enzime. Takoder, onemogucéava fuziju
autofagosoma i lizosoma te razgraduje autolizosome. Inhibicija autofagije CQ-om od znacaja
je u slucaju kada autofagija ima protumorski ucinak. Takav ucinak cest je tijekom

kemoterapije/radioterapije, kada autofagija pomaze prezivljavanje tumorskih stanica.
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Kombinacija CQ-a i postojecih citostatika ili radioterapije senzibilizira tumorske stanice ¢ime
se postize bolji terapijski ishod i smanjuje vjerojatnost prezivljavanja tumorskih stanica i
razvoja rezistencije (138).

Takoder, nadeno je da CQ inhibira TLR-9/NF-xB signalni put, signaliziranje
posredovanao CXCL12/CXCR4 te stabilizira protein p53. Inhibicijom TLR-9/NF-kB
signalnog puta smanjuje ekspresiju metaloproteinaza matriksa 2 i 3 te mRNA ciklooksigenaze
2, ¢imbenika bitnih za progresiju i migraciju tumora (140). Antagonistickim djelovanjem na
CXCR4 receptore ili njihovom internalizacijom s povrSine staniéne membrane onemogucava
vezanje CXCL12, zbog ¢ega negativno djeluje na kemotaksiju 1 adheziju stanica te izlu¢ivanje
faktora rasta (141). CQ stabilizira protein p53 i aktivira apoptozu ovisnu o p53 (142).

U tumorskom mikrookoliSu CQ normalizira vaskulaturu tumora i modulira imunoloski
odgovor. Tumorska vaskulatura bitna je zbog opskrbe tumora kisikom i hranjivim tvarima te
omogucava metastaziranje. [ako je prvi terapijski pristup podrazumijevao unistavanje tumorske
vaskulature, novija istrazivanja otkrivaju pozitivne u¢inke normalizacije abnormalne tumorske
vaskulature poput smanjenja hipoksije, intravazije i metastaziranja te poboljSane dostave
citostatika. CQ smanjuje gustocu vaskulature, poboljSava slaganje stanica i tijesne veze ¢ime
doprinosi normalizaciji vaskulature (143). Takoder, CQ djeluje na fibroblaste povezane s
tumorom (CAF) ¢ime utjeCe na stvaranje i remodeliranje matriksa te uzajamno djelovanje CAF
i tumorskih stanica (138, 144).

Na temelju prethodnih protutumorskih wucinaka, CQ je ispravnije smatrati
senzibiliziraju¢im agensom u kemoterapiji i radioterapiji, koji pojacava uc¢inak antitumorskih

lijekova i smanjuje pojavu rezistencije, nego antitumorskim lijekom.

1.6.5. Ostala djelovanja klorokina

CQ pokazuje protuupalno i imunomodulatorno djelovanje zbog cega je odobren za
lijeCenje reumatoidnog artritisa i sistemskog eritematoznog lupusa. Takoder, primjenjuje se off-
label za lije¢enje drugih upalnih i autoimunih bolesti kao $to su Sjogrenov sindrom, kroni¢ni
ulcerozni stomatitis 1 porfirijja cutanea tarda (145). Mehanizmi protuupalnog i
imunomodulatornog djelovanja CQ-a nisu u potpunosti razjasnjeni. Otkriveno je da se CQ na
ve¢ opisan nacin (pH klopka) nakuplja u lizosomima i podize pH vrijednost unutar organela
¢ime narusava njihovu funkciju. U lizosomima antigen-prezentirajucih stanica interferira s
obradom antigena, zbog ¢ega je onemogucena prezentacija antigena i aktivacija autoimunog
odgovora (129). Takoder, nadeno je da u makrofagima inhibira signalizaciju ovisnu o kalciju,
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TLR-7 1 metabolizam Zeljeza, ¢ime inhibira stvaranje interleukina 1 i 6 te faktora nekroze
tumora-a (TNF-a) (136).

Tijekom zadnja dva desetljeca, brojne studije ukazuju na antivirusno djelovanje CQ-a.
Pojavom virusa SARS-CoV-2, uzro¢nika pandemije COVID-19, ispitivanja antivirusnog
djelovanja CQ-a su se intenzivirala. U pocetku pandemije CQ i njegov derivat hidroksiklorokin
su se s manje ili vise uspjeha koristili u terapiji tezih oblika bolesti, sami ili u kombinaciji s
nekim antimikrobnim ili antivirusnim lijekom (133). Kasnije su iskustva upotrebe CQ i
hidroksiklorokina u klini¢ckoj praksi i randomizirana klinicka ispitivanja opovrgnula
ucinkovitost ovih lijekova u terapiji COVID-19 (146).

1.6.6. SAR derivata klorokina

Kako bi se identificirali dijelovi u strukturi kinolina bitni za antimalarijsko djelovanje,

pripravljeni su i farmakoloski ispitani brojni derivati.

a) J\/\/N( b) (
" ~ N

P
cl cl N
c) NH, d) NH,
@@ m
Z ~
N cl N

Slika 42. Derivati CQ-a
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Vannerstrom i suradnici pripravili su derivate CQ-a u kojima su kinolinski dusik i
aminoskupinu u poloZaju 4 zamijenili ugljikovim atomima te su proucili njihovu sposobnost
vezanja za B-hematin, sintetski oblik hemozoina, koji se in vitro moze prirediti iz hemina u
kiseloj sredini. Derivat koji nije sadrzavao kinolinski dusik (Slika 42a) nije se vezao za hematin
u otopini, dok je derivat bez 4-amino skupine (Slika 42b) imao 6,4 puta manji afinitet za
hematin od CQ. Autori su zakljucili da je kinolinski prsten neophodan za vezanje na hematin,
dok 4-aminoskupina utjece na elektronsku gusto¢u kinolinskog prsten, a posljedi¢no i na

sposobnost vezanja za hematin. Oba derivata nisu djelovala na P. falciparum in vitro sto je
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objasnjeno smanjenim nakupljanjem lijeka u prehrambenoj vakuoli plazmodija. Takoder,
vidljivo je da tercijarna amino skupina u postranicnom lancu nema utjecaja na sposobnost
vezanja na hematin (147).

4-Aminokinolin (Slika 42c) se vezao za hematin u otopini, ali nije inhibirao
polimerizaciju B-hematina niti pokazao antimalarijsko djelovanje in vitro. Njegov analog
supstituiran klorom u polozaju 7 inhibirao je polimerizaciju B-hematina (Slika 42d), ali je in
vitro djelovao 120 puta slabije od CQ (132). Na temelju prethodnog, Egan i suradnici zakljucili
su da je 4-aminokinolinska jezgra bitna za vezanje na hem, 4-amino-7-klorkinolin za inhibiciju
polimerizacije -hematina, dok je za antimalarijsko djelovanje in vitro bitan i postrani¢ni lanac
s amino skupinom koji omoguéava nakupljanje lijeka u prehrambenoj vakuoli plazmodija
(148).

Kaschula i suradnici istrazili su znac¢aj klora u polozaju 7 kinolinskog prstena. Atom klora
su zamijenili razli¢itim atomima, odnosno atomskim skupinama koje imaju elektron-donirajuci
ili elektron-odvlace¢i ucinak. Uoceno je da zamjena klora u tom polozaju mijenja pKa
vrijednosti amino skupina u molekuli §to ima utjecaj na nakupljanje molekula u prehrambenoj
vakuoli plazmodija, a time i na antimalarijsko djelovanje (149). Nsumiwa i suradnici pokazali
su da se derivati koji u polozaju 7 kinolinskog prstena imaju elektron-odvlacecu skupinu (npr.
Cl, NO2, CN) dobro vezu za hem i snazno inhibiraju polimerizacije hemozoina. Nasuprot tome,
derivati s elektron-doniraju¢im supstituentima su pokazali slabi afinitet za vezanje za hem te su
slabo ili uopc¢e nisu inhibirali inhibiciju polimerizacije hemozoina (148). Ray i suradnici su na
temelju ADMET predikcija pripravili 20 derivata CQ. Derivati u kojima je klor zamijenjen
drugim skupinama (npr. OCF3z, OPh) pokazali su slabije antimalarijsko djelovanje (150).
Prethodna istrazivanja ukazuju na vaznost klora u polozaju 7 kinolinskog prstena te ne
iznenaduje Cinjenica da postoji relativno mali broj derivata CQ-a temeljenih na promjeni

supstituenta u tom poloZaju.
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SONTOHIN PH-203

Slika 43. Sontohin i PH-203
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Sontohin (Slika 43) je derivat CQ susptituiran metilnom skupinom u polozaju 3
kinolinskog prstena. Razvijen je nekoliko godina nakon otkri¢a CQ, ali je dugi niz godina bio
zapostavljen. Pou i suradnici uocili su da ovaj derivat CQ u in vitro ispitivanjima pokazuje
znacajno djelovanje na CQRS. Kako bi pojacali antimalarijsko djelovanje, a smanjili
toksi¢nost, pripravili su farmacine, derivate sontohina koji sadrze alkilne ili arilne supstituente
u polozaju C-3 kinolinskog prstena. Farmacin PH-203 supstituiran p-OCFs-fenilnom skupinom
s manjom modifikacijom postrani¢nog lanca (Slika 43) pokazao je bolje djelovanje u odnosu
na CQ te snazno djelovanje na multirezistentne sojeve u u niskim nanomolarnim vrijednostima
(ICso vrijednosti u rasponu 0,9-1,3 nM) (151). SAR derivata CQ-a sazeto je prikazan na Slici
44 (132).

Kradi ( 2-3 C atoma) i duzi (10-12 C

atoma) postraniéni lanci doprinose Bazi¢na amino skupina u postranicnom
pobolj$anom djelovanju protiv sojeva lancu omogucava nakupljanje molekule
otpornih na CQ. unutar prehrambene vakuole plazmeodija.

Pozeljno je da amino skupina bude
4-aminokinolinski motiv je % sekundarna ili tercijarna, dok primarni

neophodan za n—n amini imaju umjereno djelovanje.
interakcije s hemom. ! \
LemTT > \ N\/ ;
potreban je za inhibiciju polimerizacije Uvodenjem alkilnih ili arilnih supstituenata

T HNTTSS
hemozoina. MoZe se zamijeniti s l u polozaj C-3 kinolinskog prstena moze se
grupama koje imaju sli¢an elektron- ﬂ poboljsati djelovanje.
odvlaceci ucinak i lipofilnost, primjerice ‘"ﬁ
Bril. Derivati s CF5 skupinom u ovom
poloZaju pokazuju umjereno djelovanje.
Zamjena CI elektron-doniraju¢om

skupinom (npr. OCHa;) ili pomicanje Cl u
polozaj C-6 rezultira gubitkom djelovanija.

Cl u polozaju C-7 kinolinskog prstena

Bazicni kinolinski dusik
omoguéava nakupljanje
molekule unutar
prehrambene vakuole
plazmodija.

Slika 44. SAR CQ-a i njegovih derivata

1.6.7. Derivati klorokina s antimalarijskim djelovanjem

Iako je zbog razvoja rezistencije ucinkovitost CQ-a u lije¢enju malarije naruSena, njegove
pozitivne karakteristike poput relativno jednostavne priprave, niske cijene, brzog i dugog
djelovanja 1 dobrog sigurnosnog profila 1 dalje ga ¢ine veoma dragocjenom molekulom u
podrucju farmaceutske kemije. S ciljem poboljSanja svojstava (posebno u vidu nadvladavanja
rezistencije), farmaceutski kemicari su koriStenjem razliCitih pristupa modificirali njegovu
strukturu. Najveci broj derivata CQ pripravljen je modifikacijom postrani¢nog lanca (120). U

nastavku teksta dan je prikaz derivata CQ koji u postrani¢nom lancu sadrze triazol.
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Kumar i suradnici pripravili su hibride 4-aminokinolina i ferocenilkalkona koriStenjem
triazola kao poveznice te su ispitali njihovo antimalarijsko djelovanje. Derivati koji su u
strukturi poveznice sadrzavali fleksibilni alifatski motiv (aminoetanol ili aminopropanol)
pokazali su bolje djelovanje od derivata s ciklickim motivima (piperazin ili aminofenol). Spoj
prikazan na Slici 45 ostvario je najsnaznije djelovanje protiv W2 soja P. falciparum (ICso =

0,37 uM), dok je bio slabo citotoksi¢an na HeLa stanice (152).
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Slika 45. Hibrid 4-aminokinolina i ferocenilkalkona

Oliveira i suradnici pripravili su triazolske derivate 7-klorkinolina. Sintetiziranim
spojevima ispitano je antimalarijsko djelovanje na W2 soj P. falciparum te citotoksi¢nost prema
HepG2A16 stani¢noj liniji. Spojevi su pokazali slabi citotoksi¢ni u¢inak (ICso > 100 uM). 5 od
27 spojeva pokazalo je umjereno antimalarijsko djelovanje (ICso vrijednosti u rasponu 9,6-40,9
uM) (Slika 46) (153).
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Slika 46. Hibridi 7-klorkinolina i razli¢ito supstituiranih triazola

Rawat i suradnici pripravili su hibride 4-amino-7-klorkinolina i triazola (Slika 47a) te 4-
aminokinolina i 1,3,5-triazina povezanih triazolom (Slika 47b). Hibridi 4-aminokinolina i
triazola supstituirani alifatskim lancima s hidroksilnom skupinom pokazali su umjereno
antimalarijsko djelovanje. Uvodenje arilnih skupina rezultiralo je poboljsanjem djelovanja.
Derivati koji su sadrzavali fenilni prsten supstituiran halogenom djelovali su u niskim
mikromolarnim koncentracijama, dok su derivati s fenilnim prstenom supstituiranim s p-
COCHs skupinom pokazali najsnazniji ucinak (ICso vrijednosti u submikromolarnom

podrucju). U seriji hibrida 4-aminokinolina i 1,3,5-triazina uoceno je da zamjena halogena na
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triazinskom prstenu bazi¢nim skupinama poput piperidina, morfolina i dimetilamina dovodi do
poboljsanja antimalarijskog djelovanja §to je u skladu s poznatom c¢injenicom da je za
antimalarijsko djelovanje bitan bazi¢ni postrani¢ni lanac. U ovoj seriji najucinkovitiji je bio
derivat supstituiran dimetilanilino (Ry) i dimetilamino (R2) skupinama (ICso(PfD6) = 0,58 uM,
ICs0(PfW2) = 0,73 uM). Spojevi su bili slabo citotoksi¢ni prema Vero stanicama $to ukazuje

na selektivnost djelovanja (154).
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Slika 47. a) Hibridi 4-amino-7-klorkinolina i triazola, b) hibridi 4-amino-7-klorkinolina i

triazina povezanih triazolom

Chibale i suradnici pripravili su hibride kinolina i kalkona (Slika 48a), odnosno dienona
(Slika 48b), s triazolskom poveznicom. Hibridi kinolina i kalkona pokazali su dobro
antimalarijsko djelovanje. Najsnaznije je djelovao derivat supstituiran metoksi skupinama u
polozajima 2’ i 4’ fenilnog prstena kalkonskog dijela molekule (ICso(PfD10) = 0,04 uM,
ICs0(PfDd2) = 0,07 uM, ICso(PfW2) = 0,09 uM). Hibridi kinolina i dienona umjereno su
djelovali na D10 i Dd2 sojeve P. falciparum, dok su na W2 soj djelovali slabo (155).
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Slika 48. Hibridi 7-klorkinolina i: a) kalkona, b) dienona

Boechat 1 suradnici pripravili su hibride kinolina i triazola s razliitim supstituentima u

polozaju 4 triazolskog prstena (Slika 49). Izmedu ostalih derivata, spoj supstituiran aldehidnom
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skupinom pokazao je najsnaznije antimalarijsko djelovanje na W2 soj P. falciparum (ICso=1,4
+ 0,2 uM) i slabo citotoksicno djelovanje Sto ukazuje na selektivnost djelovanja (SI = 351).

Derivati s hidroksilnim skupinama, metilnim esteromi i fluorom bili su neaktivni (156).

AN o o
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Slika 49. Hibridi 7-klorkinolina i triazola supstituiranih u polozaju C-4

Hoda i suradnici dizajnirali su hibride kinolina 1 razli€ito supstituiranih fenila povezanih
triazolom kao potencijalne inhibitore falcipain-2 (FP-2), cisteinskih proteaza koje plazmodij
koristi za razgradnju hemoglobina (Slika 50). Derivati su inhibirali FP-2 u mikromolarnim
koncentracijama 1 negativno utjecali na razvoj parazita. Takoder, uzrokovali su morfoloske
promjene parazita poput E-64, poznatog inhibitora FP2. Autori predlazu daljnje istrazivanje

FP-2 inhibitora kao potencijalnih antimalarika (157).
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Slika 50. Hibridi 7-klorkinolina i supstituiranih fenila povezanih triazolom
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1.7. FEROCEN

1.7.1. Struktura i svojstva ferocena

Ferocen pripada skupini organometalnih spojeva. Otkrili su ga Kealy i Pauson 1951.
godine kada su reakcijom ciklopentadienilmagnezijevog bromida i FeCl> umjesto o¢ekivanog
fulvalena (C1oHs) dobili narancasto obojeni spoj molekulske formule CioH1oFe (158). Godinu
dana nakon otkrica, ferocen je strukturno okarateriziran kao ,,sendvi¢ kompleks graden od dva
paralelna ciklopentadienilna aniona (CsH1o") izmedu kojih se nalazi Fe?* ion (Slika 51) (159).
Svaki ciklopentadienilini prsten ima 6 w elektrona te se prema Hiickelovom pravilu smatra

aromatskim sustavom (160, 161).

Slika 51. Struktura ferocena

Ferocen je stabilan u vodi i na zraku, dobro topljiv u organskim otapalima, a slabo u vodi.

Na temperaturi vi$oj od 100 °C sublimira. Podlozan je reakcijama elektrofilne supstitucije (161,

162).

1.7.2. Sinteza ferocena

U literaturi je opisano vise razlicitih nacina sinteze ferocena. Ovdje je prikazana metoda

kojom se ferocen pripravlja iz ciklopentadiena.

170-190 °C ) KOH, DME 9 K FeCly x 4H,0, DMSO - Fo
~ 25 °C -H,0 -KClI !

==

Shema 8. Sinteza ferocena

Ciklopentadien Diels-Alderovom reakcijom brzo dimerizira u diciklopentadien zbog ¢ega

je nepostojan u monomernom obliku (163). Prireduje se neposredno prije koristenja
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frakcijskom destilacijom diciklopentadiena, pri ¢emu dolazi do cijepanja dimera i destilacije
nastalih monomera. Mijesanjem ciklopentadiena i Kalijevog hidroksida u 1,2-dimetoksietanu
dobiju se ciklopentadienilni anioni, koji u reakciji s FeCl, u DMSO-u daju ferocen (Shema 8)
(164).

1.7.3. Ferokin

Zbog niske toksi¢nosti, biokemijske stabilnosti, lipofilnosti i povoljnih elektrokemijskih
svojstava brojni farmaceutski kemicari iskoristili su ferocen u dizajniranju novih bioaktivnih
molekula (165). Najpoznatiji derivati ferocena u farmaceutskoj kemiji su antimalarik ferokin
(FQ) i ferocifeni, spojevi s protutumorskim djelovanjem.

FQ je derivat CQ koji izmedu dvije amino skupine u postrani¢nom lancu sadrzi ferocenski
prsten (Shema 9). Prvi su ga pripravili Biot i suradnici sa Sveucilista u Lillu 1994. godine (166).
Sinteza FQ kreée iz [(dimetilamino)metil]ferocena, koji se metalira pomocu n-butillitija.
Dobiveni meduprodukt kondenzira s DMF-om dajuci 2-[(N,N-
dimetilamino)metil]ferocenkarboksaldehid. Reakcijom aldehida i hidroksilamina hidroklorida
nastaje oksim koji se pomocu LiAlH4 reducira u amin. Kondenzacijom amina i 4,7-

diklorkinolina u prisustvu N-metil-2-pirolidinona (NMP) nastaje FQ (166).

/
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Shema 9. Sinteza ferokina

S obzirom da u strukturi sadrzi 1,2-disupstituirani nesimetri¢ni ferocenski motiv, FQ

karakterizira planarna kiralnost. Delhaes i suradnici pokazali su da racemat ima nesto bolje
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antimalarijsko djelovanje od cistih entantiomera zbog cega se FQ uglavnom koristi kao
racemicna smjesa (167).

FQ je u in vitro i in vivo ispitivanjima pokazao snazno antimalarijsko djelovanje. Od
posebnog je znacaja njegova ucinkovitost protiv rezistentnih spojeva plazmodija (168).
Antimalarijsko djelovanje FQ posljedica je dva razliCita mehanizma djelovanja: inhibicije
polimerizacije hemozoina i generiranja hidroksilnih radikala. Sposobnost FQ da inhibira
polimerizaciju hemozoina posljedica je strukturne sli¢nosti s CQ, odnosno prisutnosti amino
skupina i kinolinskog prstena u strukturi (169). Ipak, zbog razlike u fizikalno-kemijskim
svojstvima FQ bolje interferira s procesom polimerizacije hemozoina od CQ. U FQ je prisutna
intramolekularna vodikova veza izmedu sekundarne i tercijarne amino skupine (Slika 52) zbog
¢egaje smanjena bazi¢nost ovih skupina (pKar = 6,99 pKa2 = 8,19) u odnosu na CQ (pKaz = 8,3,
pKaz2 = 10,2). Pri fizioloskom pH FQ je uglavnom neprotoniran ili monoprotoniran, dok je CQ
uglavnom diprotoniran. S obzirom da su neprotonirani i monoprotonirani oblici hidrofobniji,
FQ brze prolazi kroz membranu prehrambene vaukuole. Veéa lipofilnost FQ (log D74 = 2,95)
u odnosu na CQ (log D74 = 0,85) dodatno doprinosi boljem prolasku kroz membrane §to

doprinosi i nakupljanju FQ unutar prehrambene vakuole (170, 171).
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Slika 52. Intramolekulska vodikova veza u FQ
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Za drugi mehanizam djelovanja FQ bitna je ferocenilna skupina koja u oksidiraju¢im
uvjetima unutar prehrambene vakuole plazmodija generira hidroksilne radikale prema sljedecoj
jednadzbi:

FQ+ H,0, » FQ*+ OH + -:OH

Hidroksilni radikali uzrokuju lipidnu peroksidaciju ¢ime razaraju membranu
prehrambene vakuole. Takoder, oksidiraju glutation, molekulu koja je ukljuena u proces
detoksikacije hema. Uloga generiranja hidroksilnih radikala posebno je znaajna u in vivo

uvjetima (168).
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Za snazno antimalarijsko djelovanje FQ bitna je njegova lokalizacija unutar prehrambene
vakuole. Novija istrazivanja pokazuju da se FQ pretezno lokalizira na granici lipidnog i
vodenog sloja, odnosno uz membranu. Lipofilni ferocenski dio stupa u interakciju s lipidima
membrane , dok je kinolinski dio izloZen vodenom sloju. Kinolinski dio nekovalentno veze hem
1 zadrzava ga U vodenom sloju onemogucavajuc¢i njegovu polimerizaciju. Smjestaj FQ blizu
lipida membrane dodatno doprinosi njegovoj sposobnosti lipidne peroksidacije. Konacno,
zadrZavanje uz membrane onemogucava interakciju FQ s PfCRT, efluks i razvoj rezistencije
(170, 172).

1.7.3.1. Derivati ferokina

Obecavajuée antimalarijsko djelovanje ferokina u in vitro i in vivo ispitivanjima
potaknulo je nekoliko istrazivackih skupina na pripravu njegovih derivata.

Hidroksiferokini. Biot i suradnici sintetizirali su hidroksiferokine (Slika 53a) koji
pokazuju analogiju s hidroksiklorokinom. lako su ovi spojevi in vitro inhibirali P. falciparum
snaznije od CQ, njithovo djelovanje bilo je slabije od FQ. Hidroksiferokini su pokazali i
selektivno antiviralno djelovanje prema SARS-CoV te bi njihova upotreba bila od posebne
koristi u podru¢jima gdje malarija koegzistira sa spomenutom virusnom infekcijom (173).

Trioksaferokini. Na temelju trioksakina, hibridnih molekula 1,2,4-trioksana i 4-
aminokinolina, Robert i suradnici dizajnirali su trioksaferokine koji u poveznici sadrze
ferocenski prsten. Trioksaferokini su snazno djelovali na rezistentne sojeve u niskim
nanomolarnim koncentracijama (16-43 nM). Slika 53b prikazuje najdjelotvorniji trioksaferokin
u in vitro ispitivanjima. U nastvaku istrazivanja njegov ucinak ispitan je in vivo na misu
inficiranim s P. vinckei petteri. Rezultati su potvrdili u¢inkovitost trioksaferokina i njihovu
sposobnost smanjenja parazitemije ispod detektabilne razine. Medutim, potpuno izljecenje bez
recidiva nije zabiljeZeno u dozama manjim od 25 mg/kg/danu. Kako bi se smanjila doza,
potrebno je prema ovom strukturnom predlosku sintetizirati i ispitati novu generaciju molekula
(174).

Ferocenofani. Orvig i suradnici pripravili su ferocenofane u ¢ijoj strukturi terminalni
dusikov atom klorokinskog dijela molekule premoscuje dva ciklopentadienilna prstena
ferocena (Slika 53c). U svrhu usporedbe i SAR analize pripravljeni su i analozi ferocenofana:
monosupstituirani derivati te derivati bez ferocenskog dijela. Svi spojevi ispitani su na CQOS

i CQRS P. falciparum. Najsnaznije djelovanje pokazali su monosupstituirani derivati.
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Medutim, uo¢eno je da ferocenofani snaznije djeluju na QCRS u odnosu na CQOS. Provedena
je analiza povezanosti kemijsko-fizikalnih svojstava i antimalarijskog djelovanja. Potvrden je
utjecaj intramolekulske vodikove veze na antimalarijsko djelovanje, ali je veci znacaj pripisan
odgovarajuéem omjeru hidrofilnosti i lipofilnosti molekula. Stovise, smatra se da su
odgovaraju¢a konformacija, kompaktnost te povoljan omjer lipofilnosti i hidrofilnosti

omogucili ferocenofanima nadvladavanje rezistencije (175).
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Slika 53. Derivati ferokina

1.7.4. Ferocifeni

Ferocifeni su derivati tamoksifena (TAM), protutumorskog lijeka koji se koristi za
lijeenje karcinoma dojke ovisnog o estrogenu (Slika 54). TAM se u organizmu oksidira u
hidroksitamoksifen (OH-TAM) koji se kompetitivno veze za estrogenski receptor a (Era). Na
ovaj na¢in OH-TAM interferira s vezanjem estradiola, prirodnog liganda Era, ometajuci
transkripciju DNA, $to dovodi do smrti tumorske stanice (176). Zamjenom fenilnog prstena
ferocenskim u strukturi TAM-a i njegovog metabolita dobiveni su ferocifen (Fc-TAM) i
hidroksiferocifen (Fc-OH-TAM) (Slika 54) (171).
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Ferocifen (Fc-TAM): R=H

R
Tamoksifen (TAM): R=H
(OH-TAM): R = OH Hidroksiferocifen (Fc-OH-TAM): R = OH

Hidroksitamoksifen

Slika 54. Strukture tamoksifena, hidroksitamoksifena i njihovih ferocenskih analoga
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Poput, TAM i OH-TAM, Fc-TAM i OH-Fc-TAM snazno djeluju na stanice karcinoma
dojke ovisnog o estrogenu. Ovo djelovanje, poput roditeljskin molekula, ostvaruju
kompetitivnim vezanjem za Era. Medutim, uo¢eno je da Fc-TAM-a i OH-Fc-TAM, za razliku
od TAM i OH-TAM, djeluju i na stanice karcinoma dojke neovisnog o hormonima, koji ¢ini
1/3 svih karcinoma dojke. Prethodno se objaSnjava prisutno$c¢u ferocenskog prstena u strukturi
(171). Fc-TAM-a i OH-Fc-TAM, analogno FQ, mogu stvarati fericenijeve hidroksilne radikale
koji su pogubni za tumorske stanice (177, 178). Stovise, uo¢eno je da gubitkom 2 elektrona i 2
protona stvaraju kinon metide. U ovom procesu ferocenski prsten djeluje kao donor elektrona
(Shema 10). Kinon metidi imaju svojstva Michaelovog akceptora zbog ¢ega mogu reagirati s
endogenim nukleofilima poput glutationa i nukleobaza (Shema 10) (179). Znacajno je Sto
ferocifeni djeluju selektivno: ostvaruju 110-200 puta jaci antiproliferativni u¢inak na tumorske
stanice nego na zdrave stanice (astrocite i melanocite) (180, 181). Proveden je pokus s kinon
metidima i modelnim molekulama koji su sadrzavale selenolne i tiolne skupine oponasajuci
enzime koji u aktivnom mjestu sadrze selenolne (npr. tioredoksin reduktaza, TrxR), odnosno
tiolne skupine (npr. glutation reduktaza). UocCeno je da kinon metidi reagiraju sa silanolnom,
ali ne 1 tiolnom skupinom. Ovakvo selektivno djelovanje veoma je vazno jer je TrxR
prekomjerno eksprimirana u tumorskim stanicama (182). Takoder, ferocifeni mogu inducirati

stani¢nu smrt neovisno o apopotozi, primjerice induciranjem senescencije (183).
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Shema 10. Stvaranje kinon metida (plavom bojom su ozna¢ena mjesta koja mogu reagirati s

endogenim nukleofilima)
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1.7.4.1. Derivati ferocifena

Derivatizacijom ferocifena pripravljeni su ferocenofanski suberamidi. Ferocenofanski
strukturni motiv (Slika 55) od velikog je znacaja u bioorganometalnoj kemiji jer zbog rigidne
strukture omogucava optimalno vezanje molekule za aktivno mjesto enzima. Jaouen i suradnici
modificirali su strukturu poznatog citostatika vorinostata (suberoilanilidhidroksamske kiseline,
SAHA-e) i njegovih derivata (karboksilne kiseline i amida) uvodenjem ferocena, odnosno
ferocenofanskog motiva (Slika 55). Antitumorsko djelovanje sintetiziranih spojeva ispitano je
na dvije linije adenokarcinoma dojke: MCF-7 i MDA-MB-231. SAR analizom nadeno je: 1)
uvodenje ferocena/ferocenofanskog motiva u molekulu pojacalo je antitumorsko djelovanje, 2)
fleksibilni derivati (u strukturi sadrze ferocen) pokazali su selektivnost prema MDA-MB-231,
3) rigidni derivati (u strukturi sadrze ferocenofanski motiv) bili su selektivni prema MCF-7.
Utvrdeno je da obje serije derivata tvore fericenijeve ione koji generiraju RKV s$to dovodi do
antiproliferativnog ucinka. Djelovanje ostvaruju i drugim mehanizmima: aktivacijom

tumorsupresorskih gena $to dovodi do apoptoze te oSteCenjem molekule DNA (184, 185).

u)%x

X =NHOH, OH, NH,

ferocenofanski
motiv

Slika 55. Derivati ferocena i suberamida

1.7.5. Ostali derivati ferocena s protutumorskim djelovanjem

Ferocifeni i ferocenofanski suberamidi nisu jedini primjeri uspjeSnog uvodenja ferocena
u strukturu bioaktivnih molekula i poboljsanja njihovih djelovanja. Uvodenjem ferocena u
strukturu nilutamida, steroida (npr. testosterona, dihidrotestosterona, androsterona, estrona,

pregnenolona), retinoida, kurkuminoida, novobiocina, kolhicina, paklitaksela, docetaksela,
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plinabulina, klotrimazola, kinolina i artemizinina rezultiralo je snaznijim antiproliferativnim
djelovanjem derivata u odnosu na roditeljske molekule. U nekim slucajevima doslo je do
promjene mehanizma djelovanja, $to je od velikog znacaja u borbi protiv rezistencije. S druge
strane, u nekim slucajevima je uvodenje ferocena u strukturu molekula rezultiralo smanjenjem
njihove citotoksi¢nosti. Primjerice, uvodenje ferocena u strukturu iludina dovelo je do
smanjenja toksicnosti i povecanja selektivnosti. Nadalje, zamjena arilnog dijela molekule u
hibridima tetrahidro-B-karbolina i kalkona dovela je do smanjenja antiproliferativnog
djelovanja, ali povecanja selektivnosti derivata prema MCF-7. Zamjena arilnog dijela molekule
ferocenom u hibridima naftalimida i kalkona nije rezultirala poboljSanim protutumorskim
djelovanjem, dok je analogna zamjena u hibridima naftalimida i pirazolina dovela do gubitka
djelovanja (185).
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1.8. TRIAZOL

Triazol je heterociklicki prsten iz skupine azola graden od tri atoma dusika i dva atoma
ugljika. S obzirom na razmjeStaj atoma dusika razlikuju se 1,2,3-triazol i 1,2,4-triazol. Svaki
od prethodnih postoji u tri tautomerna oblika (Slika 56). Od Sest tautomera, Cetiri (istaknuti
pravokutnikom) su aromatski — atomi koji sa¢injavaju prsten su sp? hibridizirani te je 6

elektrona delokalizirano u r sustavu molekulskih orbitala (186).
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Slika 56. Tautomerni oblici triazola

1H-1,2,3-triazol (dalje u tekstu triazol) od velike je vaznosti u farmaceutskoj kemiji iz
nekoliko razloga:

i.  pokazuje brojna bioloska djelovanja poput protuupalnog, antiagregacijskog,
antimikrobnog, antituberkulotskog, protutumorskog, antivirusnog,
antiparazitskog (186),

ii.  stabilan je prema oksidaciji, redukciji i hidrolizi u kiselim i bazi¢nim uvjetima
(187),

iii.  relativno jednostavno i u¢inkovito moze se pripraviti reakcijom klik-kemije (187),
iv.  djeluje kao bioizoster amidne veze (188) (Slika 57),

V. s bioloskim metama moze stvarati vodikove veze i dipol-dipol interakcije.
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H . N—
N/Rz : R NS R2 donor vodikove veze

R4
Ill ; H @ akceptor vodikove veze
trans-amid . 1,4-supstituirani
1,2,3-triazol

Slika 57. Triazol — bioizoster amida

1.8.1. Reakecije klik-kemije

Pojam ,klik* kemija uveo je K. B. Sharpless 2001. godine opisujuci reakcije koje su
visokog iskoristenja, Sirokog spektra primjene, stereospecifi¢ne, jednostavne izvedbe,
provedive u lako uklonjivim ili bezopasnim otapalima te daju produkte koje je moguce izolirati
bez kromatografskih postupaka (189). Tipican primjer reakcije klik-kemije je bakrom(l)
katalizirana azid-alkin cikloadicija (CUAAC).

Ova rekacija razvijena je iz Huisgenove 1,3-dipolarne cikloadicije. Klasi¢na Huisgenova
reakcija je dugotrajna, zahtijeva poviSenu temperaturu i rezultira smjesom dvaju regioizomera
zbog Cega se ne moze smatrati reakcijom klik-kemije. Koristenje bakra kao katalizatora ubrzalo
je reakciju 107 do 108 puta te omoguéilo stereospecifiénu sintezu 1,4-disupstituiranih izomera.
S druge strane, ako se kao katalizator koristi rutenij dolazi do selektivnog nastanka 1,5-
disupstituiranih triazola (Shema 11) (187).

y=N T;N
A R
— = ,Lf 2+ N/  smiesa1,4-i15-disuptituiranih triazola
R R
1 1
R

2
cu(l) N=N
R—N; + R,——— > ’L Rz 1,4-disupstituirani triazol
R
Ru(ll) n=N
—_— 'L\/g 1,5-disupstituirani triazol
R

Ry

Shema 11. Huisgenova 1,3-dipolarna cikloadicija i reakcije klik-kemije

katalizirane Cui Ru

Pretpostavljeni mehanizam CuAAC detaljno je prikazan na Shemi 12. U prvom koraku

Cu” koordinira m-elektrone trostruke C=C veze terminalnog alkina dajuc¢i kompleks bakra i
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alkina (A). Koordinacijom Cu* na trostruku vezu smanjuje se pKa terminalnog protona alkina,
Sto omogucuje deprotonaciju i nastanak bakrovog acetilida (B). Kompleks bakrovog acetilida
koordinira azid, pri ¢emu nastaje intermedijar (C). Njegovom pregradnjom nastaje Sesteroc¢lani
prsten (D), u koji je ukljucen i bakar. Ovaj korak ima racunski dobivenu energijsku barijeru
18,7 kcal mol™ | §to je znatno manje od 23,7 kcal mol™?, koliko iznosi teorijska barijera
nekatalizirane reakcije. Energijska barijera za nastajanje triazolila (E) (triazola supstituiranog
bakrom) je niska; 3,2 kcal mol L. Protoniranjem triazolila E oslobada se bakar i nastaje produkt,
1,4-supstituirani 1,2,3-triazol (190).

R! — H
R =alkil-, aril-, heteroaril-
R = alkyl-, aryl-, heteroaryl-
R2 = alkil-, aril-
N 2 R! =H R? = alkyl-, aryl-
PN /R i
N N [cut] 1 ! B
> < [cuL,]
" 6 B A .
R H z BH
BH
N R?
Z N 1 —_—
N/ N/ R [CU[ x]
B +
R NEN~ R
[cut,]
E
3 ¢
+
5 I:J,;N:-‘:NIRZ
N +
N¢/ \N/RZ N—;}N\’N,-RZ
[ /
1 Cul . _
D C

Shema 12. Mehanizam CuAAC (190)

Cu(l) se u reakcijsku smjesu uvodi izravno ili se priprema in situ. Izravna primjena Cu(l)
ukljucuje koristenje Cu(l) soli (npr. CuBr i Cul) ili kompleksa (npr. [Cu(CHsCN)4]PFe i
[Cu(PPh3)3]Br). S druge strane, in situ priprema katalizatora zahtijeva dodatak prekatalizatora
i odgovarajuceg redukcijskog sredstva (npr. CuSO4 x SH20 i natrijev askorbat). Moguce je kao

prekatalizator koristiti bakrenu zicu (Cu(0)) uz dodatak odgovarajué¢eg oksidansa (190).
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2.OBRAZLOZENJE TEME
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Rak 1 malarija su smrtonosne bolesti zbog ¢ega predstavljaju globalni javnozdravstveni
problem. Prema podacima WHO, 2020. godini zabiljezeno je gotovo 20 milijuna novih
slu¢ajeva raka 1 10 milijuna rakom uzrokovanih smrti (3), dok je u istoj godini zabiljezen 241
milijun sluc¢ajeva malarije, od ¢ega je 627 tisuca rezultiralo smrtnim ishodom (9). UspjesSnost
terapije ovih bolesti naruSena je pojavom rezistencije na postojece lijekove zbog Cega je
kontinuiran razvoj novih i ucinkovitih lijekova, s novim mehanizmom djelovanja, od velike
vaznosti.

S obzirom da su rak i malarija etioloski i1 patofizioloski potpuno razlicite bolesti, tesko je
za ocekivati da bi se mogle lijeciti istim lijekom. Ipak, antimalarici, posebno oni iz skupina
kinolina i artemizinina, pokazuju dobro protutumorsko djelovanje. S druge strane, neki
citostatici, npr. inhibitori histonskih deacetilaza, ispoljavaju antimalarijsko djelovanje. Stovise,
znanstvena literatura obiluje izvjeS¢ima o prirodnim i sintetskim spojevima s antimalarijskim 1
protutumorskim djelovanjem (135, 191). Primjerice, harmin, B-karbolinski alkaloid sa Sirokim
spektrom farmakoloskih djelovanja, pokazao je u in vitro i in vivo studijama obecavajuce
protutumorsko i antimalarijsko djelovanje (46).

U ovom doktorskom radu su koristenjem molekulske hibridizacije pripravljeni hibridi
harmina, odnosno strukturno sli¢nih B-karbolina i: 1) DCK-a (harmicini), 2) CQ-a (harmikini)
i 3) ferocena (harmiceni). Navedene molekule odabrane su kao partner harminu u hibridima
zbog toga Sto pokazuju dvostruko djelovanje: protutumorsko i antimalarijsko. Cilj molekulske
hibridizacije harmina i derivata cimetne kiseline/CQ-a/ferocena je priprava molekula koje
djeluju na razliCite mete zbog Cega ostvaruju snaznije protutumorsko i/ili antimalarijsko
djelovanje te su otpornije prema razvoju rezistencije.

Kako bi se dobio uvid u SAR, strukturna raznolikost hibrida postignuta je: 1)
povezivanjem harmina s tri razli¢ite bioaktivne molekule, 2) variranjem mjesta supstitucije na
B-karbolinskom prstenu, 3) koristenjem dvaju razli¢itih poveznica. Kao poveznice u hibridima
koriStene su amidna skupina te triazol, bioizoster amida, dajuci u svakoj seriji spojeva podseriju
amidnog (AT), odnosno triazolskog tipa (TT). Jedino su u seriji harmicina pripravljeni samo
hibridi TT jer su njihovi analozi AT ve¢ opisani u literaturi (98).

Budu¢i da polazne molekule (harmin, DCK-i, CQ i derivati ferocena) posjeduju i

antimalarijsko i citostatsko djelovanje, pripravljenim hibridima ispitana su oba djelovanja.
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3.MATERIJALI | METODE
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3.1. MATERIJALI I INSTRUMENTI

Tijek reakcija i ¢istoca produkata praceni su tankoslojnom kromatografijom (TLC). Za
TLC su upotrijebljene silikagel ploce 60 Fzs4 (Merck, Njemacka) te diklormetan/metanol (97:3,
95:5, 90:10, 85:15, 80:10, 80:20, 75:25), cikloheksan/etil-acetat/metanol (30:10:5, 10:10:5,
300:100:75, 10:10:1), cikloheksan/etil-acetat (9:1, 2:1), etil-acetat/metanol (100:5) i
aceton/diklormetan (9:1, 3:2, 1:1) kao pokretne faze. Analizirani spojevi detektirani su UV (1
= 254 1 366 nm) i parama joda. Za kromatografiju na koloni kao nepokretna faza koristen je
silikagel veli¢ine Cestica 0,063-0,200 mm (Merck) uz iste pokretne faze kao u TLC-u.
Procisc¢avanje derivata dobivenih klik-reakcijom provedeno je kromatografijom na koloni uz
dodatak sloja Al>Os kako bi se uklonile zaostale bakrove soli. IskoriStenja reakcija nisu
optimirana.

CEM Discover mikrovalni reaktor (CEM Corporation, SAD) koristen je u sintezi uz
pomo¢ mikrovalova (P = 150 W). H i 13C NMR spektri snimljeni su na NMR spektrometru
Bruker Avance 111 HD (Bruker, SAD) kod 400 ili 600 MHz za 'H i kod 75, 101 ili 151 MHz za
13C jezgru. Uzorci su mjereni u DMSO-ds otopinama na 20 °C u NMR cjevéicama promjera 5
mm. Kemijski pomaci izraZzeni su u ppm u odnosu na tetrametilsilan (TMS) kao unutarnji
standard u 'H, odnosno signal DMSO-a u 3C spektru (39,52 ppm). Konstante sprege (J)
izrazene su u Hz. IR spektri snimljeni su na Paragon 500 (Perkin Elmer, UK) i Fourier-
Transform Infrared Attenuated Total Reflection UATR Two spectrometer (PerkinElmer) u
podruéju valnih brojeva od 4000 do 450 cm™. Spektri masa snimljeni su na HPLC-MS/MS
instrumentu (HPLC, Agilent Technologies 1200; MS, Agilent Technologies 6420 Triple Quad,
SAD). Kao tehnika ionizacije koriStena je ionizacija elektrorasprsenjem (ESI) u pozitivnom i/ili
negativnom modu. Talista (tt) su odredena na Stuart SMP3 instrumentu za odredivanje taliSta
(Barloworld Scientific, UK) u otvorenim kapilarama i nisu korigirana. Za mjerenje apsorbancije
U MTT testu koristen je VICTOR3 Multilabel Plate Reader (Perkin Elmer).

Harmin, 2,2-dimetoksiacetaldehid, octena kiselina, 1,8-diazabiciklo[5.4.0Jundek-7-en
(DBU), 10 %-tni paladij na aktivnom ugljenu (Pd/C), acetaldehid-dimetil-acetal, Li.COs,
tetrabutilamonijev hidrogensulfat (TBAHS), LiOH x H20, MnO-, 1,4-diaminobutan, anhidrid
propanfosfonske kiseline (T3P), ferocen-metanol, etinilferocen, ferocenoctena Kkiselina,
ferocenkarboksilna kiselina, tert-butanol, 4,7-diklorkinolin, CuSO4 x 5H>0, 2-aminoetanol,
glicin i fenol nabavljeni su od tvrtke Sigma-Aldrich (SAD). Od iste tvrtke nabavljene su

cimetna kiselina, m-fluorcimetna kiselina, m-bromcimetna kiselina, p-klorcimetna Kiselina, p-
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metoksicimetna kiselina kao trans stereoizomeri (> 99 %). Bromovodi¢na kiselina, LiAlHa,
natrijev azid i 1,2-diaminoetan nabavljeni su od tvrtke Merck. Triptamin, metilni ester
triptofana,  5-metoksitriptamin,  trifluoroctena  kiselina (TFA), dimetil-(1-diazo-2-
oksopropil)fosfonat ~ (Bestmann  Ohirin  reagens), 2-azido-1,3-dimetilimidazolinijev
heksafluorofosfat (ADMP), propargil-bromid, cezijev karbonat, N,N-dimetilformamid (DMF),
tert-butil-N-(2-brometil)karbamat, = metil-akrilat,  1-[bis(dimetilamino)metilen]-1H-1,2,3-
triazolo[4,5-b]piridinijev-3-oksid heksafluorofosfat (HATU) i N,N-diizopropiletilamin (DIEA)
nabavljeni su od tvrtke Tokyo Chemical Industry (Japan). Acetonitril (ACN), aceton,
cikloheksan, metanol, etil-acetat, klorovodi¢na kiselina, toluen i dietil-eter nabavljeni su od
tvrtke Honeywell (SAD). Natrijev askorbat nabavljen je od tvrtke Acros Organics (Belgija), a
bakrov(ll) acetat i trietilamin (TEA) od tvrtke Alfa Aesar (SAD). Diklormetan je nabavljen od
tvrtke Fisher Chemical (SAD), kalijev permanganat od tvrtke Grammol (Hrvatska), kalijev
karbonat od tvrtke Kemika (Hrvatska), a tionil-klorid od tvrtke Fluka (SAD). U reakcijama
organske sinteze koriStena su bezvodna otapala. Bezvodni ACN i metanol nabavljeni su od
tvrtke Sigma-Aldrich, bezvodni etanol od tvrtke Acros Organics, bezvodni tetrahidrofuran
(THF) od tvrtke Merck, a bezvodni dietil-eter od tvrtke J.T. Baker (SAD). Sve kemikalije bile
Su p. a. cistoce.

Bezvodni toluen dobiven je sljede¢im postupkom: toluen je ekstrahiran vodom, osusen
nad bezvodnim kalcijevim kloridom, destiliran 1 ¢uvan nad elementarnim natrijem. Bezvodni
DMF prireden je na sljede¢i nacin: smjesa 1 L DMF-a i 100 mL bezvodnog toluena destilirana
je, pri ¢emu prvo destilira azeotropna smjesa toluena i vode, a zatim ¢isti DMF. DMF je ¢uvan
nad aktiviranim molekulskim sitima. Bezvodni diklormetan dobiven je na prema sljede¢em
postupku: diklormetan je ekstrahiran vodom, susen iznad kalcijevog klorida, predestiliran te
cuvan nad aktiviranim molekulskim sitima.

Spojevi 1-3, 14, 17, 23-26, 28-30, 32, 33, 35a-¢e, 36a-e, 37a-¢, 38, 41 i 43-45 pripravljeni
su prema ranije objavljenim propisima (42, 97, 98, 192-198), dok su spojevi 8, 9, 16 i 39
pripravljeni prema modificiranim ranije objavljenim propisima (42, 199). Spojevi 4, 5, 10 i 18
opisani su u literaturi (193, 200, 201), ali su pripravljeni novim metodama.

U reakcijama pretvorbe amina u azide koristen je imidazol-1-sulfonilazid hidroklorid
(ISA x HCI) koji je pripravljen prema ranije objavljenom propisu (202). Ukratko, u suspenziju
natrijevog azida (0,960 g, 14,767 mmol) u bezvodnom ACN-u (10 mL) dodan je SO2Cl> (1,2
mL, 14,767 mmol) pri 0 °C. Reakcijska smjesa mijeSana je 24 h na s.t., nakon ¢ega je dodan
imidazol (2,011 g, 29,534 mmol) pri 0 °C te je nastavljeno mijeSanje tijekom 18 h na s.t.

Reakcija smjesa razrijedena je etil-acetatom (20 mL) te isprana zasi¢enom vodenom otopinom
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NaHCOs3 (2 x 30 mL) i zasi¢enom vodenom otopinom NaCl (2 x 30 mL). Organski sloj je susen
nad bezvodnim NaxSO4 i profiltriran. Filtratu je dokapavana 1 M HCI u etil-acetatu pri 0 °C do
prestanka talozenja. Nastali talog je odsisan i ispran etil-acetatom (2 x 10 mL).

Za ispitivanje antiproliferativnog djelovanja koriStene su stani¢ne linije iz Americke
zbirke stani¢nih kultura. Dulbeccov modificirani Eagleov medij (DMEM), fetalni govedi serum
(FBS), penicilin (1 x 107 U/L)/streptomicin (1 x 10*mg/L) i tripsin-EDTA nabavljeni su od
tvrtke Capricorn Scientific (Njemacka). Dimetilsulfoksid (DMSO) nabavljen je od tvrtke ITW
Reagents (SAD), 3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazolijev bromid (MTT) od tvrtke
Thermo Fisher Scientific (SAD), a propan-2-ol od tvrtke Honeywell.
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3.2.  SINTEZE

3.2.1. Sinteza 1-(dimetoksimetil)-2,3,4,9-tetrahidro-1H-pirido[3,4-b]indola (1)

Suspenziji triptamina (1 g, 6,242 mmol, 1 ekv.) u diklormetanu (10 mL) uz mijesSanje su dodani
2,2-dimetoksiacetaldehid (1,13 mL, 7,49 mmol, 1,2 ekv.) i otopina TFA (0,669 mL, 8,739
mmol, 1,4 ekv.) u diklormetanu (2 mL). Reakcijska smjesa mijeSana je 18 h na s.t., nakon ¢ega
je razrijedena diklormetanom (40 mL) te je dodana zasi¢ena vodena otopina NaHCO3 (30 mL).
Vodeni sloj je zakiseljen 10 %-tnom otopinom HCI do pH =~ 7,5 te je ekstrahiran diklormetanom
(3 x 50 mL). Organski slojevi su skupljeni, suSeni nad bezvodnim NaxSOa, profiltrirani, a
otapalo upareno pod snizenim tlakom. Dobiveni sirovi produkt 1 (Zuto ulje) bez procis¢avanja

je upotrijebljen u sljede¢em reakcijskom koraku.

Iskoristenje: 1,352 g (88 %).

3.2.2. Sinteza 1-(dimetoksimetil)-9H-pirido[3,4-b]indola (2)

Otopini spoja 1 (1,352 g, 5,489 mmol, 1 ekv.) u bezvodnom THF-u (10 mL) uz mijesanje je
dodan KMnOg (3,470 g, 21,956 mmol, 4 ekv.). Reakcijska smjesa mijeSana je na s.t. 48 h,
nakon Cega je razrijedena metanolom (5 mL) te profiltrirana kroz sloj Celita. Otapalo je iz
filtrata uklonjeno uparavanjem pod snizenim tlakom, a ostatak nakon uparavanja otopljen u
diklormetanu (50 mL) te ispran vodom (2 x 25 mL). Organski sloj je suSen nad bezvodnim
Na2SOg, profiltriran te je otapalo upareno pod snizenim tlakom. Dobiveni sirovi produkt (smede

ulje) bez prociscavanja je upotrijebljen u sljede¢em reakcijskom koraku.

Iskoristenje: 0,944 g (71 %).

3.2.3. Sinteza 9H-pirido[3,4-b]indol-1-karbaldehida (3)

Smjesa spoja 2 (0,944 g, 3,896 mmol), ledene octene kiseline (4,922 mL) i vode (7,383 mL)
refluksirana je 1 h na 100 °C. Reakcijska smjesa je zaluzena 5 %-tnom otopinom NaOH do pH
8-9 te ekstrahirana diklormetanom (3 x 50 mL). Organski slojevi su skupljeni, suseni nad

bezvodnim Na>SOg, profiltrirani te je otapalo upareno pod snizenim tlakom. Sirovi produkt
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procis¢en je kromatografijom na koloni uz pokretnu fazu cikloheksan/etil-acetat/metanol

30:10:5 i rastrljavanjem u dietil-eteru.

Iskoristenje: 0,619 g (81 %).

3.2.4. Sinteza (9H-pirido[3,4-b]indol-1-il)metanola (5)

Suspenziji spoja 3 (0,550 g, 2,803 mmol, 1 ekv.) u bezvodnom THF-u (10 mL) dodan je LiAIH4
(0,160 g, 4,205 mmol, 1,5 ekv.) te je reakcijska smjesa mijesana 0,5 h na s.t. Zatim je dodana
voda (20 mL) te je smjesa zaluzena 5 %-tnom otopinom NaOH do pH 8-9 i ekstrahirana etil-
acetatom (3 x 50 mL). Organski slojevi su skupljeni, suSeni nad bezvodnim NaxSOu,
profiltrirani te je otapalo upareno pod snizenim tlakom. Sirovi produkt procis¢en je

rastrljavanjem u dietil-eteru.

Iskoristenje: 0,505 g (91 %).

3.2.5. Sinteza metil-1-metil-2,3,4,9-tetrahidro-1H-pirido[3,4-b]indol-3-karboksilata (8)

Suspenziji hidroklorida metilnog estera triptofana (1 g, 3,926 mmol, 1 ekv.) u diklormetanu (10
mL) uz mijeSanje su dodani acetaldehid-dimetil-acetal (0,525 mL, 4,711 mmol, 1,2 ekv.) i
otopina TFA (0,600 mL, 7,852 mmol, 2 ekv.) u vodi (2 mL). Reakcijska smjesa mijesana je 18
h na s.t., nakon Cega je razrijedena diklormetanom (40 mL) te je dodana zasi¢ena vodena
otopina NaHCO3z (30 mL). Vodeni sloj je zakiseljen 10 %-tnom HCI do pH = 7,5 te je
ekstrahiran diklormetanom (3 x 50 mL). Organski slojevi su skupljeni, suseni nad bezvodnim
Na2SOg, profiltrirani te je otapalo upareno pod snizenim tlakom. Dobiveni sirovi produkt (Zuta

smola) upotrijebljen je u sljede¢em reakcijskom koraku bez proc¢is¢avanja.

Iskoristenje: 0,782 g (82 %)
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3.2.6. Sinteza etil-1-metil-9H-pirido[3,4-b]indol-3-karboksilata (9)

Suspenzija spoja 8 (0,2 g, 0,819 mmol) i 10 %-tnog Pd/C (0,038 g) u bezvodnom etanolu (4
mL) mijeSana je 0,33 h na 150 °C u mikrovalnom reaktoru. Zatim je reakcijska smjesa
profiltrirana kroz sloj Celita, a otapalo uklonjeno iz filtrata uparavanjem pod sniZenim tlakom.

Sirovi produkt prociscen je rastrljavanjem u smjesi dietil-etera i petroletera.

Iskoristenje: 0,148 g (71 %).

3.2.7. Sinteza (1-metil-9H-pirido[3,4-b]indol-3-il)metanola (10)

U otopinu spoja 9 (0,5 g, 1,966 mmol, 1 ekv.) u bezvodnom THF-u (10 mL) dodan je LiAlH4
(0,112 g, 2,949 mmol, 1,5 ekv.) te je reakcijska smjesa mijeSana 0,5 h na s.t. Zatim je dodana
voda (20 mL) te je smjesa zaluzena 5 %-tnom otopinom NaOH do pH 8-9 i ekstrahirana etil-
acetatom (3 x 50 mL). Organski slojevi su skupljeni, suSeni nad bezvodnim NaxSOa,
profiltrirani te je otapalo upareno pod snizenim tlakom. Nakon rastrljavanja u dietil-eteru
dobiven je prljavo-bijeli talog koji je upotrijebljen u sljede¢im reakcijskim koracima bez

prociScavanja.

Iskoristenje: 0,376 g (90 %).

3.2.8. Sinteza azida B-karbolina 6 i 11. Opéa metoda

Otopini alkohola 5 ili 10 (2,5 mmol, 1 ekv.) u bezvodnom THF-u (10 mL) pri 0 °C dodani su
ADMP (1,711 g, 6 mmol, 2,4 ekv.) i DBU (1,122 mL, 7,5 mmol, 3 ekv.). Reakcijska smjesa
mijesana je 1 h na 0 °C, nakon ¢ega je dodana zasi¢ena vodena otopina NH4CI (20 mL) te je
smjesa ekstrahirana diklormetanom (2 x 30 mL). Organski slojevi su skupljeni i isprani
zasi¢enom vodenom otopinom NaCl (2 x 60 mL), suSeni nad bezvodnim Na>SQOg, profiltrirani
te je otapalo upareno pod snizenim tlakom. Sirovi produkt proc¢isé¢en je kromatografijom na

koloni uz pokretnu fazu cikloheksan/etil-acetat/metanol 10:10:5.
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1-(Azidometil)-9H-pirido[3,4-b]indola (6)
Koli¢ina reaktanta: 0,496 g alkohola 5.
Iskoristenje: 0,407 g (73 %).

Ulje.

IR (ATR, vicm™) 3663, 3451, 3288, 3059, 2937, 2855, 2105, 1730, 1631, 1566, 1493, 1428,
1371, 1321, 1248, 1118, 1052, 971, 938, 873, 824, 751, 718, 620, 579, 432.

IH NMR (DMSO-ds) 511,78 (s, 1H), 8,36 (d, 1H, J = 5,2 Hz), 8,29-8,23 (m, 1H), 8,13 (d, 1H,
J=5,2 Hz), 7,64 (dt, 1H, J = 8,3, 0,9 Hz), 7,60-7,57 (m, 1H), 7,29-7,26 (m, 1H), 4,89 (s, 2H).

13C NMR (DMSO-ds) & 140,58, 139,19, 137,75, 133,86, 128,50, 128,44, 121,87, 120,74,
119,57, 114,77, 112,02, 51,59.

ESI-MS: raspad.

3-(Azidometil)-1-metil-9H-pirido[3,4-b]indol (11)
Koli¢ina reaktanta: 0,531 g alkohola 10.
Iskoristenje: 0,451 g (76 %).

Ulje.

IR (ATR, vicm™) 3671, 3451, 3239, 3051, 2937, 2863, 2447, 2325, 2104, 1689, 1631, 1566,
1509, 1452, 1403, 1354, 1264, 1085, 1036, 971, 848, 759, 718, 644, 579, 431.

'H NMR (DMSO-dg) 611,66 (s, 1H), 8,20 (d,1H, J = 7,9 Hz), 8,00 (s, 1H), 7,62-7,60 (m, 1H),
7,57-7,53 (m, 1H), 7,26-7,23 (m, 1H), 4,57 (s, 2H), 2,78 (s, 3H).

13C NMR (DMSO-dg) & 143,23, 142,12, 140,74, 133,94, 128,02, 127,56, 121,74, 121,01,
119,39, 112,07, 111,72, 55,30, 20,41.

ESI-MS: raspad.
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3.2.9. Sinteza amina B-karbolina 7 i 12. Opéa metoda

U otopinu spoja 6 ili 11 (1 mmol) u bezvodnom metanolu (5 mL) dodan je 10 %-tni Pd/C te je
reakcijska smjesa mijeSana 3 h na s.t. u atmosferi vodika. Reakcijska smjesa profiltrirana je
kroz sloj Celita, a otapalo uklonjeno iz filtrata uparavanjem pod sniZzenim tlakom. Sirovi

produkt proc¢iséen je prekristalizacijom iz smjese dietil-etera i petroletera.

(9H-pirido[3,4-b]indol-1-il)metanamin (7)

Koli¢ina reaktanta: 0,223 g azida 6, 0,045 g 10 %-tnog Pd/C.
Iskoristenje: 0,112 g (57 %).

ty = 201205 °C (raspad).

IR (ATR, vicm™) 3347, 3282, 3120, 3051, 2955, 2856, 2776, 1625, 1600, 1562, 1501, 1477,
1460, 1430, 1355, 1327, 1316, 1240, 1212, 1163, 1127, 1108, 1071, 960, 896, 848, 829, 772,
747,671, 595, 564, 516.

IH NMR (DMSO-ds) 68,26 (d, 1H, J = 5,2 Hz), 8,21 (dt, 1H, J = 7,8, 1,0 Hz), 7,97 (d, 1H, J =
5,2 Hz), 7,63-7,62 (m, 1H), 7,55-7,52 (M, 1H), 7,24-7,22 (m, 1H), 4,19 (s, 2H).

13C NMR (DMSO-ds) & 146,51, 140,35, 137,18, 133,23, 127,82, 127,42, 121,60, 120,88,
119,15, 113,19, 112,01, 44,59.

ESI-MS: m/z 196,0 (M-1)".

(1-Metil-9H-pirido[3,4-b]indol-3-il)metanamin (12)
Koli¢ina reaktanta: 0,237 g azida 11, 0,047 g 10 %-tnog Pd/C.

Iskoristenje: 0,129 g (61 %).
tr=176-178,5 °C.

IR (ATR, vicm™) 3338, 3239, 3130, 3057, 2978, 2940, 2914, 2882, 2850, 2783, 2737, 2690,
2637, 1626, 1606, 1566, 1503, 1453, 1401, 1374, 1344, 1317, 1284, 1250, 1176, 1147, 1103,
1083, 1009, 970, 945, 891, 838, 813, 775, 734, 643, 588, 545.

IH NMR (DMSO-ds) 511,42 (s, 1H), 8,14 (d, 1H, J = 7,6 Hz), 7,91 (s, 1H), 7,57-7,47 (m, 2H),
7,20 (t, 1H, J = 6,9 Hz), 3,89 (s, 2H), 2,73 (s, 3H).
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13C NMR (DMSO-ds) 6 151,13, 140,89, 140,74, 133,29, 127,76, 127,62, 121,53, 121,19,
118,98, 111,89, 109,01, 47,59, 20,38.

ESI-MS: m/z 210,0 (M-1)",

3.2.10. Sinteza 1-metil-9H-pirido[3,4-b]indol-3-karbaldehida (14)

Otopini spoja 10 (0,2 g, 0,942 mmol, 1 ekv.) u bezvodnom diklormetanu (7 mL) dodan je MnO>
(0,82 g, 9,43 mmol, 10 ekv.) te je reakcijska smjesa mijeSana 72 h na s.t. Zatim je reakcijska
smjesa profiltrirana kroz sloj Celita, a otapalo uklonjeno iz filtrata uparavanjem pod snizenim
tlakom. Sirovi produkt je procis¢en kromatografijom na koloni uz pokretnu fazu

cikloheksan/etil-acetat/metanol 10:10:5 te rastrljavanjem u dietil-eteru.

Iskoristenje: 0,133 g (67 %).

3.2.11. Sinteza B-karbolinskih alkina 4 i 15. Op¢a metoda

Suspenziji spoja 3 ili 14 (0,5 mmol, 1 ekv.) i kalijevog karbonata (0,138 g, 1 mmol, 2 ekv.) u
bezvodnom metanolu (7,7 mL) dodana je 10 %-tna otopina Bestmann-Ohirinog reagensa u
ACN-u (0,901 mL, 0,6 mmol, 1,2 ekv.). Reakcijska smjesa mijeSana je u atmosferi argona 2-
24 h na s.t., nakon Cega je otapalo upareno pod sniZzenim tlakom. Ostatku nakon uparavanja
(smeda smola) uz ultrasoniciranje je dokapavana 5 %-tna otopina NaHCO3 do prestanka

stvaranja taloga koji je odsisan. Sirovi produkt procis¢en je Metodom A ili Metodom B.
Metoda A. Kromatografija na koloni uz pokretnu fazu diklormetan/metanol 90:10.

Metoda B. Kromatografija na koloni uz pokretnu fazu cikloheksan/etil-acetat/metanol 10:10:5

i prekristalizacija iz smjese acetona i vode.

1-Etinil-9H-pirido[3,4-b]indol (4)
Koli¢ina reaktanta: 0,098 g aldehida 3.
Trajanje reakcije: 2 h.

Procis¢avanje: Metoda A.
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Iskoristenje: 0,071 g (74 %).

3-Etinil-1-metil-9H-pirido[3,4-b]indola (15)
Koli¢ina reaktanta: 0,105 g aldehida 14.
Trajanje reakcije: 24 h.

Procis¢avanje: Metoda B.

Iskoristenje: 0,063 g (61 %).

ty = 230-235 °C (raspad).

IR (ATR, vicm™) 3306, 3143, 2104, 1622, 1597, 1563, 1499, 1446, 1375, 1338, 1315, 1247,
1178, 1146, 1014, 961, 899, 877, 776, 740, 654, 625, 587, 504, 457.

IH NMR (DMSO-dg) & 11,83 (s, 1H), 8,25-8,22 (m, 1H), 8,21 (s, 1H), 7,62-7,59 (m, 1H),
7,57-7,53 (m, 1H), 7,27-7,23 (m, 1H), 4,03 (s, 1H), 2,74 (s, 3H).

13C NMR (DMSO-ds) & 142,83, 140,70, 134,06, 129,54, 128,30, 127,01, 122,05, 120,72,
119,78, 117,22, 112,15, 84,85, 76,72, 20,33.

ESI-MS: m/z 207,6 (M+1)".

3.2.12. Sinteza 6-metoksi-1-metil-2,3,4,9-tetrahidro-1H-pirido[3,4-b]indol-2-ijevog
trifluoracetata (16)

Otopini 5-metoksitriptamina (0,200 g, 1,051 mmol, 1 ekv.) u ACN-u (4,5 mL) dodani su
acetaldehid-dimetil-acetal (0,234 mL, 2,102 mmol, 2 ekv.) i TFA (0,161 mL, 2,102 mmol, 2
ekv.). Reakcijska smjesa mijesana je 0,17 h na 110 °C u mikrovalnom reaktoru, nakon cega je
dodan dietil-eter (15 mL). Nastali talog je odsisan, ispran dietil-eterom (2 x 5 mL) i

upotrijebljen u sljede¢em reakcijskom koraku bez procis¢avanja.

Iskoristenje: 0,237 g (68 %).
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3.2.13. Sinteza 6-metoksi-1-metil-9H-pirido[3,4-b]indola (17)

Suspenzija spoja 16 (0,200 g, 0,602 mmol, 1 ekv.), Li.CO3 (0,089 g, 1,204 mmol, 2 ekv.) i 10
%-tnog Pd/C (0,023 g) u bezvodnom etanolu (4 mL) mijesana je 0,33 h na 150 °C u
mikrovalnom reaktoru. Potom je reakcijska smjesa profiltrirana kroz sloj Celita, a otapalo
uklonjeno iz filtrata uparavanjem pod snizenim tlakom. Ostatak nakon uparavanja rastrljan je
u 20 %-tnoj vodenoj otopini NaCl. Nastali svijetlo zuti talog je odsisan i prekristaliziran iz

dietil-etera.

Iskoristenje: 0,121 g (95 %).

3.2.14. Sinteza 1-metil-9H-pirido[3,4-b]indol-6-ola (18)

Smjesa spoja 17 (0,100 g, 0,471 mmol ), 47 %-tne bromovodi¢ne kiseline (2 mL) i ledene
octene kiseline (2,5 mL) mijesana je 0,5 h na 140 °C u mikrovalnom reaktoru. Zatim je
reakcijska smjesa zaluzena 5 M otopinom NaOH do pH 9 i ekstrahirana etil-acetatom (5 x 40
mL). Organski slojevi su skupljeni, suSeni nad bezvodnim Na;SQOgs, profiltrirani, a otapalo
upareno pod snizenim tlakom. Sirovi produkt procis¢en je kromatografijom na koloni uz

pokretnu fazu diklormetan/metanol 75:25 i rastrljavanjem u dietil-eteru.

Iskoristenje: 0,080 g (86 %).

3.2.15. Sinteza tert-butil-(2-((1-metil-9H-pirido[3,4-b]indol-6-il)oksi)etil)karbamata (20)

U suspenziju spoja 18 (0,3 g, 1,513 mmol, 1 ekv.) u bezvodnom DMF-u (5 mL) dodani su
cezijev karbonat (1,380 g, 4,236 mmol, 2,8 ekv.), TBAHS (0,411 g, 1,210 mmol, 0,8 ekv.) i
BocNH(CH2).Br (1,356 g, 6,052 mmol, 4 ekv.). Reakcijska smjesa mijeSana je 18 h na s.t. u
atmosferi argona, nakon Cega je razrijedena vodom (50 mL) i ekstrahirana etil-acetatom (3 x
50 mL). Organski slojevi su skupljeni, isprani vodom (2 x 150 mL), suSeni nad bezvodnim
Na>SOg, profiltrirani, a otapalo je uklonjeno iz filtrata uparavanjem pod snizenim tlakom. Sirovi
produkt proc¢iséen je kromatografijom na koloni uz pokretnu fazu diklormetan/metanol 80:10 i

rastrljavanjem u smjesi dietil-etera i petroletera.
Iskoristenje: 0,325 g (63 %).
Ulje.
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IH NMR (DMSO-ds) 511,42 (s, 1H), 8,16 (d, 1H, J = 5,3 Hz), 7,92 (d, 1H, J = 5,3 Hz), 7,77
(d, 1H, J = 1,7 Hz), 7,51 (d, 1H, J = 8,8 Hz), 7,18 (dd, 1H, J = 8,8, 2,3 Hz), 7,06 (t, 1H, J = 5,0
Hz), 4,05 (t, 2H, J = 5,8 Hz), 3,39-3,34 (m, 2H), 2,75 (s, 3H), 1,40 (s, 9H).

13C NMR (DMSO-ds) & 155,73, 152,39, 142,04, 136,57, 135,41, 135,03, 126,88, 121,35,
118,42, 112,78, 112,75, 104,68, 77,76, 67,19, 39,61, 28,24, 20,23.

ESI-MS: m/z 342,4 (M+1)".

3.2.16. Sinteza 1-metil-9H-pirido[3,4-b]indol-7-ola (23)

Smjesa harmina (0,250 g, 1,178 mmol), ledene octene kiseline (3 mL) i 47 %-tne bromovodi¢ne
kiseline (1,5 mL) mijesana je 0,5 h na 140 °C u mikrovalnom reaktoru. Zatim je reakcijska
smjesa zaluzena 5 %-tnom otopinom NaOH do pH 8-9 i ekstrahirana etil-acetatom (5 x 40 mL).
Organski slojevi su skupljeni, suSeni nad bezvodnim Na»SOs, profiltrirani, a otapalo je
uklonjeno iz filtrata uparavanjem pod snizenim tlakom. Sirovi produkt proc¢iséen je
kromatografijom na koloni uz pokretnu fazu diklormetan/metanol 85:15 i rastrljavanjem u

dietil-eteru.

Iskoristenje: 0,215 g (92 %).

3.2.17. Sinteza alkina B-karbolina 13, 19 i 24. Op¢a metoda

Otopini alkohola 10, odnosno fenola 18 ili 23 (1 mmol, 1 ekv.) u bezvodnom DMF-u (5 mL)
dodani su cezijev karbonat (0,456 g, 1,4 mmol, 1,4 ekv.) i 80 %-tna otopina propargil-bromida
u toluenu (0,134 mL, 1,2 mmol, 1,2 ekv.) te je reakcijska smjesa mijesana 3-5 h na s.t. u
atmosferi argona. Zatim je reakcijska smjesa razrijedena vodom (50 mL) te je ekstrahirana etil-
acetatom (3 x 50 mL). Organski slojevi su skupljeni, isprani vodom (2 x 150 mL), suSeni nad
bezvodnim NazSOa, profiltrirani te je otapalo upareno pod snizenim tlakom. Sirovi produkt
prociscen je kromatografijom na koloni uz pokretnu fazu diklormetan/metanol i rastrljavanjem

u smjesi dietil-etera i petroletera.
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(1-Metil-9-(prop-2-in-1-il)-9H-pirido[3,4-b]indol-3-il)metanol (13)
Koli¢ina reaktanta: 0,212 g alkohola 10.

Trajanje reakcije: 5 h.

Pokretna faza: diklormetan/metanol 95:5.

Iskoristenje: 0,180 g (72 %).

tr = 225-230 °C (raspad).

IR (ATR, vicm™) 3154, 2929, 2823, 2109, 1621, 1561, 1475, 1453, 1360, 1333, 1283, 1206,
1139, 1063, 1040, 965, 933, 877, 744, 724, 641, 578.

IH NMR (DMSO-ds) 58,25 (d, 1H, J = 7,8 Hz), 8,03 (s, 1H), 7,78 (d, 1H, J = 8,3 Hz), 7,63—
7,58 (M, 1H), 7,29 (t, 1H, J = 7,4 Hz), 5,45 (d, 2H, J = 2,4 Hz), 5,35 (t, 1H, J = 5,8 Hz), 4,68
(d, 2H, J = 5,8 Hz), 3,35 (t, 1H, J = 2,4 Hz), 3,04 (s, 3H).

13C NMR (DMSO-ds) & 150,83, 141,27, 140,52, 133,22, 129,53, 128,23, 121,52, 121,05,
120,04, 110,37, 109,11, 75,50, 64,34, 34,19, 22,45,

ESI-MS: m/z 251,1 (M+1)"*.

1-Metil-6-(prop-2-in-1-iloksi)-9H-pirido[3,4-b]indol (19)
Koli¢ina reaktanta: 0,198 g fenola 18.

Trajanje reakcije: 3 h.

Pokretna faza: diklormetan/metanol 97:3, 95:5.
Iskoristenje: 0,120 g (51 %).

ty=175,5-177,5 °C.

IR (ATR, vicm™) 3292, 3122, 3054, 2950, 2860, 2766, 2716, 2366, 2330, 2128, 2058, 1866,
1764, 1736, 1606, 1570, 1506, 1476, 1448, 1412, 1380, 1334, 1292, 1260, 1200, 1120, 1068,
1030, 986, 944, 914, 886, 818, 758, 646, 524.

IH NMR (DMSO-ds) 511,42 (s, 1H), 8,17 (d, 1H, J = 5,4 Hz), 7,88 (d, 1H, J = 5,3 Hz), 7,81
(d, 1H,J =2,5Hz), 7,53 (d, 1H, J = 8,9 Hz), 7,23 (dd, 1H, J = 8,8, 2,5 Hz), 4,88 (d, 2H, J = 2,4
Hz), 3,56 (t, 1H, J = 2,4 Hz), 2,75 (s, 3H).

77



13C NMR (DMSO-ds) 6 151,09, 142,26, 137,03, 135,67, 135,12, 126,63, 121,27, 118,34,
112,72, 112,62, 105,62, 78,04, 56,26, 20,40.

ESI-MS: m/z 237,1 (M+1)*.

1-Metil-7-(prop-2-in-1-iloksi)-9H-pirido[3,4-b]indol (24)
Koli¢ina reaktanta: 0,198 g fenola 23.

Trajanje reakcije: 3 h.

Pokretna faza: diklormetan/metanol 97:3, 95:5.

Iskoristenje: 0,137 g (58 %)

3.2.18. Sinteza Boc-zasticenih amina B-karbolina 25 i 29. Opéa metoda

U suspenziju harmola 23 ili harmina (1 mmol, 1 ekv.) u bezvodnom DMF-u (3 mL) dodani su
cezijev karbonat (0,456 g, 1,4 mmol, 1,4 ekv.) i BocNH(CH2)2Br (0,538 g, 2,4 mmol, 2,4 ekv.)
te je reakcijska smjesa mijeSana 18 h na 90 °C u atmosferi argona. Zatim je reakcijska smjesa
razrijedena vodom (30 mL) i ekstrahirana etil-acetatom (3 x 40 mL). Organski slojevi su
skupljeni, isprani vodom (2 x 100 mL), suseni nad bezvodnim Na>SQg, profiltrirani, a otapalo
uklonjeno iz filtrata uparavanjem pod snizenim tlakom. Sirovi produkt prociséen je
kromatografijom na koloni uz pokretnu fazu diklormetan/metanol 80:10 i rastrljavanjem u

smjesi dietil-etera i petroletera.

Tert-butil-(2-((1-metil-9H-pirido[3,4-b]indol-7-il)oksi)etil)karbamat (25)
Koli¢ina reaktanta: 0,198 g fenola 23.

Iskoristenje: 0,239 g (70 %).

Tert-butil-(2-(7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-il)etil)karbamat (29)
Koli¢ina reaktanta: 0,212 g harmina.

Iskoristenje: 0,125 g (59 %).
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3.2.19. Sinteza amina B-karbolina 21, 26 i 30. Op¢a metoda

Otopini spoja 20, 25 ili 29 (1 mmol, 1 ekv.) u metanolu (6 mL) dodana je 4 M otopina HCI u
MeOH (2,5 mL, 10 mmol, 10 ekv.) te je reakcijska smjesa mijesana 18 h na 50 °C, nakon Cega
je otapalo upareno pod snizenim tlakom. Ostatku nakon uparavanja dodana je voda (20 mL) te
je smjesa zaluzena 5 %-tnim NaOH do pH 9-10 i ekstrahirana etil-acetatom (5 x 50 mL).
Organski slojevi su skupljeni, suSeni nad bezvodnim Na2SQs, profiltrirani, a otapalo je
uklonjeno iz filtrata uparavanjem pod sniZzenim tlakom. Ostatak nakon uparavanja rastrljan je

u dietil-eteru.

2-((1-Metil-9H-pirido[3,4-b]indol-6-il)oksi)etan-1-amin (21)
Koli¢ina reaktanta: 0,341 g spoja 20.

Iskoristenje: 0,166 g (69 %).

ty=170,5-172 °C.

IR (ATR, vicm™) 3645, 3359, 3241, 3065, 2925, 2869, 1605, 1581, 1566, 1500, 1478, 1458,
1401, 1288, 1234, 1211, 1126, 1071, 1059, 992, 905, 884, 847, 825, 816, 741, 703, 632.

IH NMR (DMSO-ds) 611,36 (s, 1H), 8,15 (d, 1H, J = 5,3 Hz), 7,90 (d, 1H, J = 5,3 Hz), 7,74
(d, 1H, J = 2,3 Hz), 7,50 (d, 1H, J = 8,8 Hz), 7,19 (dd, 1H, J = 8,8, 2,5 Hz), 4,02 (t, 2H, J = 5,8
Hz), 2,94 (t, 2H, J = 5,7 Hz), 2,74 (s, 3H).

13C NMR (DMSO-ds) 6 152,47, 141,87, 136,70, 135,19, 134,93, 126,54, 121,29, 117,98,
112,34, 112,18, 104,86, 71,06, 40,87, 19,97.

ESI-MS: m/z 242,2 (M+1)*.

2-((1-Metil-9H-pirido[3,4-b]indol-7-il)oksi)etan-1-amin (26)
Koli¢ina reaktanta: 0,341 g spoja 26.

Iskoristenje: 0,225 g (88 %).
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2-(7-Metoksi-1-metil-9H-pirido[3,4-b]indol-9-il)etan-1-amin (30)
Koli¢ina reaktanta: 0,355 g spoja 30.

Iskoristenje: 0,125 g (59 %).

3.2.20. Sinteza azida B-karbolina 22, 27 i 31. Opéa metoda

Suspenziji amina 21, 26 ili 30 (1 mmol, 1 ekv.), kalijevog karbonata (0,346 g, 2,5 mmol, 2,5
ekv.) i CuSO4 x 5H20 (q.s., vrh $patule) u bezvodnom metanolu (5 mL) dodan je ISA x HCI
(0,252 g, 1,2 mmol, 1,2 ekv.) te je reakcijska smjesa mijeSana 2—18 h na s.t. Zatim je otapalo
upareno pod snizenim tlakom, a ostatku nakon uparavanja je dodana voda (20 mL) te je
ekstrahirano etil-acetatom (2 x 30 mL). Organski slojevi su skupljeni, suSeni nad bezvodnim
Na2SOg, profiltrirani, a otapalo uklonjeno iz filtrata uparavanjen pod snizenim tlakom. Sirovi
produkt prociS¢en je kromatografijom na koloni uz pokretnu fazu cikloheksan/etil-

acetat/metanol 10:10:5.

6-(2-Azidoetoksi)-1-metil-9H-pirido[3,4-b]indol (22)
Kolic¢ina reaktanta: 0,241 g amina 21.
Trajanje reakcije: 2 h.

Iskoristenje: 0,246 g (92 %).

7-(2-Azidoetoksi)-1-metil-9H-pirido[3,4-b]indol (27)
Kolic¢ina reaktanta: 0,241 g amina 26.

Trajanje reakcije: 18 h.

Iskoristenje: 0,211 g (79 %).

Ulje.

IH NMR (DMSO-de) 611,44 (s, 1H), 8,16 (d, 1H, J = 5,3 Hz), 8,08 (d, 1H, J = 8,6 Hz), 7,82
(d, 1H, J =5,2 Hz), 7,04 (d, 1H, J = 2,2 Hz), 6,87 (dd, 1H, J = 8,6, 2,2 Hz), 4,30 (t, 2H, J = 4,8
Hz), 3,72 (t, 2H, J = 4,8 Hz), 2,73 (s, 3H).
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13C NMR (DMSO-ds) & 158,70, 141,77, 141,35, 137,78, 134,60, 127,12, 122,75, 115,26,
111,99, 109,14, 95,62, 67,14, 49,64, 20,33.

ESI-MS: raspad.

9-(2-Azidoetil)-7-metoksi-1-metil-9H-pirido[3,4-b]indol (31)
Koli¢ina reaktanta: 0,255 g amina 30.
Trajanje reakcije: 3 h.

Iskoristenje: 0,149 g (53 %).

3.2.21. Sinteza 7-metoksi-1-metil-9-(prop-2-in-1-il)-9H-pirido[3,4-b]indola (28)

Otopini harmina (0,250 g, 1,179 mmol, 1 ekv.) u bezvodnom DMF-u (5 mL) dodani su natrijev
hidrid (0,075 g, 1,886 mmol, 1,6 ekv.) i 80 %-tna otopina propargil-bromida u toluenu (0,394
mL, 3,537 mmol, 3 ekv.) te je reakcijska smjesa mijesana 3 h na s.t. u atmosferi argona. Zatim
je reakcijska smjesa razrijedena vodom (50 mL) te je ekstrahirana etil-acetatom (3 x 50 mL).
Organski slojevi su skupljeni, isprani vodom (2 x 150 mL), suseni nad bezvodnim NazSOa,
profiltrirani te upareni pod sniZzenim tlakom. Sirovi produkt proc¢iS¢en je kromatografijom na
koloni uz pokretnu fazu diklormetan/metanol 95:5 i rastrljavanjem u smjesi dietil-etera i

petroletera.

Iskoristenje: 0,168 g (57 %).

3.2.22. Sinteza metil-3-(7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-il)propanoata (32)

Suspenziji harmina (0,250 g, 1,178 mmol, 1 ekv.) u ACN-u (5 mL) dodan je DBU (0,324 mL,
2,120 mmol, 1,8 ekv.) te je reakcijska smjesa mijesana 0,5 h na s.t. Zatim je dodan metil-akrilat
(0,267 mL, 2,945 mmol, 2,5 ekv.), nakon cega je mijeSanje reakcijske smjese nastavljeno
tijekom 48 h na 60 °C uz zastitu od svjetlosti. Otapalo je upareno, a sirovi produkt je pro¢iséen
kromatografijom na koloni uz pokretnu fazu diklormetan/metanol 80:10 i rastrljavanjem u

dietil-eteru.

Iskoristenje: 0,214 g (61 %).
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3.2.23. Sinteza 3-(7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-il)propanske kiseline (33)

Suspenziji spoja 32 (0,214 g, 0,718 mmol, 1 ekv.) u metanolu (2 mL) uz mijesanje je dokapana
otopina LiOH x H>O (0,06 g, 1,436 mmol, 2 ekv.) u smjesi vode (2 mL) i metanola (2 mL).
Reakcijska smjesa je mijeSana 1 h na s.t., nakon Cega je otapalo upareno pod snizenim tlakom.
Ostatak nakon uparavanja je otopljen u vodi (20 mL) te je vodeni sloj zakiseljen 10 %-tnom
HCI do pH 5,5. Nastali talog je odsisan i ispran dietil-eterom (2 x 10 mL).

Iskoristenje: 0,180 g (88 %).

3.2.24. Sinteza propargilnih estera DCK-a (34a-e). Op¢a metoda

Suspenziji odgovaraju¢eg DCK-a (3,375 mmol, 1 ekv.) i kalijevog karbonata (0,653 g, 4,725
mmol, 1,4 ekv.) u bezvodnom DMF-u (5 mL) dokapana je 80 %-tna otopina propargil-bromida
u toluenu (0,601 mL, 5,4 mmol, 1,6 ekv.) te je reakcijska smjesa mijeSana 48 h na s.t. Zatim je
reakcijska smjesa razrijedena vodom (50 mL) i ekstrahirana etil-acetatom (3 x 50 mL).
Organski slojevi su skupljeni, isprani vodom (2 x 150 mL), suSeni nad bezvodnim NazSOu,
profiltrirani, a otapalo uklonjeno iz filtrata uparavanjem pod snizenim tlakom. Sirovi produkt
proc¢iséen je kromatografijom na koloni uz pokretnu fazu cikloheksan/etil-acetat/metanol
10:10:5.

Prop-2-in-1-il cinamat (34a)
Koli¢ina reaktanta: 0,500 g trans-cimetne kiseline.

Iskoristenje: 0,584 g (93 %).

Prop-2-in-1-il (E)-3-(3-fluorfenil)akrilat (34b)
Koli¢ina reaktanta: 0,561 g m-fluorcimetne kiseline.

Iskoristenje: 0,648 g (94 %).

Prop-2-in-1-il (E)-3-(3-bromfenil)akrilat (34c)

Koli¢ina reaktanta: 0,766 g m-bromcimetne kiseline.
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Iskoristenje: 0,779 g (87 %).
t.79,0-81,0 °C.

IR (ATR, v/cm™) 3416, 3279, 3060, 3042, 2940, 2132, 1716, 1637, 1561, 1479, 1419, 1360,
1295, 1201, 1169, 1073, 991, 965, 851, 780, 754, 696, 665, 632, 554.

IH NMR (DMSO-ds) 6 8,02 (t, 1H, J =1,8 Hz), 7,78 (dt, 1H, J = 7,7, 1,4 Hz), 7,69 (d, 1H, J =
16,1 Hz), 7,64-7,62 (m, 1H), 7,39 (t, 1H, J = 7,9 Hz), 6,79 (d, 1H, J = 16,1 Hz), 4,84 (d, 2H, J
= 2,4 Hz), 3,59 (t, 1H, J = 2,5 Hz).

13C NMR (DMSO-ds) 6 165,21, 143,81, 136,38, 133,17, 130,99, 130,97, 127,45, 122,32,
118,90, 77,80, 51,93.

ESI-MS: raspad.

Prop-2-in-1-il (E)-3-(4-klorfenil)akrilat (34d)
Koli¢ina reaktanta: 0,616 g p-klorcimetne kiseline.

Iskoristenje: 0,700 g (94 %).

Prop-2-in-1-il (E)-3-(4-metoksifenil)akrilat (34e)

Koli¢ina reaktanta: 0,601 g p-metoksicimetne kiseline.

Iskoristenje: 0,540 g (74 %).

3.2.25. Sinteza etilnih estera derivata cimetne kiseline (35a-e). Opéa metoda

Suspenzija cimetne kiseline ili odgovaraju¢eg DCK-a (6,749 mmol, 1 ekv.) i tionil-klorida
(2,461 mL, 33,745 mmol, 5 ekv.) u bezvodnom toluenu (10 mL) mijeSana je 1 h na s.t. u
prisutnosti kataliticke kolic¢ine bezvodnog DMF-a. Otapalo je upareno pod snizenim tlakom, a
ostatak je naparen dva puta bezvodnim toulenom i koristen u sljede¢em reakcijskom koraku
bez procis¢avanja.

Otopina odgovarajuceg kiselinskog klorida u bezvodnom diklormetanu (10 mL) dokapana je u
otopinu TEA (0,941 mL, 6,749 mmol, 1 ekv.) u bezvodnom etanolu (5 mL) te je reakcijska
smjesa mijesana 3 h na s.t. Zatim je otapalo upareno pod snizenim tlakom, a ostatak otopljen u
etil-acetatu (30 mL) i ispran vodom (2 x 30 mL). Organski sloj je susen nad bezvodnim Na>SOs,

profiltriran, a otapalo uklonjeno iz filtrata uparavanjem pod snizenim tlakom.
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Etil-cinamat (35a)
Koli¢ina reaktanta: 1 g cimetne Kiseline.

Iskoristenje: 1,022 g (86 %).

Etil-(E)-3-(3-fluorfenil)prop-2-enoat (35b)
Koli¢ina reaktanta: 1,121 g m-fluorcimetne Kiseline.

Iskoristenje: 0,721 g (55 %).

Etil-(E)-3-(3-bromfenil)prop-2-enoat (35c¢)
Koli¢ina reaktanta: 1,532 g m-bromcimetne kiseline.

Iskoristenje: 1,549 g (90 %).

Etil-(E)-3-(4-klorfenil)prop-2-enoat (35d)
Koli¢ina reaktanta: 1,232 g p-klorcimetne kiseline.

Iskoristenje: 1,294 g (91 %).

Etil-(E)-3-(4-metoksifenil)prop-2-enoat (35¢)
Koli¢ina reaktanta: 1,203 g p-metoksicimetne kiseline.

Iskoristenje: 1,045 g (75 %).

3.2.26. Sinteza cimetnih alkohola (36a-¢). Op¢a metoda

Otopini odgovarajuceg estera DCK-a 35a-¢ (3,752 mmol, 1 ekv.) u bezvodnom dietil-eteru (1
mL) pri —5 °C dodan je LiAlH4 (0,142 g, 3,752 mmol, 1 ekv.) u malim obrocima. Reakcijska
smjesa mijesana je 1,5 h na < 0 °C u atmosferi argona, nakon ¢ega je dodana voda (20 mL).
Smjesa je zakiseljena s nekoliko kapi 10 %-tne klorovodicne kiseline do prestanka pjenjenja.
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Potom je dodan dietil-eter (10 mL) te je smjesa isprana 1 %-tnom klorovodi¢nom kiselinom (2
x 20 mL) i vodom (2 x 20 mL). Organski sloj je suSen nad bezvodnim Na>SOg, profiltriran, a
otapalo je uklonjeno iz filtrata uparavanjem pod shizenim tlakom. Sirovi produkt pro¢iséen je
kromatografijom na koloni uz pokretnu fazu cikloheksan/etil-acetat 2:1 te je dobiven uljasti

produkt.

(E)-3-fenilprop-2-en-1-ol (36a)
Koli¢ina reaktanta: 0,661 g estera 35a.

Iskoristenje: 0,226 g (45 %).

(E)-3-(3-fluorfenil)prop-2-en-1-ol (36b)
Koli¢ina reaktanta: 0,729 g estera 35b.

Iskoristenje: 0,188 g (33 %).

(E)-3-(3-bromfenil)prop-2-en-1-ol (36¢)
Koli¢ina reaktanta: 0,957 g estera 35c.

Iskoristenje: 0,384 g (48 %).

(E)-3-(4-klorfenil)prop-2-en-1-ol (36d)
Koli¢ina reaktanta: 0,790 g estera 35d.

Iskoristenje: 0,291 g (46 %).

(E)-3-(4-metoksifenil)prop-2-en-1-ol (36e)

Koli¢ina reaktanta: 0,774 g estera 35e.

Iskoristenje: 0,308 g (50 %).
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3.2.27. Sinteza azida DCK-a (37a-e). Op¢a metoda

Otopini odgovarajuceg alkohola 36a-e (1,491 mmol, 1 ekv.) u bezvodnom THF-u (5 mL) pri 0
°C dodani su ADMP (0,510 g, 1,789 mmol, 1,2 ekv.) i DBU (0,289 mL, 1,938 mmol, 1,3 ekv.).
Reakcijska smjesa mijeSana je 0,5 h na 0 °C, nakon ¢ega je dodana zasi¢ena otopina NH4Cl (20
mL) te je smjesa ekstrahirana diklormetanom (2 x 20 mL). Organski slojevi su skupljeni i
isprani zasi¢cenom vodenom otopinom NaCl (2 x 40 mL), suSeni nad bezvodnim NazSOg,
profiltrirani, a otapalo je uklonjeno iz filtrata uparavanjem pod snizenim tlakom. Sirovi produkt

je procis¢en kromatografijom na koloni uz pokretnu fazu cikloheksan/etil-acetat 9:1.

(E)-(3-azidoprop-1-en-1-il)benzen (37a)
Koli¢ina reaktanta: 0,200 g alkohola 36a.

Iskoristenje: 0,136 g (57 %).

(E)-1-(3-azidoprop-1-en-1-il)-3-fluorbenzen (37b)
Koli¢ina reaktanta: 0,227 g alkohola 36b.

Iskoristenje: 0,180 g (68 %).

(E)-1-(3-azidoprop-1-en-1-il)-3-brombenzen (37c)
Koli¢ina reaktanta: 0,318 g alkohola 36c¢.

Iskoristenje: 0,195 g (55 %).

(E)-1-(3-azidoprop-1-en-1-il)-4-klorbenzen (37d)

Koli¢ina reaktanata: 0,251 g alkohola 36d.

Iskoristenje: 0,202 g (70 %).
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(E)-1-(3-azidoprop-1-en-1-il)-4-metoksibenzen (37¢)
Koli¢ina reaktanata: 0,245 g alkohola 36e.

Iskoristenje: 0,212 g (75 %).

3.2.28. Sinteza 4-azido-7-klorkinolina (38)

Otopini 4,7-diklorkinolina (0,5 g, 2,525 mmol, 1 ekv.) u bezvodnom DMF-u (3 mL) dodan je
NaNs3 (0,492 g, 7,575 mmol, 3 ekv.) te je reakcijska smjesa mijeSana 18 h na 65 °C. Zatim je
reakcijska smjesa razrijedena diklormetanom (30 mL), isprana vodom (3 x 30 mL), a otapalo

upareno pod snizenim tlakom. Sirovi produkt pro¢isc¢en je rastrljavanjem u dietil-eteru.

Iskoristenje: 0,191 g (37 %).

3.2.29. Sinteza 2-((7-klorkinolin-4-il)amino)etan-1-ola (39)

Smjesa 4,7-diklorkinolina (0,198 g, 1 mmol, 1 ekv.), etanolamina (0,121 mL, 2 mmol, 2 ekv.)
i TEA (0,209 mL, 1,5 mmol, 1,5 ekv.) mijesana je 2 h na 120 °C. Nakon toga je u reakcijsku
smjesu dodan led te je smjesa hladena 1 sat na 4 °C. Nastali talog je odsisan te ispran vodom (2
x 10 mL) i dietil-eterom (2 x 10 mL). Sirovi produkt prociséen je prekristalizacijom iz

metanola.

Iskoristenje: 0,143 g (64 %).

3.2.30. Sinteza N-(2-azidoetil)-7-klorkinolin-4-amina (40)

U otopinu spoja 39 (0,143 g, 0,642 mmol, 1 ekv.) u bezvodnom THF-u (3 mL) pri 0 °C dodani
su ADMP (0,263 g, 0,924 mmol, 1,4 ekv.) i DBU (0,150 mL, 1,002 mmol, 1,6 ekv.). Reakcijska
smjesa mijesana je 1,5 h na 0 °C, nakon ¢ega je dodana zasi¢ena otopina amonijevog klorida
(20 mL). Smjesa je ekstrahirana diklormetanom (2 x 30 mL). Organski slojevi su skupljeni,
isprani zasi¢enom vodenom otopinom natrijevog klorida (2 x 30 mL), suSeni nad bezvodnim
Na>SO0s, profiltrirani, otapalo uklonjeno iz filtrata uparavanjem pod sniZzenim tlakom. Sirovi
produkt prociséen je kromatografijom na koloni uz pokretnu fazu cikloheksan/etil-

acetat/metanol 10:10:5 i rastrljavanjem u smjesi dietil-etera i petroletera.
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Iskoristenje: 0,092 g (58 %).

3.2.31. Sinteza 7-klorkinolin-4-ola (41)

Smjesa 4,7-diklorkinolina (1 g, 5,049 mmol) i ledene octene kiseline (1,9 mL) refluksirana je 1
h na 125 °C, nakon ¢ega je dodan dietil-eter (10 mL), a nastali talog je odsisan te ispran vodom
(2 x 10 mL) i dietil-eterom (2 x 10 mL). Dobiveni sirovi produkt 41 (bijeli prah) je koristen u
sljede¢em reakcijskom koraku bez proc¢is¢avanja.

IskoriStenje: 0,186 g (36 %).

3.2.32. Sinteza 7-klor-4-(prop-2-in-1-iloksi)kinolina (42)

Otopini spoja 41 (0,2 g, 1,114 mmol, 1 ekv.) u bezvodnom DMF-u (4 mL) dodani su cezijev
karbonat (0,508 g, 1,56 mmol, 1,4 ekv.) i 80 %-tna otopina propargil-bromida u toluenu (0,143
mL, 1,337 mmol, 1,2 ekv.) te je reakcijska smjesa mijesana 1 h na s.t. u atmosferi argona. Zatim
je dodana voda (40 mL) te je smjesa ekstrahirana etil-acetatom (3 x 40 mL). Organski slojevi
su skupljeni, isprani vodom (2 x 120 mL), suSeni nad bezvodnim Na>SOa, profiltrirani, a
otapalo uklonjeno iz filtrata uparavanjem pod snizenim tlakom. Sirovi produkt prociséen je

rastrljavanjem u dietil-eteru.

Iskoristenje: 0,172 g (71 %).

3.2.33. Sinteza (7-klorkinolin-4-il)glicina (43)

Smjesa 4,7-diklorkinolina (1 g, 5,049 mmol, 1 ekv.), glicina (0,758 g, 10,098 mmol, 2 ekv.) i
fenola (2,737 g, 29,082 mmol, 5,8 ekv.) refluksirana je 18 h na 125 °C, nakon ¢ega je dodan
dodatni obrok glicina (0,379 g, 5,049 mmol, 1 ekv.) te je refluksiranje nastavljeno tijekom 3 h.
Zatim je dodan etil-acetat (20 mL), a nastali talog je odsisan, ispran etil-acetatom (20 mL) i
otopljen u 10 %-tnom NaHCOz3 uz zagrijavanje. Vodena otopina je isprana toluenom (2 x 50
mL) te je zakiseljena 10 %-tnom otopinom HCI do pH 5,7. Nastali bijeli talog je odsisan, ispran

vodom (2 x 5 mL) i dietil-eterom (2 X 5 mL).

Iskoristenje: 0,595 g (50 %).
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3.2.34. Sinteza amina 7-klorkinolina 44 i 45. Opéa metoda

Smjesa 4,7-diklorkinolina (0,4 g, 2,02 mmol, 1 ekv.) i odgovarajuc¢eg diamina (20,197 mmol,
10 ekv.) mijeSana je 1 h na 95 °C u mikrovalnom reaktoru. Reakcijska smjesa je razrijedena
diklormetanom (50 mL) te isprana 5 %-tnim NaOH (3 x 50 mL). Organski sloj je suSen nad
bezvodnim NaxSOs, profiltriran, a otapalo uklonjeno iz filtrata uparavanjem pod snizenim

tlakom. Sirovi produkt je rastrljan u smjesi dietil-etera i petroletera.

N!-(7-Klorkinolin-4-il)etan-1,2-diamin (44)
Koli¢ina reaktanta: 1,49 mL diaminoetana.

Iskoristenje: 0,335 g (75 %).

N!-(7-Klorkinolin-4-il)butan-1,4-diamin (45)
Koli¢ina reaktanta: 2,03 mL 1,4-diaminobutana.

Iskoristenje: 0,388 g (77 %).

3.2.35. Sinteza azidometilferocena (46)

U otopinu ferocen-metanola (0,2 g, 0,926 mmol, 1 ekv.) u bezvodnom THF-u (7 mL) pri 0 °C
dodani su ADMP (0,660 g, 2,316 mmol, 2,5 ekv.) i DBU (0,374 mL, 2,5 mmol, 2,7 ekv.).
Reakcijska smjesa mijeSana je 2 h na 0 °C, nakon Cega je dodana zasi¢ena vodena otopina
NH4ClI (20 mL) te je smjesa ekstrahirana diklormetanom (2 x 30 mL). Organski slojevi su
skupljeni i isprani zasi¢cenom vodenom otopinom NaCl (2 x 60 mL), suseni nad bezvodnim
Na2SOg, profiltrirani, a otapalo uklonjeno iz filtrata uparavanjem pod snizenim tlakom. Sirovi
produkt je procis¢en kromatografijom na koloni uz pokretnu fazu cikloheksan/etil-
acetat/metanol 10:10:5.

Iskoristenje: 0,160 g (72 %).
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3.2.36. Sinteza harmicina 47a-e. Op¢a metoda

Otopini azida 6 (0,04 g, 0,179 mmol, 1 ekv.) i odgovarajuceg alkina 34a-e (0,197 mmol, 1,1
ekv.) u tert-butanolu (2,5 mL) dodana je otopina natrijevog askorbata (0,04 g, 0,2 mmol) u vodi
(2,5 mL) i 1 M otopina CuSO4 x 5H20 (0,02 mL, 0,02 mmol). Reakcijska smjesa mijeSana je
0,5 h na s.t., nakon ¢ega je razrijedena ledenom vodom (5 mL), a nastali talog je odsisan. Sirovi

produkt proc¢iséen je Metodom A ili Metodom B.

Metoda A. Kromatografija na koloni uz pokretnu fazu diklormetan/metanol 95:5 i rastrljavanje

u dietil-eteru.

Metoda B. Kromatografija na koloni uz pokretnu fazu diklormetan/metanol 95:5 i
prekristalizacija iz etanola.

(1-((9H-pirido[3,4-b]indol-1-il)metil)-1H-1,2,3-triazol-4-il)metil cinamat (47a)
Koli¢ina reaktanta: 0,037 g alkina 34a.

Prociscavanje: Metoda A.

Iskoristenje: 0,036 g (49 %).

t:181,5-183,5 °C.

IR (ATR, vicm™) 3220, 3168, 3093, 3059, 3029, 2994, 2961, 2898, 2877, 2798, 2776, 1713,
1637, 1567, 1505, 1452, 1432, 1402, 1370, 1346, 1325, 1307, 1281, 1243, 1203, 1167, 1066,
1038, 1003, 972, 859, 820, 804, 764, 739, 707, 682, 641, 605, 593, 573, 547, 525, 483.

IH NMR (600 MHz, DMSO-ds) & /ppm: 11,98 (s, 1H), 8,32 (s, 1H), 8,30 (d, 1H, J = 5,2 Hz),
8,27 (d, 1H, J = 7,9 Hz), 8,13 (d, 1H, J = 5,2 Hz), 7,73-7,66 (m, 4H), 7,62-7,58 (m, 1H), 7,44—
7,38 (m, 3H), 7,31-7,26 (m, 1H), 6,66 (d, 1H, J = 16,0 Hz), 6,11 (s, 2H), 5,28 (s, 2H).

13C NMR (DMSO-ds) & 165,93, 145,03, 141,79, 140,70, 137,98, 137,88, 133,92, 133,84,
130,57, 128,91, 128,74, 128,57, 128,42, 125,73, 121,92, 120,74, 119,66, 117,65, 114,87,
112,07, 57,29, 51,21.

ESI-MS: m/z 410,1 (M+1)".
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(1-((9H-pirido[3,4-b]indol-1-il)metil)-1H-1,2,3-triazol-4-il)metil (E)-3-(3-
fluorfenil)akrilat (47b)

Koli¢ina reaktanta: 0,040 g alkina 34b.
Pro¢is¢avanje: Metoda A.

Iskoristenje: 0,043 g (56 %).

t 185,5-187,5 °C.

IR (ATR, vicm™) 3311, 3230, 3198, 3147, 3105, 3063, 3019, 2998, 2973, 1715, 1639, 1585,
1569, 1502, 1485, 1472, 1449, 1429, 1403, 1390, 1349, 1323, 1272, 1234, 1190, 1168, 1147,
1122, 1075, 1060, 1035, 983, 954, 939, 874, 858, 837, 819, 780, 728, 671, 643, 605, 582, 562,
534, 521.

IH NMR (DMSO-ds) 511,98 (s, 1H), 8,32 (s, 1H), 8,30 (d, 1H, J = 5,2 Hz), 8,27 (d, 1H, J =
7.9 Hz), 8,13 (d, 1H, J = 5,2 Hz), 7,69-7,63 (m, 3H), 7,61-7,59 (m, 1H), 7,56 (dt, 1H, J = 7.8,
1,2 Hz), 7,47-7,43 (m, 1H), 7,30-7,24 (m, 2H), 6,75 (d, 1H, J = 16,1 Hz), 6,11 (s, 2H), 5,28 (s,
2H).

13C NMR (DMSO-ds) & 165,75, 162,40 (d, J = 243,8 Hz), 143,66, 141,71, 140,71, 137,99,
137,89, 136,49 (d, J = 8,1 Hz), 133,85, 130,87 (d, J = 8,4 Hz), 128,75, 128,59, 125,78, 124,94
(d, J = 2,5 Hz), 121,94, 120,75, 119,68, 119,30, 117,26 (d, J = 21,4 Hz), 114,89, 114,58 (d, J =
22,1 Hz), 112,08, 57,40, 51,22.

ESI-MS: m/z 428,1 (M+1)".

(1-((9H-pirido[3,4-b]indol-1-il)metil)-1H-1,2,3-triazol-4-il)metil (E)-3-(3-
bromfenil)akrilat (47c)

Koli¢ina reaktanta: 0,052 g alkina 34c.
Procis¢avanje: Metoda B.
Iskoristenje: 0,032 g (37 %).

t: 184,0-186,0 °C.

IR (ATR, vicm™) 3311, 3223, 3194, 3147, 3102, 3060, 2997, 2971, 1715, 1640, 1607, 1564,
1501, 1472, 1457, 1428, 1404, 1389, 1347, 1308, 1276, 1234, 1189, 1168, 1122, 1090, 1060,
1036, 984, 860, 830, 812, 777, 735, 670, 643, 605, 578, 542.
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IH NMR (DMSO-ds) 611,97 (s, 1H), 8,32 (s, 1H), 8,30 (d, 1H, J = 5,2 Hz), 8,26 (d, 1H, J =
7,8 Hz), 8,13 (d, 1H, J = 5,2 Hz), 7,98 (t, 1H, J = 1,8 Hz), 7,73 (dt, 1H, J = 7,8, 1,3 Hz), 7,69—
7,57 (M, 4H), 7,36 (t, 1H, J = 7,9 Hz), 7,31-7,27 (m, 1H), 6,75 (d, 1H, J = 16,0 Hz), 6,11 (s,
2H), 5,28 (s, 2H).

13C NMR (DMSO-ds) & 165,68, 143,33, 141,71, 140,69, 137,97, 137,87, 136,45, 133,83,
133,08, 130,93, 128,74, 128,57, 127,32, 125,74, 122,28, 121,92, 120,73, 119,66, 119,37,
114,87, 112,07, 57,40, 51,21.

ESI-MS: m/z 488,0 (M+1)*, 489,9 (M+1)".

(1-((9H-pirido[3,4-b]indol-1-il)metil)-1H-1,2,3-triazol-4-il)metil (E)-3-(4-klorfenil)akrilat
(47d)

Koli¢ina reaktanta: 0,043 g alkina 34d.
Prociscavanje: Metoda A.

Iskoristenje: 0,02 g (25 %).
t:201,0-203,5 °C.

IR (ATR, vicm™) 3227, 3192, 3096, 3061, 2993, 2965, 2926, 2894, 2872, 1713, 1642, 1594,
1568, 1503, 1490, 1468, 1453, 1431, 1404, 1370, 1346, 1308, 1271, 1242, 1201, 1171, 1148,
1087, 1068, 1038, 1012, 972, 868, 818, 775, 737, 695, 683, 669, 637, 593, 560, 547, 529, 491,
455.

IH NMR (DMSO-ds) 11,97 (s, 1H), 8,31 (s, 1H), 8,30 (d, 1H, J = 5,3 Hz), 8,27 (d, 1H, J =
7.9 Hz), 8,13 (d, 1H, J = 5,2 Hz), 7,77-7,74 (m, 2H), 7,70-7,64 (m, 2H), 7,62-7,58 (m, 1H),
7,50-7,45 (m, 2H), 7,31-7,26 (m, 1H), 6,69 (d, 1H, J = 16,1 Hz), 6,11 (s, 2H), 5,28 (s, 2H).

13C NMR (DMSO-ds) & 165,79, 143,60, 141,74, 140,69, 137,97, 137,87, 135,08, 133,83,
132,91, 130,15, 128,94, 128,74, 128,57, 125,73, 121,92, 120,73, 119,66, 118,49, 114,87,
112,07, 57,35, 51,21.

ESI-MS: m/z 444,0 (M+1)".
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(1-((9H-pirido[3,4-b]indol-1-il)metil)-1H-1,2,3-triazol-4-il)metil (E)-3-(4-
metoksifenil)akrilat (47¢e)

Koli¢ina reaktanta: 0,043 g alkina 34e.
Pro¢is¢avanje: Metoda A.
Iskoristenje: 0,032 g (41 %).

ty 155,0-157,5 °C.

IR (ATR, vicm?) 3223, 3170, 3131, 3094, 3082, 2996, 2965, 2934, 2900, 2837, 1712, 1636,
1607, 1573, 1513, 1455, 1429, 1402, 1375, 1322, 1308, 1287, 1258, 1240, 1202, 1163, 1065,
1037, 1002, 971, 867, 852, 824, 774, 734, 592, 547, 527, 513.

IH NMR (DMSO-ds) 511,98 (s, 1H), 8,32-8,29 (m, 2H), 8,27 (d, 1H, J = 7,9 Hz), 8,12 (d, 1H,
J=52Hz), 7,69-7,59 (m, 5H), 7,28 (t, 1H, J = 7,5 Hz), 6,96 (d, 2H, J = 8,4 Hz), 6,50 (d, 1H,
J=16,0 Hz), 6,11 (s, 2H), 5,25 (s, 2H), 3,79 (s, 3H).

13C NMR (DMSO-ds) & 166,22, 161,24, 144,85, 141,92, 140,71, 138,01, 137,88, 133,85,
130,26, 128,74, 128,58, 126,56, 125,70, 121,94, 120,75, 119,67, 114,88, 114,38, 112,09, 57,11,
55,34, 51,21.

ESI-MS: m/z 440,1 (M+1)"*.

3.2.37. Sinteza harmicina 48a-e. Opc¢a metoda

Otopini azida 11 (0,04 g, 0,169 mmol, 1 ekv.) i odgovarajuceg alkina 34a-e (0,186 mmol, 1,1
ekv.) u tert-butanolu (2,5 mL) dodana je otopina natrijevog askorbata (0,04 g, 0,2 mmol) u vodi
(2,5 mL) i 1 M otopina CuSO4 x 5H20 (0,02 mL, 0,02 mmol). Reakcijska smjesa mijeSana je
0,5 h na s.t., nakon ¢ega je razrijedena ledenom vodom (5 mL), a nastali talog je odsisan. Sirovi
produkt procisc¢en je kromatografijom na koloni uz pokretnu fazu diklormetan/metanol 95:5 i

rastrljavanjem u dietil-eteru.

(1-((1-Metil-9H-pirido[3,4-b]indol-3-il)metil)-1H-1,2,3-triazol-4-il)metil cinamat (48a)
Koli¢ina reaktanta: 0,035 g alkina 34a.

Iskoristenje: 0,026 g (36 %).

tt 194,5-195,5 °C.
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IR (ATR, vicm™) 3220, 3194, 3175, 3145, 3101, 3060, 3030, 2989, 2945, 1712, 1694, 1644,
1626, 1605, 1565, 1503, 1451, 1392, 1376, 1356, 1329, 1312, 1271, 1254, 1223, 1202, 1170,
1116, 1059, 1037, 1002, 972, 934, 898, 859, 843, 827, 804, 765, 752, 738, 708, 681, 642, 611,
587, 524, 480.

IH NMR (DMSO-ds) 511,67 (s, 1H), 8,26 (s, 1H), 8,17 (d, 1H, J = 7,9 Hz), 7,99 (s, 1H), 7,72~
7,70 (m, 2H), 7,67 (d, 1H, J = 16,0 Hz), 7,60 (dt, 1H, J = 8,2, 1,0 Hz), 7,55-7,53 (M, 1H), 7,44~
7,39 (m, 3H), 7,24-7,21 (m, 1H), 6,65 (d, 1H, J = 16,1 Hz), 5,77 (s, 2H), 5,27 (s, 2H), 2,75 (s,
3H).

13C NMR (DMSO-ds) & 165,94, 145,02, 142,54, 142,16, 141,92, 140,78, 134,00, 133,93,
130,58, 128,91, 128,42, 128,10, 127,60, 125,13, 121,72, 120,91, 119,46, 117,66, 112,10,
112,05, 57,34, 55,25, 20,40.

ESI-MS: m/z 424,0 (M+1)".

(1-((1-Metil-9H-pirido[3,4-b]indol-3-il)metil)-1H-1,2,3-triazol-4-il)metil (E)-3-(3-
fluorfenil)akrilat (48b)

Koli¢ina reaktanta: 0,038 g alkina 34b.
Iskoristenje: 0,045 g (60 %).
t: 197,0-198,5 °C.

IR (ATR, vicm™) 3223, 3198, 3166, 3104, 3067, 3043, 3012, 2970, 2895, 1707, 1627, 1608,
1583, 1568, 1506, 1483, 1449, 1387, 1355, 1320, 1271, 1252, 1213, 1151, 1115, 1084, 1057,
1036, 1008, 980, 942, 911, 898, 864, 832, 788, 766, 738, 693, 675, 649, 609, 586, 555, 537,
520, 480.

IH NMR (DMSO-ds) 511,67 (s, 1H), 8,26 (s, 1H), 8,18 (d, 1H, J = 7,9 Hz), 8,00 (s, 1H), 7,67
(d, 1H, J = 16,1 Hz), 7,65-7,62 (m, 1H), 7,61-7,59 (m, 1H), 7,56-7,53 (m, 2H), 7,46-7,43 (m,
1H), 7,27-7,22 (m, 2H), 6,74 (d, 1H, J = 16,0 Hz), 5,77 (s, 2H), 5,28 (s, 2H), 2,75 (S, 3H).

13C NMR (DMSO-ds) & 165,73, 162,39 (d, J = 243,8 Hz), 143,61, 142,52, 142,16, 141,83,
140,77, 136,47 (d, J = 8,1 Hz), 134,00, 130,84 (d, J = 8,4 Hz), 128,09, 127,60, 125,14, 124,91
(d, 3 =2,5Hz), 121,71, 120,90, 119,44, 119,29, 117,23 (d, J = 21,3 Hz), 114,56 (d, J = 22,1
Hz), 112,09, 112,06, 57,43, 55,25, 20,40.

ESI-MS: m/z 442,1 (M+1)*.
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HPLC cistoca 97,6 %.

(2-((21-Metil-9H-pirido[3,4-b]indol-3-il)metil)-1H-1,2,3-triazol-4-il)metil (E)-3-(3-
bromfenil)akrilat (48c)

Koli¢ina reaktanta: 0,049 g alkina 34c.
Iskoristenje: 0,045 g (53 %).
t: 204,5-205,5 °C.

IR (ATR, vicm™) 3347, 3281, 3170, 3080, 3054, 3023, 2970, 2950, 1708, 1684, 1638, 1592,
1569, 1498, 1474, 1455, 1423, 1383, 1354, 1341, 1313, 1290, 1272, 1247, 1231, 1188, 1146,
1110, 1073, 1053, 1032, 1009, 980, 928, 899, 872, 829, 791, 766, 731, 697, 666, 649, 623, 586,
563, 549, 527.

IH NMR (DMSO-ds) 511,67 (s, 1H), 8,26 (s, 1H), 8,17 (d, 1H, J = 7,9 Hz), 7,99 (s, 1H), 7,97
(t, 1H, J = 1,8 Hz), 7,75-7,71 (m, 1H), 7,64 (d, 1H, J = 16,0 Hz), 7,62-7,58 (M, 2H), 7,56-7,52
(m, 1H), 7,36 (t, 1H, J = 7,9 Hz), 7,25-7,21 (m, 1H), 6,74 (d, 1H, J = 16,1 Hz), 5,77 (s, 2H),
5,28 (s, 2H), 2,75 (S, 3H).

13C NMR (DMSO-ds) & 165,67, 143,31, 142,52, 142,14, 141,84, 140,77, 136,44, 133,99,
133,01, 130,91, 128,08, 127,59, 127,29, 125,11, 122,27, 121,70, 120,90, 119,43, 119,38,
112,08, 112,03, 57,44, 55,24, 20,39.

ESI-MS: m/z 501,9 (M+1)*, 503,9 (M+1)".

HPLC ¢istoc¢a 97,4 %.

(2-((1-Metil-9H-pirido[3,4-b]indol-3-il)metil)-1H-1,2,3-triazol-4-il)metil (E)-3-(4-
klorfenil)akrilat (48d)

Koli¢ina reaktanta: 0,041 g alkina 34d.
Iskoristenje: 0,044 g (57 %).
t: 209,0-211,0 °C.

IR (ATR, vicm™) 3250, 3157, 3103, 3086, 3067, 3052, 1703, 1633, 1592, 1566, 1493, 1475,
1456, 1428, 1408, 1388, 1356, 1305, 1278, 1251, 1222, 1204, 1182, 1160, 1117, 1089, 1058,
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1036, 1004, 964, 899, 865, 840, 823, 805, 753, 739, 719, 702, 646, 605, 586, 550, 524, 501,
456.

IH NMR (DMSO-ds) 511,67 (s, 1H), 8,26 (s, 1H), 8,18 (d, 1H, J = 7,9 Hz), 8,00 (s, 1H), 7,76~
7,73 (m, 2H), 7,66 (d, 1H, J = 16,0 Hz), 7,60 (dt, 1H, J = 8,3, 1,0 Hz), 7,56-7,53 (m, 1H), 7,48
7.45 (m, 2H), 7,24-7,22 (m, 1H), 6,68 (d, 1H, J = 16,1 Hz), 5,77 (s, 2H), 5,28 (s, 2H), 2,75 (s,
3H).

13C NMR (DMSO-ds) & 165,80, 143,60, 142,53, 142,17, 141,88, 140,78, 135,09, 134,01,
132,92, 130,15, 128,94, 128,11, 127,61, 125,13, 121,72, 120,91, 119,46, 118,51, 112,10,
112,07, 57,40, 55,26, 20,41.

ESI-MS: m/z 458,0 (M+1)".

HPLC c¢istoca 98,3 %.

(1-((1-Metil-9H-pirido[3,4-b]indol-3-il)metil)-1H-1,2,3-triazol-4-il)metil (E)-3-(4-
metoksifenil)akrilat (48e)

Koli¢ina reaktanta: 0,040 g alkina 34e.
Iskoristenje: 0,048 g (62 %).
t: 240,5-243,0 °C.

IR (ATR, vicm™) 3236, 3201, 3165, 3103, 3068, 3036, 3007, 2965, 2940, 2911, 2839, 1699,
1626, 1601, 1574, 1514, 1456, 1426, 1389, 1357, 1307, 1290, 1252, 1223, 1207, 1179, 1155,
1115, 1056, 1023, 1009, 992, 971, 937, 898, 868, 830, 810, 776, 751, 735, 710, 693, 663, 652,
637, 608, 586, 555, 521.

IH NMR (DMSO-ds) 611,67 (s, 1H), 8,25 (s, 1H), 8,18 (d, 1H, J = 7,9 Hz), 7,99 (s, 1H), 7,68~
7,64 (m, 2H), 7,64-7,59 (m, 2H), 7,55-7,53 (m, 1H), 7,24-7,22 (m, 1H), 6,97-6,94 (m, 2H),
6,49 (d, 1H, J = 16,0 Hz), 5,77 (s, 2H), 5,25 (s, 2H), 3,79 (s, 3H), 2,75 (s, 3H).

13C NMR (DMSO-dg) & 166,19, 161,20, 144,80, 142,53, 142,14, 142,03, 140,76, 133,99,
130,22, 128,08, 127,59, 126,54, 125,05, 121,70, 120,90, 119,44, 114,88, 114,35, 112,08,
112,04, 57,14, 55,32, 55,23, 20,39.

ESI-MS: m/z 454,1 (M+1)".

HPLC cistoca 98,6 %.
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3.2.38. Sinteza harmicina 49a-e. Op¢a metoda

Otopini alkina 19 (0,050 g, 0,212 mmol, 1 ekv.) i odgovarajuc¢eg cimetnog azida 37a-e (0,254
mmol, 1,2 ekv.) u metanolu (5 mL) dodana je kataliticka koli¢ina bakrovog(II) acetata.
Reakcijska smjesa mijeSana je 24 h na s.t., nakon ¢ega je otapalo upareno pod snizenim tlakom.
Sirovi produkt prociscen je kromatografijom na koloni i rastrljavanjem u smjesi dietil-etera i

petroletera.

6-((1-Cinamil-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-b]indol (49a)
Koli¢ina reaktanta: 0,040 g azida 37a.

Pokretna faza: diklormetan/metanol 80:10.

Iskoristenje: 0,059 g (70 %).

t; 205,0-206,5 °C.

IR (ATR, v/em™) 3136, 3120, 3030, 2945, 2856, 2760, 2693, 2676, 1632, 1604, 1579, 1565,
1504, 1481, 1460, 1412, 1389, 1361, 1335, 1289, 1237, 1202, 1123, 1054, 1034, 1002, 967,
888, 858, 817, 780, 755, 725, 705, 694, 625, 584, 520, 502.

IH NMR (DMSO-ds) 511,39 (s, 1H), 8,30 (s, 1H), 8,16 (d, 1H, J = 5,3 Hz), 7,91-7,89 (m, 2H),
7,51 (d, 1H, J = 8,8 Hz), 7,45-7,22 (m, 6H), 6,65-6,49 (M, 2H), 5,26 (s, 2H), 5,21 (d, 2H, J =
6,3 Hz), 2,74 (s, 3H).

13C NMR (DMSO-ds) & 151,94, 143,26, 142,22, 136,98, 135,70, 135,42, 135,10, 133,62,
128,68, 128,14, 126,70, 126,56, 124,43, 123,72, 121,36, 118,35, 112,76, 112,69, 105,12, 61,89,
51,34, 20,42.

ESI-MS: m/z 396,3 (M+1)".

1)-6-((1-(3-(3-fluorfenil)alil)-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-b]indol
(49b)

Koli¢ina reaktanta: 0,045 g azida 37b.
Pokretna faza: cikloheksan/etil-acetat/metanol 10:10:5, diklormetan/metanol 90:10
Iskoristenje: 0,039 g (44 %).

ty 145,0-147,0 °C.
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IR (ATR, v/em™) 3357, 3293, 3166, 3071, 3052, 2975, 2937, 2900, 2866, 1601, 1583, 1568,
1493, 1473, 1459, 1404, 1379, 1365, 1330, 1286, 1262, 1207, 1149, 1120, 1067, 1054, 1039,
976, 938, 884, 847, 812, 7192, 776, 752, 736, 715, 675, 641, 620, 593, 561, 528, 493, 456.

IH NMR (DMSO-ds) 511,41 (s, 1H), 8,31 (5, 1H), 8,17 (d, 1H, J = 5,4 Hz), 7,91-7,89 (m, 2H),
7,52 (d, 1H, J = 8,8 Hz), 7,39-7,32 (m, 2H), 7,27-7,23 (m, 2H), 7,13-7,08 (m, 1H), 6,64-6,62
(m, 2H), 5,26 (s, 2H), 5,23-5,21 (m, 2H), 2,75 (s, 3H).

13C NMR (DMSO-ds) 5 162,49 (d, J = 243,3 Hz), 151,97, 143,26, 142,16, 138,36 (d, J = 7,9
Hz), 136,80, 135,48, 135,07, 132,34, 130,58 (d, J = 8,5 Hz), 126,78, 125,50, 124,47, 123,00 (d,
J=1,7 Hz), 121,34, 118,42, 114,81 (d, J = 21,3 Hz), 112,80 (d, J = 17,4 Hz), 112,77, 112,67,
105,11, 61,89, 51,16, 20,32.

ESI-MS: m/z 414,2 (M+1)".

(E)-6-((1-(3-(3-bromfenil)alil)-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-
b]indol (49c)

Koli¢ina reaktanta: 0,060 g azida 37c.

Pokretna faza: cikloheksan/etil-acetat/metanol 300:100:75.
Iskoristenje: 0,051 g (50 %).

t: 181,5-183,0 °C.

IR (ATR, v/em™) 3252, 3198, 3151, 3089, 3064, 3039, 3015, 2965, 2945, 2916, 2892, 1601,
1584, 1566, 1495, 1475, 1422, 1400, 1373, 1350, 1337, 1289, 1256, 1233, 1217, 1199, 1129,
1095, 1066, 1052, 1033, 1008, 977, 944, 882, 857, 807, 782, 738, 707, 674, 620, 589, 563, 542,
479.

'H NMR (DMSO-ds) 511,40 (s, 1H), 8,31 (s, 1H), 8,16 (d, 1H, J = 5,4 Hz), 7,92-7,89 (m, 2H),
7,71 (t, 1H, J = 2,0 Hz), 7,51 (d, 1H, J = 8,8 Hz), 7,48-7,43 (m, 2H), 7,30 (t, 1H, J = 7,8 Hz),
7,24 (dd, 1H, J = 8,8, 2,5 Hz), 6,68-6,58 (m, 2H), 5,26 (s, 2H), 5,21 (d, 2H, J = 4,6 Hz), 2,74
(s, 3H).

13C NMR (DMSO-ds) & 151,98, 143,28, 142,20, 138,30, 136,89, 135,46, 135,09, 132,03,
130,77, 129,05, 126,75, 125,67, 124,47, 122,17, 121,36, 118,40, 112,78, 112,71, 105,10, 61,91,
51,20, 20,37.

ESI-MS: m/z 474,2 (M+1)*, 476,2 (M+1)".
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(E)-6-((1-(3-(4-klorfenil)alil)-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-b]indol
(49d)

Koli¢ina reaktanta: 0,049 g azida 37d.

Pokretna faza: cikloheksan/etil-acetat/metanol 10:10:5.
Iskoristenje: 0,046 g (51 %).

t: 195,0-196,5 °C.

IR (ATR, v/em™) 3208, 3136, 3089, 3069, 2969, 2923, 2893, 2870, 2802, 1602, 1582, 1567,
1494, 1480, 1459, 1405, 1385, 1340, 1289, 1257, 1237, 1207, 1163, 1127, 1094, 1054, 1033,
1015, 987, 971, 950, 884, 857, 843, 818, 742, 702, 687, 662, 623, 583, 563, 533, 487.

IH NMR (DMSO-ds) 511,39 (s, 1H), 8,30 (s, 1H), 8,16 (d, 1H, J = 5,4 Hz), 7,91-7,89 (m, 2H),
7,51 (d, 1H, J = 8,8 Hz), 7,47-7,44 (m, 2H), 7,39-7,36 (m, 2H), 7,23 (dd, 1H, J = 8,9, 2,5 Hz),
6,62-6,51 (M, 2H), 5,26 (s, 2H), 5,21 (d, 2H, J = 5,1 Hz), 2,74 (s, 3H).

13C NMR (DMSO-ds) & 151,93, 143,27, 142,22, 136,98, 135,44, 135,10, 134,68, 132,51,
132,23, 128,65, 128,28, 126,71, 124,77, 124,48, 121,36, 118,38, 112,76, 112,69, 105,15, 61,89,
51,23, 20,41.

ESI-MS: m/z 430,4 (M+1)".

(E)-6-((1-(3-(4-metoksifenil)alil)-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-
blindol (49¢)

Koli¢ina reaktanta: 0,048 g azida 37e.

Pokretna faza: cikloheksan/etil-acetat/metanol 10:10:5.
Iskoristenje: 0,069 g (77 %).

tr 200,0-203,0 °C.

IR (ATR, v/cm™) 3208, 3138, 3069, 2953, 2929, 2894, 2873, 2836, 2802, 1743, 1607, 1582,
1567, 1513, 1498, 1480, 1460, 1441, 1405, 1386, 1337, 1289, 1257, 1238, 1207, 1175, 1127,
1109, 1054, 1032, 1015, 987, 968, 884, 856, 819, 760, 741, 703, 666, 624, 582, 563, 529, 498,
477.

IH NMR (DMSO- dg) 611,39 (s, 1H), 8,28 (s, 1H), 8,16 (d, 1H, J = 5,4 Hz), 7,92-7,89 (m,
2H), 7,51 (d, 1H, J = 8,8 Hz), 7,37 (d, 2H, J = 8,2 Hz), 7,23 (d, 1H, J = 8,9 Hz), 6,88 (d, 2H, J
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= 8,2 Hz), 6,58 (d, 1H, J = 15,8 Hz), 6,39-6,32 (m, 1H), 5,25 (s, 2H), 5,16 (d, 2H, J = 6,5 Hz),
3,75 (s, 3H), 2,74 (s, 3H).

13C NMR (DMSO-ds) & 159,22, 151,94, 143,23, 142,21, 136,98, 135,42, 135,09, 133,36,
128,30, 127,89, 126,70, 124,31, 121,36, 121,11, 118,34, 114,06, 112,75, 112,68, 105,12, 61,89,
55,11, 51,46, 20,41.

ESI-MS: m/z 426,3 (M+1)*.

3.2.39. Sinteza harmicina 50a,c-e

Otopini alkina 13 (0,040 g, 0,160 mmol, 1 ekv.) i odgovarajuceg cimetnog azida 37a,c-e (0,176
mmol, 1,1 ekv.) u metanolu (5 mL) dodana je kataliticka koli¢ina bakrovog(Il) acetata.
Reakcijska smjesa mijesana je 24 h na s.t., nakon ¢ega je otapalo upareno pod snizenim tlakom.
Sirovi produkt procis¢en je kromatografijom na koloni i rastrljavanjem u smjesi dietil-etera i

petroletera.

(9-((1-Cinamil-1H-1,2,3-triazol-4-il)metil)-1-metil-9H-pirido[3,4-b]indol-3-il)metanol
(50a)

Koli¢ina reaktanta: 0,028 g azida 37a.

Pokretna faza: cikloheksan/etil-acetat/metanol 30:10:5.
Iskoristenje: 0,032 g (49 %).

tt 197,0-200,0 °C.

IR (ATR, vicm™) 3113, 3060, 2966, 2917, 2859, 1657, 1619, 1560, 1512, 1445, 1402, 1362,
1337, 1290, 1252, 1220, 1190, 1156, 1136, 1122, 1062, 1043, 962, 934, 860, 842, 813, 780,
748, 691, 638, 620, 577, 530, 511, 477, 463.

IH NMR (DMSO-ds) 68,23 (d, 1H, J = 7,7 Hz), 8,02 (s, 1H), 7,98 (s, 1H), 7,82 (d, 1H, J = 8,3
Hz), 7,59-7,55 (m, 1H), 7,40-7,24 (m, 6H), 6,51 (d, 1H, J = 15,9 Hz), 6,47-6,35 (m, 1H), 5,90
(s, 2H), 5,33 (t, 1H, J = 5,7 Hz), 5,07 (d, 2H, J = 6,0 Hz), 4,67 (d, 2H, J = 5,7 Hz), 3,05 (s, 3H).

13C NMR (DMSO-ds) 6 150,27, 144,17, 141,35, 140,55, 135,63, 133,45, 133,41, 129,10,
128,66, 128,10, 128,06, 126,51, 123,66, 122,72, 121,41, 120,99, 119,71, 110,61, 109,07, 64,35,
51,27, 39,73, 23,15.

100



ESI-MS: m/z 410,3 (M+1)".

(E)-(9-((1-(3-(3-bromfenil)alil)-1H-1,2,3-triazol-4-il)metil)-1-metil-9H-pirido[3,4-b]indol-
3-il)metanol (50c¢)

Koli¢ina reaktanta: 0,042 g azida 37c.
Pokretna faza: diklormetan/metanol 95:5.
Iskoristenje: 0,031 g (39 %).

t: 164,5-167,5 °C.

IR (ATR, vicm™) 3117, 3060, 2959, 2922, 2861, 1619, 1592, 1560, 1471, 1460, 1445, 1380,
1358, 1336, 1290, 1252, 1222, 1199, 1154, 1120, 1095, 1062, 1044, 995, 965, 934, 875, 861,
829, 786, 747, 719, 685, 668, 636, 621, 577, 534, 492, 463.

IH NMR (DMSO-dg) 58,23 (d, 1H, J = 7,7 Hz), 8,02 (s, 1H), 7,97 (s, 1H), 7,82 (d, 1H, J = 8,3
Hz), 7,70 (t, 1H, J = 2,2 Hz), 7,57 (t, 1H, J = 8,0 Hz), 7,47-7,42 (m, 2H), 7,30-7,24 (m, 2H),
6,67-6,60 (M, 2H), 5,93 (5, 2H), 5,32 (t, 1H, J = 5,7 Hz), 5,07 (d, 2H, J = 5,1 Hz), 4,67 (d, 2H,
J=5,6Hz), 3,08 (s, 3H).

13C NMR (DMSO-ds) 6 150,26, 144,16, 141,34, 140,54, 138,20, 133,45, 131,73, 130,74,
130,69, 129,09, 129,00, 128,04, 125,64, 125,56, 122,78, 122,12, 121,40, 120,99, 119,71,
110,60, 109,06, 64,34, 51,11, 39,72, 23,13.

ESI-MS: m/z 488,1 (M+1)*, 490,1 (M+1)".

(E)-(9-((1-(3-(4-klorfenil)alil)-1H-1,2,3-triazol-4-il)metil)-1-metil-9H-pirido[ 3,4-b]indol-
3-il)metanol (50d)

Koli¢ina reaktanta: 0,034 g azida 37d.
Pokretna faza: etil-acetat/metanol 100:5.
Iskoristenje: 0,029 g (41 %).

tr 183,0-186,5 °C.

IR (ATR, vicm™) 3111, 3064, 2971, 2918, 2858, 2822, 1727, 1658, 1619, 1592, 1559, 1489,
1471, 1447, 1405, 1361, 1336, 1292, 1254, 1221, 1192, 1158, 1121, 1085, 1041, 1014, 964,
938, 861, 837, 819, 799, 779, 748, 719, 685, 637, 577, 537, 502, 462.
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IH NMR (DMSO-ds) 68,23 (d, 1H, J = 7,8 Hz), 8,02 (s, 1H), 7,97 (s, 1H), 7,82 (d, 1H, J = 8,3
Hz), 7,57 (t, 1H, J = 7,5 Hz), 7,43-7,35 (m, 4H), 7,27 (t, 1H, J = 7,4 Hz), 6,52-6,41 (m, 2H),
5,90 (s, 2H), 5,32 (t, 1H, J = 5,7 Hz), 5,07 (d, 2H, J = 5,1 Hz), 4,67 (d, 2H, J = 5,7 Hz), 3,05 (s,
3H).

13C NMR (DMSO-ds) & 150,27, 144,18, 141,35, 140,55, 134,61, 133,44, 132,47, 132,05,
129,10, 128,64, 128,24, 128,06, 124,71, 122,76, 121,41, 120,99, 119,72, 110,60, 109,06, 64,35,
51,17, 39,73, 23,15.

ESI-MS: m/z 444,2 (M+1)".

(E)-(9-((1-(3-(4-metoksifenil)alil)-1H-1,2,3-triazol-4-il)metil)-1-metil-9H-pirido[ 3,4-
b]indol-3-il)metanol (50e)

Koli¢ina reaktanta: 0,033 g azida 37e.
Pokretna faza: diklormetan/metanol 95:5.
Iskoristenje: 0,030 g (43 %).
t:202,0-205,0 °C.

IR (ATR, vicm™) 3180, 3119, 3067, 3024, 3002, 2945, 2923, 2869, 1622, 1563, 1488, 1462,
1441, 1379, 1364, 1333, 1298, 1254, 1222, 1203, 1160, 1135, 1122, 1067, 1037, 1003, 965,
915, 857, 771, 745, 696, 636, 582, 533, 509, 471, 454.

IH NMR (DMSO-ds) 68,23 (d, 1H, J = 7,8 Hz), 8,02 (s, 1H), 7,96 (s, 1H), 7,82 (d, 1H, J = 8,3
Hz), 7,57 (t, 1H, J = 7,5 Hz), 7,34-7,30 (m, 2H), 7,26 (t, 1H, J = 7,5 Hz), 6,89-6,85 (m, 2H),
6,47 (d, 1H, J = 15,8 Hz), 6,25 (dt, 1H, J = 15,8, 6,5 Hz), 5,90 (s, 2H), 5,33 (t, 1H, J = 5,7 Hz),
5,03 (d, 2H, J = 7,2 Hz), 4,67 (d, 2H, J = 5,7 Hz), 3,74 (s, 3H), 3,05 (s, 3H).

13C NMR (DMSO-ds) 6 159,20, 150,26, 144,14, 141,35, 140,56, 133,45, 133,19, 129,09,
128,24, 128,05, 127,86, 122,61, 121,40, 121,05, 120,98, 119,71, 114,06, 110,60, 109,07, 64,35,
55,11, 51,41, 39,73, 23,15.

ESI-MS: m/z 440,3 (M+1)".
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3.2.40. Sinteza harmikina triazolskog tipa 51-58. Opéa metoda

Otopini alkina (0,230 mmol, 1 ekv.) i odgovarajuceg azida (0,253 mmol, 1,1 ekv.) u metanolu
(5 mL) dodana je kataliti¢ka koli¢ina bakrovog(Il) acetata te je reakcijska smjesa mijeSana 24
h na s.t. Otapalo je upareno pod snizenim tlakom, a ostatak je procis¢en kromatografijom na
koloni uz pokretnu fazu diklormetan/metanol ili cikloheksan/etil-acetat/metanol i

rastrljavanjem u smjesi dietil-etera i petroletera.

1-((4-(((7-Klorkinolin-4-il)oksi)metil)-1H-1,2,3-triazol-1-il)metil)-9H-pirido[3,4-b]indol
(51)

Koli¢ina reaktanata: 0,050 g alkina 42, 0,056 g azida 6.
Pokretna faza: cikloheksan/etil-acetat/metanol 10:10:5.
Iskoristenje: 0,046 g (45 %).

tt 170-172 °C.

IR (ATR, vicm™) 3235, 3058, 1619, 1604, 1566, 1541, 1488, 1454, 1432, 1374, 1322, 1299,
1228, 1136, 1100, 1054, 945, 856, 806, 755, 724, 656, 587, 541, 493, 478.

IH NMR (DMSO-ds) 511,93 (s, 1H), 8,30 (s, 1H), 8,28-8,24 (m, 2H), 8,19 (d, 1H, J = 7,8 Hz),
8,14 (d, 1H, J = 8,6 Hz), 8,11 (d, 1H, J = 5,1 Hz), 8,00 (d, 1H, J = 1,9 Hz), 7,65 (dt, 1H, J =
8,2, 0,9 Hz), 7,60-7,58 (m, 1H), 7,38 (dd, 1H, J = 8,6, 1,9 Hz), 7,29-7,27 (m, 1H), 6,13 (d, 1H,
J=7,8Hz), 6,06 (5, 2H), 5,55 (5, 2H).

13C NMR (DMSO-ds) & 175,78, 145,22, 141,86, 140,68, 140,57, 137,85, 137,84, 136,92,
133,82, 128,72, 128,56, 127,86, 125,26, 124,62, 123,75, 121,91, 120,72, 119,65, 116,69,
114,85, 112,05, 109,78, 51,25, 46,88.

ESI-MS: m/z 441,0 (M+1)".

3-((4-(((7-Klorkinolin-4-il)oksi)metil)-1H-1,2,3-triazol-1-il)metil)-1-metil-9H-pirido[3,4-
bJindol (52)

Koli¢ina reaktanata: 0,050 g alkina 42, 0,060 g azida 11.
Pokretna faza: diklormetan/metanol 90:10.

Iskoristenje: 0,042 g (40 %).
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tt 172-174,5 °C.

IR (ATR, vicm™) 3617, 3130, 3057, 2888, 2787, 1623, 1603, 1568, 1507, 1486, 1468, 1446,
1398, 1376, 1357, 1340, 1254, 1224, 1140, 1103, 1058, 1055, 1027, 971, 860, 812, 800, 749,
646, 589, 543, 479.

IH NMR (DMSO-ds) 611,66 (s, 1H), 8,25 (s, 1H), 8,19 (d, 1H, J = 7,8 Hz), 8,14 (d, 1H, J =
8,6 Hz), 8,11 (d, 1H, J = 7,9 Hz), 8,00 (d, 1H, J = 1,8 Hz), 7,90 (s, 1H), 7,59 (d, 1H, J = 8,16
Hz), 7,56-7,52 (m, 1H), 7,38 (dd, 1H, J = 8,6, 1,8 Hz), 7,27-7,22 (m, 1H), 6,13 (d, 1H, J = 7,8
Hz), 5,73 (s, 2H), 5,55 (s, 2H), 2,71 (s, 3H).

13C NMR (DMSO-ds) & 175,79, 145,24, 142,44, 142,14, 141,95, 140,75, 140,55, 136,90,
133,95, 128,09, 127,87, 127,55, 125,28, 124,08, 123,73, 121,62, 120,87, 119,43, 116,65,
112,09, 111,81, 109,77, 55,19, 46,97, 20,34.

ESI-MS: m/z 455,4 (M+1)".

6-((1-(7-Klorkinolin-4-il)-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-b]indol
(33)

Koli¢ina reaktanata: 0,054 g alkina 19; 0,052 g azida 38.
Pokretna faza: cikloheksan/etil-acetat/metanol 10:10:5.
Iskoristenje: 0,043 g (42 %).

ty 281,5-283 °C.

IR (ATR, vicm™) 3247, 3076, 3030, 2901, 1588, 1567, 1497, 1477, 1458, 1441, 1414, 1372,
1350, 1265, 1253, 1208, 1174, 1116, 1076, 1039, 1030, 1008, 987, 968, 878, 849, 829, 816,
803, 770, 736, 700, 672, 655, 621, 543, 500.

IH NMR (DMSO-ds) 811,42 (s, 1H), 9,17 (d, 1H, J = 4,6 Hz), 9,01 (s, 1H), 8,30 (d, 1H, J =
2,2 Hz), 8,18 (d, 1H, J = 5,3 Hz), 8,00-7,98 (m, 2H), 7,93 (d, 1H, J = 5,3 Hz), 7,89 (d, 1H, J =
4,6 Hz), 7,75 (dd, 1H, J = 9,1, 2,2 Hz), 7,55 (d, 1H, J = 8,8 Hz), 7,31 (dd, 1H, J = 8,8, 2,5 Hz),
5,42 (s, 2H), 2,75 (s, 3H).

13C NMR (DMSO-ds) & 152,38, 151,88, 149,38, 143,96, 142,25, 140,38, 137,00, 135,56,
135,36, 135,10, 128,98, 128,14, 126,85, 126,69, 125,35, 121,39, 120,34, 118,44, 117,15,
112,82, 112,69, 105,40, 61,80, 20,40.

ESI-MS: m/z 441,4 (M+1)".
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7-((1-(7-Klorkinolin-4-il)-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-b]indol
(54)

Koli¢ina reaktanata: 0,054 g alkina 24, 0,052 g azida 38.
Pokretna faza: diklormetan/metanol 95:5.

Iskoristenje: 0,051 g (50 %).

t; 236-239,5 °C.

IR (ATR, vicm™) 3049, 1629, 1610, 1564, 1505, 1486, 1440, 1321, 1295, 1278, 1253, 1233,
1215, 1106, 1071, 1036, 996, 953, 920, 872, 822, 812, 801, 767, 629, 572.

IH NMR (DMSO-ds) 611,51 (s, 1H), 9,17 (d, 1H, J = 4,7 Hz), 9,02 (s, 1H), 8,30 (d, 1H, J =
2,1 Hz), 8,17 (d, 1H, J = 5,3 Hz), 8,11 (d, 1H, J = 8,6 Hz), 8,01 (d, 1H, J = 9,1 Hz), 7,90 (d,
1H, J = 4,7 Hz), 7,83 (d, 1H, J = 5,3 Hz), 7,79 (dd, 1H, J = 9,1, 2,2 Hz), 7,27 (d, 1H, J = 2,2
Hz), 6,99 (dd, 1H, J = 8,6, 2,2 Hz), 5,47 (s, 2H), 2,74 (s, 3H).

13C NMR (DMSO-ds) & 158,72, 152,39, 149,39, 143,72, 141,79, 141,37, 140,36, 137,74,
135,39, 134,62, 129,03, 128,17, 127,14, 127,00, 125,35, 122,73, 120,34, 117,17, 115,31,
111,99, 109,45, 96,03, 61,29, 20,32.

ESI-MS: m/z 441,3 (M+1)".

9-((1-(7-Klorkinolin-4-il)-1H-1,2,3-triazol-4-il)metil)-7-metoksi-1-metil-9H-pirido[3,4-
blindol (55)

Koli¢ina reaktanata: 0,058 g alkina 28; 0,052 g azida 38.

Pokretna faza: cikloheksan/etil-acetat/metanol 10:10:5, diklormetan/metanol 95:5.
Iskoristenje: 0,040 g (38 %).

ty 235-237 °C.

IR (ATR, vicm™) 3143, 1621, 1561, 1499, 1442, 1406, 1372, 1345, 1255, 1223, 1194, 1171,
1138, 1115, 1036, 931, 925, 876, 813, 722, 623, 554.

'H NMR (DMSO-ds) 59,09 (d, 1H, J = 4,7 Hz), 8,83 (s, 1H), 8,26 (d, 1H, J = 2,2 Hz), 8,20 (d,
1H,J =52 Hz), 8,11 (d, 1H, J = 8,6 Hz), 7,95-7,88 (m, 2H), 7,78 (d, 1H, J = 4,7 Hz), 7,74 (dd,
1H,J=9,1,2,2 Hz), 7,42 (d, 1H, J = 2,2 Hz), 6,90 (dd, 1H, J = 8,6, 2,1 Hz), 6,05 (s, 2H), 3,92
(s, 3H), 3,13 (s, 3H).
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13C NMR (DMSO-ds) 6 160,62, 152,29, 149,31, 144,79, 142,74, 141,17, 140,22, 138,15,
135,28, 134,75, 128,91, 128,62, 128,10, 125,34, 122,40, 120,31, 117,20, 114,51, 112,29,
109,48, 94,13, 55,66, 23,31.

ESI-MS: m/z 455,3 (M+1)*.

7-Klor-N-(2-(4-(((1-metil-9H-pirido[3,4-b]indol-6-il)oksi)metil)-1H-1,2,3-triazol-1-
iletil)kinolin-4-amin (56)

Koli¢ina reaktanata: 0,054 g alkina 19; 0,063 g azida 40.
Pokretna faza: diklormetan/metanol 75:25.

Iskoristenje: 0,048 g (43 %).

tt 272-273 °C.

IR (ATR, vicm™) 3201, 1608, 1583, 1544, 1498, 1456, 1429, 1383, 1365, 1352, 1330, 1248,
1207, 1170, 1061, 1139, 1050, 1026, 990, 909, 872, 845, 808, 765, 624, 492.

IH NMR (DMSO-ds) 611,43 (s, 1H), 8,41 (d, 1H, J = 5,4 Hz), 8,32 (s, 1H), 8,20 (d, 1H, J =
9,1 Hz), 8,16 (d, 1H, J = 5,3 Hz), 7,92-7,85 (m, 2H), 7,81 (d, 1H, J = 2,2 Hz), 7,54 (t, 1H, J =
5,8 Hz), 7,50 (d, 1H, J = 8,8 Hz), 7,44 (dd, 1H, J = 9,0, 2,3 Hz), 7,20 (dd, 1H, J = 8,8, 2,5 Hz),
6,57 (d, 1H, J = 5,5 Hz), 5,21 (s, 2H), 4,70 (t, 2H, J = 6,1 Hz), 3,82 (q, 2H, J = 5,9 Hz), 2,75 (s,
3H).

13C NMR (DMSO-ds) & 151,99, 151,87, 149,76, 148,95, 142,97, 142,22, 136,93, 135,43,
135,09, 133,53, 127,47, 126,70, 124,96, 124,35, 124,00, 121,35, 118,28, 117,47, 112,76,
112,66, 105,00, 98,90, 61,91, 47,86, 42,46, 20,41.

ESI-MS: m/z 484,1 (M+1)".

7-Klor-N-(2-(4-(((1-metil-9H-pirido[3,4-b]indol-7-il)oksi)metil)-1H-1,2,3-triazol-1-
iletil)kinolin-4-amin (57)

Koli¢ina reaktanata: 0,054 g alkina 24, 0,063 g azida 40.
Pokretna faza: cikloheksan/etil-acetat/metanol 10:10:5.
Iskoristenje: 0,060 g (54 %).

ty 238-241 °C.
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IR (ATR, vicm™) 3340, 3158, 3065, 2957, 1638, 1584, 1543, 1485, 1450, 1428, 1371, 1338,
1251, 1235, 1155, 1110, 1056, 874, 851, 813, 800, 761, 648, 858, 531.

IH NMR (DMSO-ds) 511,48 (s, 1H), 8,41 (d, 1H, J = 5,4 Hz), 8,32 (s, 1H), 8,19-8,15 (m, 2H),
8,05 (d, 1H, J = 8,6 Hz), 7,82-7,80 (m, 2H), 7,54 (t, 1H, J = 5,2 Hz), 7,45 (dd, 1H, J = 9,0, 2,3
Hz), 7,17 (d, 1H, J = 2,2 Hz), 6,88 (dd, 1H, J = 8,7, 2,3 Hz), 6,57 (d, 1H, J = 5,5 Hz), 5,25 (s,
2H), 4,70 (t, 2H, J = 5,8 Hz), 3,82 (q, 2H, J = 6,0 Hz), 2,73 (s, 3H).

13C NMR (DMSO-ds) & 158,79, 151,77, 149,82, 148,82, 142,70, 141,82, 141,30, 137,65,
134,59, 133,60, 127,38, 127,18, 125,08, 124,40, 124,00, 122,64, 117,44, 115,10, 111,98,
109,42, 98,91, 95,82, 61,45, 47,90, 42,43, 20,29.

ESI-MS: m/z 482,1 (M-1)".

7-Klor-N-(2-(4-((7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-il)metil)-1H-1,2,3-triazol-1-
il)etil)kinolin-4-amin (58)

Koli¢ina reaktanata: 0,058 g alkina 28, 0,063 g azida 40.
Pokretna faza: diklormetan/metanol 85:15, 80:20.
Iskoristenje: 0,076 g (66 %).

ty 244-245,5 °C.

IR (ATR, vicm™) 2957, 1619, 1578, 1495, 1441, 1428, 1403, 1369, 1355, 1324, 1252, 1224,
1193, 1171, 1082, 973, 926, 910, 875, 814, 764, 732, 641, 593, 462.

IH NMR (DMSO-ds) 58,31 (d, 1H, J = 5,4 Hz), 8,17 (d, 1H, J = 5,2 Hz), 8,08 (d, 1H, J = 8,6
Hz), 8,05 (d, 1H, J = 9,1 Hz), 7,98 (s, 1H), 7,87 (d, 1H, J = 5,2 Hz), 7,79 (d, 1H, J = 2,2 Hz),
7.44-7,37 (m, 2H), 7,26 (d, 1H, J = 2,1 Hz), 6,87 (dd, 1H, J = 8,6, 2,1 Hz), 6,45 (d, 1H, J = 5,5
Hz), 5,83 (s, 2H), 4,57 (t, 2H, J = 6,0 Hz), 3,83 (s, 3H), 3,70 (q, 2H, J = 5,9 Hz,), 2,98 (s, 3H).

13C NMR (DMSO-ds) 6 160,52, 151,63, 149,73, 148,74, 143,88, 142,65, 141,07, 137,98,
134,60, 133,56, 128,49, 127,34, 124,35, 123,78, 123,47, 122,34, 117,33, 114,39, 112,23,
109,36, 98,77, 93,95, 55,53, 47,86, 42,34, 23,11.

ESI-MS: m/z 496,1 (M-1)".

Elementarna analiza za C,7H24CIN-,O: C, 65,12; H, 4,86; N, 19,69; nadeno: C, 64,87; H, 4,92;
N, 19,93.
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3.2.41. Sinteza harmikina amidnog tipa (59-63). Opéa metoda

Suspenzija karboksilne kiseline 43 (0,050 g, 0,211 mmol, 1,1 ekv.), odgovarajueg amina
(0,192 mmol, 1 ekv.) i TEA (0,059 mL, 0,422 mmol, 2,2 ekv.) u bezvodnom DMF-u (2 mL)
mijesana je 0,17 h na s.t., nakon ¢ega je postupno dokapana 50 % otopina T3P u etil-acetatu
(0,226 mL, 0,211 mmol, 1,1 ekv.). Reakcijska smjesa mijeSana je 18 h na s.t., nakon ¢ega je uz
ultrasoniciranje dokapavana 5 % NaOH do prestanka taloZenja. Nastali prljavo-bijeli talog je
odsisan i proc¢is¢en kromatografijom na koloni uz pokretnu fazu diklormetan/metanol 85:15 i

rastrljavanjem u dietil-eteru.

N-((9H-pirido[3,4-b]indol-1-il)metil)-2-((7-klorkinolin-4-il)amino)acetamid (59)
Koli¢ina reaktanta: 0,038 g amina 7.

Iskoristenje: 0,034 g (42 %).

ty 244247 °C.

IR (ATR, vicm™) 3267, 1651, 1627, 1585, 1451, 1431, 1323, 1284, 1235, 1151, 1126, 1082,
1023, 986, 902, 871, 853, 742, 578, 563, 519.

IH NMR (DMSO-ds) 511,54 (s, 1H), 8,79 (t, 1H, J = 5,5 Hz), 8,34 (d, 1H, J = 5,4 Hz), 8,28—
8,25 (m, 2H), 8,22 (d, 1H, J = 7,9 Hz), 8,03 (d, 1H, J = 5,2 Hz), 7,83 (t, 1H, J = 6,5 Hz), 7,81
(d, 1H, J = 2,3 Hz), 7,59 (d, 1H, J = 8,2 Hz), 7,56-7,53 (m, 1H), 7,50 (dd, 1H, J = 9,0, 2,3 Hz),
7,26-7,23 (m, 1H), 6,40 (d, 1H, J = 5,4 Hz), 4,81 (d, 2H, J = 5,4 Hz), 4,07 (d, 2H, J = 6,0 Hz).

13C NMR (DMSO-ds) 6 169,38, 151,63, 150,35, 148,74, 141,33, 140,40, 137,30, 133,56,
133,36, 128,14, 127,74, 127,36, 124,41, 124,23, 121,76, 120,83, 119,42, 117,56, 113,89,
112,03, 99,44, 45,81, 41,48.

ESI-MS: m/z 416,1 (M+1)".

2-((7-Klorkinolin-4-il)amino)-N-((1-metil-9H-pirido[3,4-b]indol-3-il)metil)acetamid (60)
Kolic¢ina reaktanta: 0,041 g amina 12.
Iskoristenje: 0,023 g (28 %).

tt 274,5-277 °C.
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IR (ATR, vicm™) 3616, 3285, 1662, 1629, 1587, 1502, 1453, 1431, 1375, 1328, 1234, 1150,
1083, 1014, 901, 851, 801, 737.

'H NMR (DMSO-dg) 511,48 (s, 1H), 8,71 (t, 1H, J = 5,9 Hz), 8,44 (d, 1H, J = 5,4 Hz), 8,29
(d, 1H, J = 9,0 Hz), 8,05 (d, 1H, J = 7,8 Hz), 7,90-7,79 (m, 2H), 7,71 (s, 1H), 7,60-7,46 (m,
3H), 7,26-7,19 (m, 1H), 6,47 (d, 1H, J = 5,4 Hz), 4,52 (d, 2H, J = 5,8 Hz), 4,07 (d, 2H, J = 6,0
Hz), 2,70 (s, 3H).

13C NMR (DMSO-ds) & 168,98, 151,79, 150,26, 148,97, 146,08, 141,11, 140,73, 133,51,
133,45, 127,82, 127,65, 127,46, 124,32, 121,46, 120,94, 119,13, 117,63, 111,95, 109,34, 99,28,
46,01, 44,21, 20,24.

ESI-MS: m/z 430,1 (M+1)".

2-((7-Klorkinolin-4-il)amino)-N-(2-((1-metil-9H-pirido[3,4-b]indol-6-il)oksi)etil)acetamid
(61)

Koli¢ina reaktanta: 0,046 g amina 21.
Iskoristenje: 0,023 g (26 %).
tr 304-307 °C.

IR (ATR, vicm™) 3525, 3369, 3219, 3145, 3054, 2874, 1679, 1581, 1530, 1505, 1485, 1452,
1372, 1334, 1287, 1240, 1213, 1116, 1075, 990, 877, 854, 810, 793, 629, 614, 488, 467.

'H NMR (DMSO-ds) 511,41 (s, 1H), 8,41 (t, 1H, J = 5,7 Hz), 8,29 (d, 1H, J = 5,4 Hz), 8,27
(d, 1H,J =9,1 Hz), 8,15 (d, 1H, J =5,3 Hz), 7,88 (d, 1H, J = 5,3 Hz), 7,82 (t, 1H, J = 6,4 Hz),
7,81 (d, 1H,J=2,3 Hz), 7,73 (d, 1H, J = 2,5 Hz), 7,52—-7,48 (m, 2H), 7,15 (dd, 1H, J=8,8, 2,5
Hz), 6,31 (d, 1H, J = 5,4 Hz), 4,10 (t, 2H, J = 5,6 Hz), 3,98 (d, 2H, J = 5,9 Hz), 3,54 (q, 2H, J
=5,6 Hz), 2,74 (s, 3H).

13C NMR (DMSO-ds) & 169,14, 152,30, 151,54, 150,39, 148,64, 142,18, 136,88, 135,36,
135,08, 133,57, 127,24, 126,70, 124,36, 124,26, 121,37, 118,23, 117,52, 112,73, 112,69,
104,77, 99,15, 66,99, 45,80, 38,50, 20,39.

ESI-MS: m/z 460,0 (M+1)".
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2-((7-Klorkinolin-4-il)amino)-N-(2-((1-metil-9H-pirido[3,4-b]indol-7-il)oksi)etil)acetamid
(62)

Koli¢ina reaktanta: 0,046 g amina 26.

Iskoristenje: 0,026 g (30 %).

tt 275-277,5 °C.

IR (ATR, vicm™) 3641, 3284, 3093, 1659, 1631, 1612, 1587, 1487, 1431, 1376, 1328, 1274,
1232, 1178, 1148, 1109, 1056, 974, 903, 878, 852, 801, 569.

'H NMR (DMSO-ds) 611,54 (s, 1H), 8,46 (t, 1H, J = 5,7 Hz), 8,30-8,28 (m, 2H), 8,16 (d, 1H,
J=5,3Hz), 8,06 (d, 1H, J =8,6 Hz), 7,92 (t, 1H, J = 6,1 Hz), 7,82 (d, 1H, J = 5,3 Hz), 7,81 (d,
1H, J = 2,3 Hz), 7,50 (dd, 1H, J = 9,0, 2,3 Hz), 7,02 (d, 1H, J = 2,2 Hz), 6,83 (dd, 1H, J = 8,6,
2,2 Hz), 6,32 (d, 1H, J=5,5 Hz), 4,12 (t, 2H, J = 5,6 Hz), 3,99 (d, 2H, J = 5,9 Hz), 3,55 (q, 2H,
J=5,6 Hz), 2,74 (s, 3H).

13C NMR (DMSO-ds) § 169,16, 159,20, 151,28, 150,57, 148,37, 141,96, 141,23, 137,51,
134,57, 133,69, 127,28, 127,01, 124,42, 124,35, 122,68, 117,48, 114,98, 112,00, 109,35, 99,13,
95,41, 66,42, 45,78, 38,38, 20,27.

ESI-MS: m/z 460,1 (M+1)".

2-((7-Klorkinolin-4-il)amino)-N-(2-(7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-
iletil)acetamid (63)

Koli¢ina reaktanta: 0,049 g amina 30.
Iskoristenje: 0,032 g (35 %).
t; 252,5-255 °C.

IR (ATR, vicm™) 3268, 3063, 1656, 1625, 1582, 1445, 1408, 1375, 1343, 1280, 1251, 1198,
1174, 1140, 1081, 1047, 1025, 976, 809, 639, 597, 569.

IH NMR (DMSO-ds) 58,37 (t, 1H, J = 6,0 Hz), 8,31 (d, 1H, J = 5,3 Hz), 8,24 (d, 1H, J = 9,0
Hz), 8,16 (d, 1H, J = 5,2 Hz), 8,10 (d, 1H, J = 8,6 Hz), 7,87 (d, 1H, J = 5,1 Hz), 7,81 (d, 1H, J
=2,3Hz), 7,74 (t, 1H, J = 6,1 Hz), 7,49 (dd, 1H, J = 9,0, 2,3 Hz), 7,28 (d, 1H, J = 2,2 Hz), 6,89
(dd, 1H, J = 8,6, 2,2 Hz), 6,07 (d, 1H, J = 5,4 Hz), 4,58 (t, 2H, J = 7,1 Hz), 3,90 (s, 3H), 3,85
(d, 2H, J = 6,0 Hz), 3,52 (g, 2H, J = 6,8 Hz), 2,96 (5, 3H).
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13C NMR (DMSO-ds) & 169,63, 160,57, 151,91, 150,13, 148,95, 142,90, 140,62, 137,87,
134,64, 133,50, 128,43, 127,53, 124,36, 124,22, 122,48, 117,56, 114,31, 112,30, 109,25, 98,97,
93,63, 55,57, 45,97, 43,29, 38,84, 23,14.

ESI-MS: m/z 474,1 (M+1)*.

3.2.42. Sinteza harmikina amidnog tipa 64, 65. Op¢a metoda

Otopina karboksilne kiseline 33 (0,050 g, 0,176 mmol, 1,1 ekv.), DIEA (0,061 mL, 0,352 mmol,
2,2 ekv.) i HATU (0,067 g, 0,176 mmol, 1,1 ekv.) u diklormetanu (4 mL) mijeSana je 0,33 h na
s.t., nakon ¢ega je dodan odgovarajuci amin 44 ili 45 (0,160 mmol, 1 ekv.). Reakcijska smjesa
mijeSana je 18 h na s.t. Potom je nastali talog odsisan, a sirovi produkt prociséen
kromatografijom na koloni uz pokretnu fazu diklormetan/metanol 75:25 i rastrljavanjem u

dietil-eteru.

N-(2-((7-Klorkinolin-4-il)amino)etil)-3-(7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-
il)propanamid (64)

Koli¢ina reaktanta: 0,035 g amina 44.
Iskoristenje: 0,027 g (35 %).
tt 224-227 °C.

IR (ATR, vicm™) 3226, 3060, 2967, 1645, 1624, 1582, 1547, 1503, 1449, 1409, 1342, 1300,
1284, 1267, 1231, 1167, 1140, 1120, 1083, 1042, 1017, 976, 946, 872, 853, 827, 814, 801, 764,
636, 595, 567, 546, 474.

IH NMR (DMSO-ds) 68,40 (d, 1H, J = 5,4 Hz), 8,23 (t, 1H, J = 5,8 Hz), 8,20-8,12 (m, 2H),
8,05 (d, 1H, J = 8,6 Hz), 7,85 (d, 1H, J = 5,1 Hz), 7,79 (d, 1H, J = 2,2 Hz), 7,44 (dd, 1H, J =
9,0, 2,3 Hz), 7,31 (t, 1H, J = 5,5 Hz), 7,22 (d, 1H, J = 2,2 Hz), 6,85 (dd, 1H, J = 8,6, 2,2 H2),
6,47 (d, 1H, J = 5,5 Hz), 4,82 (t, 2H, J = 7,2 Hz), 3,90 (s, 3H), 3,27 (q, 2H, J = 6,3 Hz), 3,17
(0, 2H, J = 5,9 Hz), 2,97 (s, 3H), 2,63 (t, 2H, J = 7,2 H2).

1¥C NMR (DMSO-dg) & 170,35, 160,43, 151,89, 149,97, 149,07, 142,51, 140,75, 137,90,
134,49, 133,40, 128,56, 127,52, 124,10, 123,94, 122,29, 117,42, 114,32, 112,21, 109,20, 98,57,
93,88, 55,52, 41,76, 40,87, 37,23, 36,34, 23,11.

ESI-MS: m/z 488,1 (M+1)*.
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N-(4-((7-Klorkinolin-4-il)amino)butil)-3-(7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-
il)propanamid (65)

Koli¢ina reaktanta: 0,040 g amina 45.
Iskoristenje: 0,036 g (43 %).
tt 230-233 °C.

IR (ATR, vicm™) 3306, 2936, 1642, 1624, 1577, 1499, 1448, 1408, 1366, 1330, 1305, 1227,
1205, 1166, 1187, 1119, 1046, 883, 849, 810, 546.

IH NMR (DMSO-ds) 58,39 (d, 1H, J = 5,6 Hz), 8,31 (d, 1H, J = 9,0 Hz), 8,16 (d, 1H, J = 5,2
Hz), 8,06 (d, 1H, J = 8,6 Hz), 7,96 (t, 1H, J = 5,6 Hz), 7,86 (d, 1H, J = 5,2 Hz), 7,79 (d, 1H, J
= 2,3 Hz), 7,54-7,40 (m, 2H), 7,20 (d, 1H, J = 2,2 Hz), 6,85 (dd, 1H, J = 8,6, 2,1 Hz), 6,43 (d,
1H, J = 5,6 Hz), 4,79 (t, 2H, J = 7,1 Hz), 3,90 (s, 3H), 3,23-3,13 (m, 2H), 3,04 (q, 2H, J = 6,5
Hz), 2,97 (s, 3H), 2,60 (t, 2H, J = 7,0 Hz), 1,53-1,43 (m, 2H), 1,36 (g, 2H, J = 7,2 H2).

13C NMR (DMSO-ds) & 169,59, 160,42, 151,10, 150,48, 148,19, 142,54, 140,71, 137,75,
134,48, 133,71, 128,57, 126,73, 124,28, 124,17, 122,26, 117,27, 114,26, 112,22, 109,21, 98,57,
93,91, 55,50, 42,01, 40,96, 38,17, 36,37, 26,49, 24,98, 23,04.

ESI-MS: m/z 516,4 (M+1)".

3.2.43. Sinteza harmicena triazolskog tipa 66-70. Opéa metoda

Otopini odgovarajuceg alkina 4, 15, 19, 24 ili 28 (0,169 mmol, 1,1 ekv) i azida 46 (0,045 g,
0,186 mmol, 1,1 ekv.) u bezvodnom DMF-u (2 mL) dodane su otopina natrijevog askorbata
(0,04 g, 0,202 mmol) u vodi (1 mL) i 1 M vodena otopina CuSO4 x 5H20 (0,02 mL, 0,02 mmol).
Reakcijska smjesa mijeSana je 18 h na s.t., nakon Cega je dodana ledena voda (5 mL), a nastali
talog je odsisan. Sirovi produkt pro¢iséen je kromatografijom na koloni uz pokretnu fazu
cikloheksan/etil-acetat /metanol 10:10:5 ili diklormetan/metanol 97:3 i rastrljavanjem u smjesi

dietil-etera i petroletera.

1-(1-(Ferocenilmetil)-1H-1,2,3-triazol-4-il)-9H-pirido[3,4-b]indol (66)
Koli¢ina reaktanta: 0,032 g alkina 4.

Iskoristenje: 0,037 g (51 %).
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tt 229-230 °C.

IR (ATR, vicm™) 3385, 3172, 3105, 3065, 2991, 1625, 1576, 1489, 1452, 1437, 1419, 1351,
1314, 1282, 1254, 1239, 1152, 1103, 1000, 829, 807, 749, 629, 591, 548, 499, 479.

IH NMR (DMSO-ds) 511,53 (s, 1H), 8,78 (s, 1H), 8,38 (d, 1H, J = 5,2 Hz), 8,26-8,24 (m, 1H),
8,11 (d, 1H, J = 5,1 Hz), 7,91-7,90 (m, 1H), 7,57-7,54 (m, 1H), 7,27-7,25 (m, 1H), 5,49 (s,
2H), 4,46 (t, 2H, J = 1,9 Hz), 4,24 (s, 5H), 4,22 (t, 2H, J = 1,9 Hz).

13C NMR (DMSO-ds) & 147,60, 141,15, 137,83, 133,68, 131,74, 129,05, 128,18, 122,94,
121,47, 120,40, 119,51, 114,11, 113,23, 82,36, 68,74, 68,69, 68,48, 49,33.

ESI-MS: m/z 434,1 (M+1)"*.

3-(1-(Ferocenilmetil)-1H-1,2,3-triazol-4-il)-1-metil-9H-pirido[3,4-b]indol (67)
Koli¢ina reaktanta: 0,035 g alkina 15.

Iskoristenje: 0,034 g (45 %).

t; 183-186 °C.

IR (ATR, vicm™) 3361, 2920, 2851, 1734, 1626, 1574, 1496, 1455, 1431, 1373, 1338, 1303,
1277, 1234, 1172, 1104, 1049, 1024, 1000, 924, 889, 818, 788, 775, 704, 631, 558, 584, 503,
478.

IH NMR (DMSO-ds) 511,69 (s, 1H), 8,58 (s, 1H), 8,41 (s, 1H), 8,29 (d, 1H, J = 7,9 Hz), 7,60
(d, 1H, J = 8,1 Hz), 7,54 (t, 1H, J = 7,6 Hz), 7,24 (t, 1H, J = 7,4 Hz), 5,39 (s, 2H), 4,45 (t, 2H,
J=1,9 Hz), 4,23 (s, 5H), 4,21 (t, 2H, J = 1,9 Hz), 2,80 (s, 3H).

13C NMR (DMSO-dg) & 148,61, 141,93, 140,82, 138,95, 133,96, 128,02, 127,73, 121,97,
121,27, 121,25, 119,36, 112,01, 108,31, 82,45, 68,86, 68,68, 68,44, 49,05, 20,48.

ESI-MS: m/z 447,9 (M+1)".

6-((1-(Ferocenilmetil)-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-b]indol (68)
Koli¢ina reaktanta: 0,040 g alkina 19.
Iskoristenje: 0,055 g (68 %).

t 244,5-248 °C.
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IR (ATR, vicm™) 3631, 3137, 3081, 2950, 1637, 1603, 1583, 1567, 1499, 1480, 1451, 1411,
1283, 1211, 1107, 1069, 1054, 1040, 1027, 849, 821, 765, 620, 504.

IH NMR (DMSO-ds) 511,37 (s, 1H), 8,24 (s, 1H), 8,16 (d, 1H, J = 5,3 Hz), 7,89-7,88 (m, 2H),
7,49 (d, 1H, J = 8,8 Hz), 7,21 (dd, 1H, J = 8,9, 2,5 Hz), 5,32 (s, 2H), 5,21 (s, 2H), 4,32 (t, 2H,
J=1,8 Hz), 4,16-4,14 (m, 7TH), 2,73 (s, 3H).

13C NMR (DMSO-ds) & 151,88, 142,95, 142,19, 136,96, 135,42, 135,08, 126,69, 124,09,
121,34, 118,39, 112,73, 112,67, 105,20, 82,49, 68,62, 68,59, 68,31, 61,88, 48,92, 20,40.

ESI-MS: m/z 478,1 (M+1)".

7-((1-(Ferocenilmetil)-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-b]indol (69)
Koli¢ina reaktanta: 0,040 g alkina 24.

Iskoristenje: 0,048 g (60 %).

ty 242244 °C.

IR (ATR, vicm™) 3344, 3072, 2869, 2785, 1738, 1626, 1567, 1488, 1444, 1377, 1325, 1305,
1290, 1278, 1177, 1142, 1110, 1058, 1142, 1011, 965, 828, 813, 781, 661, 639, 598, 572, 505,
480.

IH NMR (DMSO-ds) 611,45 (s, 1H), 8,23 (s, 1H), 8,15 (d, 1H, J = 5,2 Hz), 8,05 (d, 1H, J =
8,6 Hz), 7,80 (d, 1H, J = 5,3 Hz), 7,16 (d, 1H, J = 2,2 Hz), 6,89 (dd, 1H, J = 8,7, 2,3 Hz), 5,33
(s, 2H), 5,25 (s, 2H), 4,34 (t, 2H, J = 1,9 Hz), 4,18-4,16 (m, 7H), 2,72 (s, 3H).

13C NMR (DMSO-ds) & 158,74, 142,71, 141,76, 141,33, 137,74, 134,58, 127,13, 124,15,
122,63, 115,11, 111,95, 109,46, 95,86, 82,41, 68,66, 68,64, 68,36, 61,45, 48,98, 20,32.

ESI-MS: m/z 478,1 (M+1)".

9-((1-(Ferocenilmetil)-1H-1,2,3-triazol-4-il)metil)-7-metoksi-1-metil-9H-pirido[3,4-
b]indol (70)

Koli¢ina reaktanta: 0,042 g alkina 28.
Iskoristenje: 0,025 g (30 %).

tr 187-190 °C.
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IR (ATR, vicm™) 3135, 3090, 2929, 1709, 1623, 1564, 1499, 1449, 1408, 1325, 1252, 1227,
1193, 1174, 1106, 1042, 1000, 913, 815, 764, 732, 638, 596, 550, 481.

IH NMR (DMSO-dg) 68,16 (d, 1H, J = 5,2 Hz), 8,07 (d, 1H, J = 8,5 Hz), 7,98 (s, 1H), 7,86 (d,
1H, J=5,2 Hz), 7,32 (d, 1H, J = 2,2 Hz), 6,87 (dd, 1H, J = 8,5, 2,2 Hz), 5,86 (s, 2H), 5,21 (s,
2H), 4,23 (t, 2H, J = 1,8 Hz), 4,12 (t, 2H, J = 1,8 Hz), 4,06 (s, 5H), 3,88 (s, 3H), 3,03 (s, 3H).

13C NMR (DMSO-ds) & 160,55, 143,81, 142,67, 141,13, 138,05, 134,66, 128,54, 122,55,
122,38, 114,46, 112,26, 109,46, 94,05, 82,59, 68,54, 68,44, 68,21, 55,62, 48,77, 23,24.

ESI-MS: m/z 492,1 (M+1)".

3.2.44. Sinteza harmicena triazolskog tipa 71-75. Opéa metoda

Otopini odgovarajuéeg azida 6, 11, 22, 27 ili 31 (0,209 mmol, 1,1 ekv.) i etinilferocena (0,040
g, 0,190 mmol, 1 ekv.) u bezvodnom DMF-u (2 mL) dodana je otopina natrijevog askorbata
(0,04 g, 0,202 mmol) u vodi (1 mL) i 1 M vodena otopina CuSO4 x 5H>0 (0,02 mL, 0,02 mmol).
Reakcijska smjesa mijeSana je 18 h na s.t., nakon ¢ega je Zeljeni produkt izoliran Metodom A

ili Metodom B.

Metoda A. U reakcijsku smjesu dodana je ledena voda (5 mL) te je nastali talog odsisan. Sirovi
produkt prociséen je kromatografijom na koloni uz pokretnu fazu cikloheksan/etil-

acetat/metanol 10:10:5 i rastrljavanjem u smjesi dietil-etera i petroletera.

Metoda B. U reakcijsku smjesu je dodana voda (20 mL) te je dobivena otopina ekstrahirana
etil-acetatom (2 x 30 mL). Organski slojevi su skupljeni, suseni nad bezvodnim Na>SOs,
profiltrirani, a otapalo uklonjeno iz filtrata uparavanjem pod snizenim tlakom. Sirovi produkt

je prociséen kromatografijom na koloni i rastrljavanjem u smjesi dietil-etera i petroletera.

1-((4-Ferocenil-1H-1,2,3-triazol-1-il)metil)-9H-pirido[3,4-b]indol (71)
Koli¢ina reaktanta: 0,047 g azida 7.

Procis¢avanje: Metoda A.

Iskoristenje: 0,064 g (78 %).

tr 252-255,5 °C.
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IR (ATR, vicm™) 3249, 3138, 3094, 2987, 2953, 1625, 1585, 1567, 1497, 1455, 1430, 1389,
1321, 1236, 1212, 1189, 1094, 1058, 998, 875, 816, 794, 750, 730, 622, 592, 500.

IH NMR (DMSO-ds) 511,95 (s, 1H), 8,31 (d, 1H, J = 5,2 Hz), 8,28-8,26 (m, 2H), 8,13 (d, 1H,
J=5,1 Hz), 7,70-7,68 (m, 1H), 7,61-7,59 (m, 1H), 7,30-7,27 (m, 1H), 6,08 (s, 2H), 4,73 (t,
2H, J =1,9 Hz), 4,28 (t, 2H, J = 1,8 Hz), 4,03 (s, 5H).

13C NMR (DMSO-ds) & 145,22, 140,71, 138,17, 137,86, 133,85, 128,71, 128,54, 121,91,
121,57, 120,76, 119,64, 114,82, 112,09, 76,04, 69,23, 68,21, 66,34, 51,24.

ESI-MS: m/z 434,9 (M+1)".

3-((4-Ferocenil-1H-1,2,3-triazol-1-il)metil)-1-metil-9H-pirido[3,4-b]indol (72)
Koli¢ina reaktanta: 0,050 g azida 11.

Procisc¢avanje: Metoda B, pokretna faza: cikloheksan/etil-acetat/metanol 10:10:1.
Iskoristenje: 0,053 g (62 %).

ty 242,5-244 °C.

IR (ATR, vicm™) 3148, 3101, 2993, 2891, 1737, 1627, 1566, 1506, 1456, 1443, 1351, 1328,
1251, 1219, 1086, 1057, 1019, 1000, 874, 815, 729, 680, 587, 506, 487.

IH NMR (DMSO-ds) 511,66 (s, 1H), 8,23 (s, 1H), 8,16 (d, 1H, J = 7,9 Hz), 7,90 (s, 1H), 7,60~
7,59 (m, 1H), 7,55-7,52 (M, 1H), 7,24-7,21 (m, 1H), 5,76 (s, 2H), 4,74 (t, 2H, J = 1,9 Hz), 4,29
(t, 2H, J = 1,9 Hz), 4,03 (s, 5H), 2,76 (s, 3H).

13C NMR (DMSO-ds) & 145,37, 142,95, 142,05, 140,77, 133,94, 128,08, 127,63, 121,64,
121,06, 120,91, 119,44, 112,09, 111,42, 76,09, 69,26, 68,21, 66,32, 55,10, 20,38.

ESI-MS: m/z 448,9 (M+1)".

6-(2-(4-Ferocenil-1H-1,2,3-triazol-1-il)etoksi)-1-metil-9H-pirido[3,4-b]indol (73)
Koli¢ina reaktanta: 0,056 g azida 22.

Procis¢avanje: Metoda B; pokretna faza: cikloheksan/etil-acetat/metanol 10:10:5.
Iskoristenje: 0,034 g (37 %).

ty 201,5-204,0 °C.
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IR (ATR, vicm™) 3133, 2949, 2872, 1583, 1568, 1497, 1458, 1286,1210, 1105, 1041, 988, 878,
818, 705, 621, 504.

IH NMR (DMSO-ds) 611,39 (s, 1H), 8,29 (s, 1H), 8,15 (d, 1H, J = 5,3 Hz), 7,87 (d, 1H, J =
5,3 Hz), 7,78 (d, 1H, J = 2,5 Hz), 7,48 (d, 1H, J = 8,8 Hz), 7,16 (dd, 1H, J = 8,8, 2,5 Hz), 4,82
(t, 2H, J = 5,1 Hz), 4,73 (t, 2H, J = 1,9 Hz), 4,53 (t, 2H, J = 5,2 Hz), 4,30 (t, 2H, J = 1,8 Hz),
4,01 (s, 5H), 2,72 (s, 3H).

13C NMR (DMSO-ds) & 151,85, 145,24, 142,24, 136,98, 135,52, 135,10, 126,63, 121,35,
121,28, 118,14, 112,77, 112,64, 105,13, 76,05, 69,22, 68,21, 67,14, 66,34, 49,24, 20,40.

ESI-MS: m/z 477,9 (M+1)*.

7-(2-(4-Ferocenil-1H-1,2,3-triazol-1-il)etoksi)-1-metil-9H-pirido[3,4-b]indol (74)
Koli¢ina reaktanta: 0,056 g azida 27.

Procis¢avanje: Metoda A.

Iskoristenje: 0,070 g (77 %).

ty 228,0-229,5 °C.

IR (ATR, vicm™) 3125, 3077, 2959, 2850, 2772, 1623, 1566, 1443, 1426, 1301, 1278, 1240,
1185, 1108, 1053, 1042, 977, 874, 822, 810, 743, 720, 693, 638, 587, 570, 522, 513, 495, 483.

IH NMR (DMSO-ds) 611,44 (s, 1H), 8,30 (s, 1H), 8,14 (d, 1H, J = 5,3 Hz), 8,05 (d, 1H, J =
8,6 Hz), 7,79 (d, 1H, J = 5,3 Hz), 7,03 (d, 1H, J = 2,2 Hz), 6,85 (dd, 1H, J = 8,6, 2,2 Hz), 4,83
(t, 2H, J = 5,1 Hz), 4,73 (t, 2H, J = 1,9 Hz), 4,55 (t, 2H, J = 5,1 Hz), 4,30 (t, 2H, J = 1,8 H2),
4,01 (s, 5H), 2,72 (s, 3H).

13C NMR (DMSO-dg) & 158,62, 145,25, 141,72, 141,35, 137,76, 134,59, 127,07, 122,71,
121,34, 115,33, 111,98, 109,17, 95,73, 76,01, 69,23, 68,22, 66,57, 66,35, 49,09, 20,36.

ESI-MS: m/z 477,9 (M+1)*.

9-(2-(4-Ferocenil-1H-1,2,3-triazol-1-il)etil)-7-metoksi-1-metil-9H-pirido[3,4-b]indol (75)
Koli¢ina reaktanta: 0,059 g azida 31.

Pro¢is¢avanje: Metoda A.

Iskoristenje: 0,059 g (63 %).
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ty 218,0-220,0 °C.

IR (ATR, vicm™) 2968, 1621, 1565, 1445, 1404, 1339, 1253, 1222, 1158, 1182, 1136, 1096,
1041, 1021, 970, 929, 877, 821, 807, 641, 590, 545, 501, 475.

IH NMR (DMSO-ds) 58,17 (d, 1H, J = 5,2 Hz), 8,04 (d, 1H, J = 8,5 Hz), 7,88 (d, 1H, J = 5,2
Hz), 7,80 (s, 1H), 6,84-6,78 (m, 2H), 5,08 (t, 2H, J = 5,6 Hz), 4,88 (t, 2H, J = 5,6 Hz), 4,49 (¢,
2H, J=1,9 Hz), 4,22 (t, 2H, J = 1,9 Hz), 3,86-3,85 (m, 8H), 2,90 (s, 3H).

13C NMR (DMSO-ds) & 160,51, 145,15, 142,76, 140,67, 138,12, 134,68, 128,73, 122,23,
121,79, 114,10, 112,26, 109,81, 92,93, 75,78, 68,09, 68,06, 66,26, 55,37, 49,71, 44,47, 23,18.

ESI-MS: m/z 491,9 (M+1)".

3.2.45. Sinteza harmicena amidnog tipa 76-79. Op¢a metoda

Otopina ferocenkarboksilne kiseline (0,050 g, 0,217 mmol, 1,1 ekv.), DIEA (0,075 mL, 0,434
mmol, 2,2 ekv.) i HATU (0,083 g, 0,217 mmol, 1,1 ekv.) u bezvodnom diklormetanu (4 mL)
mijesana je 0,33 h na s.t., nakon Cega je dodan odgovarajuci amin 7, 12, 26 ili 30 (0,197 mmol,
1 ekv.). Reakcijska smjesa mijesana je 18 h na s.t. Zeljeni produkt izoliran je Metodom A ili
Metodom B.

Metoda A. Otapalo je upareno pod snizenim tlakom, a ostatak nakon uparavanja je otopljen u
etil-acetatu (20 mL) te ispran zasi¢enom vodenom otopinom NaCl (2 x 20 mL) i vodom (1 x
20 mL). Organski sloj je susen nad bezvodnim Na>SOyg, filtriran, a otpalo upareno pod sniZzenim
tlakom. Sirovi produkt procis¢en je kromatografijom na koloni uz pokretnu fazu

aceton/diklormetan i rastrljavanjem u smjesi dietil-etera i petroletera.

Metoda B. Nastali talog je odsisan, a sirovi produkt pro¢iséen kromatografijom na koloni uz

pokretnu fazu aceton/diklormetan 9:1 i rastrljavanjem u smjesi dietil-etera i petroletera.

N-((9H-pirido[3,4-b]indol-1-il)metil)ferocenkarboksamid (76)
Koli¢ina reaktanta: 0,039 g amina 7.

Procis¢avanje: Metoda A; pokretna faza: aceton/diklormetan 1:1.

Iskoristenje: 0,039 g (48 %).
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tr 210-213 °C.

IR (ATR, vicm™) 3623, 3467, 3085, 3050, 2962, 2928, 1711, 1649, 1622, 1531, 1503, 1444,
1408, 1375, 1340, 1300, 1249, 1229, 1195, 138, 1123, 1106, 1041, 1017, 914, 819, 801, 634,
598, 558.

IH NMR (DMSO-ds) 611,49 (s, 1H), 8,58 (t, 1H, J = 6,0 Hz), 8,31 (d, 1H, J = 5,2 Hz), 8,23
(d, 1H, J = 7,8 Hz), 8,05 (d, 1H, J = 5,2 Hz), 7,68 (d, 1H, J = 8,2 Hz), 7,56 (t, 1H, J = 7,6 Hz),
7,25 (t, 1H, J = 7,5 Hz), 4,88-4,87 (m, 4H), 4,35 (t, 2H, J = 1,9 Hz), 4,07 (s, 5H).

13C NMR (DMSO-ds) & 169,83, 142,64, 140,17, 137,35, 133,55, 128,10, 127,74, 121,74,
120,93, 119,37, 113,86, 111,99, 76,11, 70,10, 69,31, 68,30, 41,73.

ESI-MS: m/z 410,0 (M+1)"*.

N-((1-metil-9H-pirido[3,4-b]indol-3-il)metil)ferocenkarboksamid (77)
Koli¢ina reaktanta: 0,042 g amina 12.

Procis¢avanje: Metoda A; pokretna faza: aceton/diklormetan 1:1.
Iskoristenje: 0,033 g (39 %).

ty 240,5-243 °C.

IR (ATR, vicm™) 3324, 3226, 1634, 1574, 1532, 1498, 1447, 1380, 1348, 1297, 1248, 1104,
1026, 901, 814, 755, 738, 629, 528, 482.

IH NMR (DMSO-ds) 511,51 (s, 1H), 8,47 (t, 1H, J = 6,1 Hz), 8,12 (d, 1H, J = 7,9 Hz), 7,89 (s,
1H), 7,57 (d, 1H, J = 8,2 Hz), 7,52-7,48 (m, 1H), 7,21-7,17 (m, 1H), 4,90 (t, 2H, J = 1,9 Hz),
4,60 (d, 2H, J = 6,0 Hz), 4,37 (t, 2H, J = 1,9 Hz), 4,20 (s, 5H), 2,78 (s, 3H).

13C NMR (DMSO-dgs) & 168,94, 147,17, 141,14, 140,76, 133,49, 127,78, 127,66, 121,35,
120,95, 119,16, 111,98, 109,47, 76,73, 69,96, 69,25, 68,28, 44,31, 20,27.

ESI-MS: m/z 424,0 (M+1)*.

N-(2-((1-metil-9H-pirido[3,4-b]indol-7-il)oksi)etil)ferocenkarboksamid (78)
Koli¢ina reaktanta: 0,048 g amina 26.

Pro¢is¢avanje: Metoda B.
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Iskoristenje: 0,038 g (42 %).
t 243-245,5 °C.

IR (ATR, vicm™) 3216, 1716, 1622, 1551, 1451, 1422, 1376, 1312, 1278, 1236, 1217, 1105,
960, 842, 801, 741, 641, 605, 505,476.

IH NMR (DMSO-ds) 511,41 (s, 1H), 8,14 (d, 1H, J = 5,3 Hz,), 8,07-8,05 (m, 2H), 7,79 (d, 1H,
J=53Hz), 7,07 (d, 1H, J = 2,4 Hz), 6,90 (dd, 1H, J = 8,7, 2,2 Hz), 4,83 (t, 2H, J = 2,0 Hz),
4,35 (t, 2H, J = 1,9 Hz), 4,23 (t, 2H, J = 5,7 Hz), 4,13 (s, 5H), 3,63 (q, 2H, J = 5,7 Hz), 2,71 (s,
3H).

13C NMR (DMSO-ds) & 169,36, 159,31, 141,89, 141,28, 137,74, 134,55, 127,17, 122,69,
114,98, 111,93, 109,22, 95,38, 76,31, 70,01, 69,40, 68,22, 66,40, 38,49, 20,33.

ESI-MS: m/z 454,0 (M+1)".

N-(2-(7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-il)etil)ferocenkarboksamid (79)
Koli¢ina reaktanta: 0,050 g amina 30.

Prociscavanje: Metoda A; pokretna faza: aceton/diklormetan 3:2.

Iskoristenje: 0,046 g (50 %).

ty 225-227 °C.

IR (ATR, vicm™) 3623, 3467, 3085, 3050, 2962, 2928, 1711, 1649, 1622, 1531, 1503, 1444,
1408, 1375, 1340, 1300, 1249, 1229, 1195, 1177, 1138, 1123, 1107, 1041, 1016, 914, 819, 801,
634, 598, 558.

IH NMR (DMSO-ds) 58,17 (d, 1H, J = 5,1 Hz), 8,10-8,07 (m, 2H), 7,88 (d, 1H, J = 5,1 Hz),
7,32 (d, 1H, J = 2,2 Hz), 6,88 (dd, 1H, J = 8,5, 2,1 Hz), 4,69 (t, 2H, J = 1,9 Hz), 4,66 (t, 2H, J
= 7,1 Hz), 4,34 (t, 2H, J = 1,9 Hz), 4,07 (s, 5H), 3,91 (s, 3H), 3,60 (g, 2H, J = 6,7 Hz), 3,04 (s,
3H).

13C NMR (DMSO-dg) & 169,75, 160,52, 143,00, 140,66, 137,82, 134,67, 128,43, 122,39,
114,28, 112,26, 109,20, 93,78, 76,40, 69,93, 69,32, 68,08, 55,50, 43,56, 39,10, 23,14.

ESI-MS: m/z 468,1 (M+1)".
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3.2.46. Sinteza harmicena amidnog tipa 80-83. Op¢a metoda

Otopina ferocenoctene kiseline (0,050 g, 0,205 mmol, 1,1 ekv.), DIEA (0,071 mL, 0,410 mmol,
2,2 ekv.) i HATU (0,078 g, 0,205 mmol, 1,1 ekv.) u bezvodnom diklormetanu (4 mL) mijeS$ana
je 0,33 h na s.t., nakon ¢ega je dodan odgovarajué¢i amin 7, 12, 26 ili 30 (0,186 mmol, 1 ekv.).
Reakcijska smjesa mijeana je 18 h na s.t. Zeljeni produkt izoliran je Metodom A ili Metodom
B.

Metoda A. Nastali talog je odsisan te prekristaliziran iz etanola.

Metoda B: Reakcijska smjesa je razrijedena diklormetanom (15 mL) te isprana zasicenom
vodenom otopinom NaCl (2 x 20 mL) i vodom (1 x 20 mL). Organski sloj je suSen nad
bezvodnim NaxSOs, profiltriran, a otapalo uklonjeno iz filtrata uparavanjem pod snizenim

tlakom. Sirovi produkt pro¢iscen je rastrljavanjem u smjesi dietil-etera i petroletera.

N-((9H-pirido[3,4-b]indol-1-il)metil)-2-ferocenilacetamid (80)
Koli¢ina reaktanta: 0,037 g amina 7.

Prociscavanje: Metoda A.

Iskoristenje: 0,027 g (34 %).

t 222,0-224,5 °C.

IR (ATR, vicm™) 3333, 3219, 3168, 3099, 2995, 2898, 1651, 1568, 1521, 1502, 1445, 1436,
1413, 1361, 1321, 1285, 1248, 1151, 1106, 1045, 1026, 999, 878, 820, 740, 677, 595, 564, 504.

'H NMR (DMSO-dg) 611,50 (s, 1H), 8,55 (t, 1H, J = 5,4 Hz), 8,29 (d, 1H, J = 5,2 Hz), 8,22
(d,1H,J=7,8Hz), 8,04 (d, 1H, J=5,2 Hz), 7,63 (d, 1H, J = 8,2 Hz), 7,55 (t, 1H, J = 7,6 Hz),
7,25 (t, 1H, J = 7,4 Hz), 4,76 (d, 2H, J = 5,4 Hz), 4,22 (t, 2H, J = 1,9 Hz), 4,05 (m, 7H), 3,26
(s, 2H).

13C NMR (DMSO-dg) & 170,47, 141,60, 140,36, 137,36, 133,50, 128,12, 127,74, 121,73,
120,87, 119,39, 113,89, 112,05, 82,66, 68,58, 68,41, 67,11, 41,52, 36,33.

ESI-MS: m/z 424,1 (M+1)".
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2-Ferocenil-N-((1-metil-9H-pirido[3,4-b]indol-3-il)metil)acetamid (81)
Koli¢ina reaktanta: 0,039 g amina 12.

Procis¢avanje: Metoda A.

Iskoristenje: 0,032 g (39 %).

tr 247,5-250,0 °C.

IR (ATR, vicm™) 3404, 3191, 3081, 2944, 1649, 1621, 1570, 1522, 1471, 1455, 1421, 1312,
1247, 1267, 1136, 1103, 1038, 1023, 997, 925, 826, 803, 753, 741, 693, 621, 584, 543, 500,
482.

IH NMR (DMSO-ds) 511,48 (s, 1H), 8,42 (t, 1H, J = 5,9 Hz), 8,10 (d, 1H, J = 7,8 Hz), 7,73 (s,
1H), 7,56 (d, 1H, J = 8,2 Hz), 7,52-7,50 (m, 1H), 7,21 (t, 1H, J = 7,4 Hz), 4,46 (d, 2H, J = 5,8
Hz), 4,27 (t, 2H, J = 1,9 Hz), 4,12 (s, 5H), 4,10 (t, 2H, J = 1,9 Hz), 3,24 (s, 2H), 2,73 (s, 3H).

13C NMR (DMSO-ds) & 169,93, 146,33, 141,16, 140,71, 133,44, 127,78, 127,66, 121,49,
120,98, 119,11, 111,94, 109,54, 83,05, 68,63, 68,45, 67,15, 44,28, 36,72, 20,28,

ESI-MS: m/z 438,0 (M+1)".

2-Ferocenil-N-(2-((1-metil-9H-pirido[3,4-b]indol-7-il)oksi)etil)acetamid (82)
Koli¢ina reaktanta: 0,045 g amina 26.

Procis¢avanje: Metoda B.

Iskoristenje: 0,050 g (58 %).

t 176,0-177,5 °C.

IR (ATR, vicm™) 3222, 3055, 2875, 1656, 1630, 1539, 1484, 1434, 1378, 1324, 1299, 1273,
1238, 1174, 1134, 1106, 1073, 1037, 1023, 1002, 961, 924, 871, 814, 776, 738, 661, 634, 590,
567, 484.

IH NMR (DMSO-ds) 811,40 (s, 1H), 8,19 (t, 1H, J = 5,5 Hz), 8,14 (d, 1H, J = 5,3 Hz), 8,05
(d, 1H, J = 8,6 Hz), 7,80 (d, 1H, J = 5,3 Hz), 7,02 (d, 1H, J = 2,2 Hz), 6,85 (dd, 1H, J = 8,6, 2,2
Hz), 4,20 (t, 2H, J = 1,9 Hz), 4,13 (t, 2H, J = 5,5 Hz), 4,11 (s, 5H), 4,05 (t, 2H, J = 1,9 Hz),
3,51 (g, 2H, J = 5,6 Hz), 3,16 (5, 2H), 2,72 (s, 3H).

13C NMR (DMSO-ds) 6 170,25, 159,17, 141,84, 141,29, 137,75, 134,56, 127,16, 122,63,
115,00, 111,93, 109,30, 95,40, 82,72, 68,50, 68,43, 67,08, 66,5, 38,40, 36,37, 20,35.
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ESI-MS: m/z 468,1 (M+1)".

N-(2-(7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-il)etil)-2-ferocenilacetamid (83)
Koli¢ina reaktanta: 0,047 g amina 30.

Pro¢is¢avanje: Metoda B.

Iskoristenje: 0,062 g (69 %).

tt 170,5-172,0 °C.

IR (ATR, vicm™) 3341, 2931, 1655, 1624, 1566, 1503, 1451, 1439, 1410, 1347, 1330, 1300,
1251, 1195, 1172, 1141, 1104, 1048, 1024, 929, 835, 813, 794, 639, 567, 496, 482.

IH NMR (DMSO-ds) 58,17 (d, 1H, J = 5,1 Hz), 8,09 (d, 1H, J = 8,6 Hz), 8,01 (t, 1H, J= 6,0
Hz), 7,88 (d, 1H, J = 5,1 Hz), 7,27 (d, 1H, J = 2,2 Hz), 6,89 (dd, 1H, J = 8,6, 2,2 Hz), 4,57 (t,
2H, J = 7,1 Hz), 4,13 (t, 2H, J = 1,9 Hz), 4,11 (s, 5H), 4,05 (t, 2H, J = 1,8 Hz), 3,92 (s, 3H),
3,45 (g, 2H, J = 6,7 Hz), 3,07 (s, 2H), 2,95 (s, 3H).

13C NMR (DMSO-ds) & 170,58, 160,52, 142,86, 140,61, 137,80, 134,64, 128,43, 122,40,
114,31, 112,25, 109,24, 93,64, 82,12, 68,72, 68,46, 67,21, 55,52, 43,37, 38,73, 36,65, 23,08.

ESI-MS: m/z 482,2 (M+1)".
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3.3. ISPITIVANJA BIOLOSKOG DJELOVANJA

3.3.1. ANTIPROLIFERATIVNO DJELOVANJE

Antiproliferativno djelovanje sintetiziranih spojeva ispitano je na sljede¢im humanim
tumorskim stani¢nim linijama: MCF-7, HepG2, HCT116 i SW620, te na jednoj ne-tumorskoj
stani¢noj liniji (Hek293T). Sve koristene stani¢ne linije bile su adherentne te su uzgajane u
monosloju i odrzavane u mediju koji sadrzi 89 % DMEM-a, 10 % FBS-a i 1 % antibiotika (100
U/mL penicilin i 100 pg/mL streptomicin), na 37 °C pri 5 % COz, u atmosferi zasi¢enoj vlagom.

Inhibicija rasta tumorskih stanica uslijed izlaganja sintetiziranim spojevima ispitana je
prema ranije opisanoj metodi (203). Stanice su nasadene na mikrotitarske ploce s 96 bunarica
u koncentraciji 5000-7000 stanica/mL, ovisno o brzini diobe stanica. Nakon jednodnevne
inkubacije na 37 °C pri 5 % CO2 medij je uklonjen, a stanicama su dodane otopine ispitivanih
spojeva (0,1 mL) razli¢itih koncentracija. Otopine ispitivanih spojeva svjeze su razrijedene na
dan provodenja pokusa. Stanice su inkubirane 72 h na 37 °C pri 5 % CO2. Potom je medij
uklonjen te su stanice inkubirane s otopinom 3-(4,5-dimetiltiazol-2-il)-2,5-difenil-
tetrazolijevog bromida (MTT) u DMEM-u (0,5 mg/mL, 0,1 mL) tijekom 1 h. Po zavrSetku
inkubacije medij je uklonjen, a kristali formazana su otopljeni u propan-2-olu (0,1 mL).
Intenzitet nastalog obojenja proporcionalan je broju metabolicki aktivnih stanica, odnosno
vijabilnosti stanica, a ocitan je spektrofotometrijski na valnoj duljini 570 nm. Postotak
prezivljenja, odnosno vijabilnost stanica, odreden je na temelju srednjih vrijednosti ocitanih

apsorbancija prema sljede¢im izrazu:

Atretirane stanice

vijabilnost (%) = x 100

Akontrola

Provedena su minimalno dva neovisna pokusa u triplikatu. 1Csg vrijednosti izraGunate su
iz krivulje ovisnosti vijabilnosti stanica o koncentraciji ispitivanog spoja primjenom nelinearne
regresijske analize. Rezultati su izrazeni kao srednje vrijednosti ICsp s pripadaju¢im

standardnim pogreskama.
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3.3.1.1. Ispitivanje unutarstani¢ne lokalizacije spojeva

Lokalizacija spojeva u stanici ispitana je na MCF-7 prema ranije objavljenoj metodi
(203). Stanice su nasadene na okrugla pokrovna mikroskopska stakalca u plo¢i s 24 bunarica u
koncentraciji 5 x 10* stanica/bunari¢ te su inkubirane pri 37 °C i 5 % CO; tijekom 24 h. Potom
je medij uklonjen, a stanicama su dodane otopine ispitivanih spojeva (1 mL) koncentracije 10
uM. Nakon inkubacije koja je trajala 0,5 h medij je uklonjen, a pokrovna stakalca su isprana
dva puta PBS-om, prebacena na predmetno stakalce i odmah analizirana. Lokalizacija spoja u
stanici istrazena je pomocu fluorescentnog mikroskopa (Olympus BX51), pri povecanju 400 X,

uz DAPI filter. Slike su snimljene koristenjem Olympus DP70 digitalne kamere.
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3.3.2.  ISPITIVANJE ANTIMALARIJSKOG DJELOVANJA

Ispitivanje antimalarijskog djelovanja sintetiziranih hibrida na eritrocitnu fazu zivotnog
ciklusa plazmodija provedeno je na Institutu za tropsku medicinu, Sveuciliste u Tiibingenu,
Njemacka, dok je djelovanje na hepatocitnu fazu ispitano na Institutu za molekularnu medicinu,

Medicinski fakultet, Sveuciliste u Lisabonu, Portugal.

3.3.2.1. Ispitivanje djelovanje hibrida na eritrocitnu fazu zivoetnog ciklusa plazmodija

Djelovanje sintetiziranih hibrida na eritrocitnu fazu Zivotnog ciklusa plazmodija ispitano
je koristenjem HRP2 testa (engl. histidine-rich protein 2) prema ranije opisanoj metodi (204,
205). Ispitivanje je provedeno na dva soja P. falciparum: Pf3D7 (CQOS) i PfDd2 (CQRS,
porijeklom iz Indokine). Antimalarijsko djelovanje odabranih harmikina ispitano je na dva
dodatna soja: PfK1 (soj otporan na CQ, pirimetamin i sulfadoksin, porijeklom iz Tajlanda) i
Pf7G8 (soj otporan na CQ i pirimetamin, porijeklom iz Brazila). Ukratko, ispitivani spojevi
naneseni su u serijskim razrijedenjima na mikrotitarsku plo¢u s 96 bunaric¢a, nakon Cega je
dodana stani¢na kultura plazmodija u stadiju prstena (hematokrit 1,5 %, parazitemija 0,05 %).
Nakon trodnevne inkubacije na 37 °C, pri 5 % CO2 i 5 % O, uzorci su analizirani HRP2-ELISA
metodom. Ispitivanja su provedena u duplikatu, u najmanje dva neovisna eksperimenta.
Koncentracija spoja koja inhibira rast stanica za 50 % (ICso) odredena je iz krivulje ovisnosti
ucinka 0 koncentraciji ispitivanog spoja primjenom nelinearne regresijske analize u programu
R v2.6.1. Rezultati su izrazeni kao srednje vrijednosti 1Cso s pripadaju¢im standardnim

pogreskama.

3.3.2.2. Ispitivanje inhibicije polimerizacije hemozoina

Ispitivanje sposobnosti spojeva da inhibiraju polimerizaciju hemozoina provedeno je
prema ranije objavljenoj metodi (111). Na mikrotitarsku plocu s 96 bunari¢a nanesena je
otopina hemin klorida u DMSO-u (5,2 mg/mL, 50 pL), nakon ¢ega su u bunari¢e dodane
otopine ispitivanih spojeva u DMSO-u (1 mM, 50 pL). Kao pozitivna kontrola koristena je
otopina CQ difosfata u DMSO-u (1 mM, 50 uL), dok je kao negativna kontrola koristen DMSO
(50 pL). Stvaranje B-hematina inicirano je dodatkom fosfatnog pufer pH = 4,4 (0,2 M, 100 uL).

Uzorci su inkubirani pri 37 °C tijekom 48 h, nakon ¢ega su ploce centrifugirane pri 1500 rcf
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(Eppendorf Centrifuge 5804/5804R) tijekom 0,33 h. Supernatant je uklonjen, a talog ispran
DMSO-om (3 x 200 uL) i ultracistom vodom (x 200 mL). Svako ispiranje taloga
podrazumijevalo je centrifugiranje pri 1500 rcf i odstranjivanje supernatanta. Talog koji je
zaostao nakon ispiranja otopljen je u 0,2 M NaOH (200 pL), a otopina razrijedena s 0,1 M
NaOH (omjer 1:6). Dobivenim otopinama izmjerena je apsorbancija pri 405 nm koriStenjem

uredaja Victor 3 (Perkin Elmer).

3.3.2.3. Ispitivanje u¢inka hibrida na hepatocitnu fazu Zivoetnog ciklusa plazmodija

Djelovanje sintetiziranih spojeva na hepatocitnu fazu P. berghei ispitano je koristenjem
testa bioluminiscencije prema ranije opisanoj metodi (206, 207). Ukratko, humana stani¢na
linija hepatocelularnog karcinoma (Huh7) nasadena je u mikrotitarsku plo¢u s 96 bunarica te
inkubirana tijekom no¢i na 37 °C, pri 5 % COa. Idué¢i dan stani¢ni medij je zamijenjen
otopinama ispitivanih spojeva odgovarajucih koncentracija, a mikrotitarske ploce su inkubirane
tijekom 1 h na 37 °C, pri 5 % CO». Potom su stani¢ne Kulture u bunari¢ima tretirane
sporozoitima P. berghei koji eksprimiraju luciferazu. Infektirane stani¢ne kulture su
centrifugirane te inkubirane tijekom 46 sati na 37 °C, pri 5 %. Kako bi se odredio u¢inak
ispitivanih spojeva na vijabilnost parazita, stani¢ne kulture su inkubirane bojom Alamar Blue,
nakon Cega je proveden test bioluminiscencije. ICso je odredena iz krivulje doza-ucinak
primjenom nelinearne regresijske analize u programu GraphPad Prism 6.0. Rezultati su izrazeni

kao srednje vrijednosti ICso s pripadaju¢im standardnim pogreskama.
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4.1. SINTEZE

U ovom doktorskom radu opisana je priprava, karakterizacija i biolosko djelovanje
hibridnih spojeva harmina, odnosno -karbolina i: a) DCK-a (harmicini), b) CQ-a (harmikini)
i ¢) ferocena (harmiceni). U hibridima su kao poveznice izmedu [-karbolinskog i
cimetnog/klorokinskog/ferocenskog dijela molekule koristeni 1,2,3-triazol i amid te su
dobiveni derivati triazolskog (TT), odnosno amidnog tipa (AT). Triazol je u molekulu hibrida
uveden koristenjem CUAAC, poznatije kao klik-reakcije, dok je amid pripravljen reakcijom
povezivanja (engl. coupling reaction) karboksilne kiseline i amina. Osim koristenja dvije vrste
poveznica, strukturna raznolikost hibrida dodatno je ostvarena supstituiranjem B-karbolinskog
prstena u 5 razli¢itih poloZzaja. Sintetizirani su (Slike 58-60):

I.  harmicini TT 47a-e, 48a-¢e, 49a-e, 50a,c-e,
ii.  harmikini TT 51-58,
iii.  harmikini AT 59-65,
iv.  harmiceni TT 66-75,
v.  harmiceni AT 76-83.

Prije priprave harmicina, harmikina i harmicena, bilo je potrebno sintetizirati njihove
prekursore, derivate B-karbolina, DCK-a, CQ-a i ferocena. Pripravljeni su sljede¢i spojevi
prekursori:

i.  alkini B-karbolina 4, 13, 15, 19, 24 i 28,
i.  azidi p-karbolina 6, 11, 22, 27 i 31,
iii.  amini B-karbolina 7, 12, 21, 26, 30,
iv.  karboksilna kiselina harmina 33,
v. alkini DCK-a 34a-e,
vi. azidi DCK-a 37a-e,
vii.  alkin 7-klorkinolina 42,
viii.  azidi 7-klorkinolina 38 i 40,

ix. karboksilna kiselina 7-klorkinolina 43
X. amini 7-klorkinolina 44 i 45

xi.  azid ferocena 46.
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4.1.1. Sinteza C-1 alkina, azida i amina B-karbolina

Prvi korak u pripravi C-1, C-3 1 O-6 alkina, azida i amina B-karbolina podrazumijevao je
sintezu tetrahidro-B-karbolina Pictet-Spenglerovom reakcijom triptamina ili njegovog derivata
i odgovarajuceg aldehida. U drugom koraku dobiveni tetrahidro-f-karbolini oksidirani su u -
karboline, nakon ¢ega su modifikacijama supstituenata pripravljeni potrebni alkini, azidi i
amini.

Sinteza C-1 alkina, azida i amina pocinje Pictet-Spenglerovom reakcijom triptamina i 2,2-
dimetoksiacetaldehida uz TFA pri ¢emu nastaje enantiomerna smjesa tetrahidro-p-karbolina 1
koja je pomocu KMnO4 oksidirana u B-karbolin 2 (Shema 13) (192). MnO., nusprodukt koji
nastaje redukcijom KMnQyg, uklonjen je filtracijom rekacijske smjese kroz sloj Celita. Acetalna
skupina spoja 2 hidrolizirana je refluksiranjem u smjesi octene kiseline i vode (omjer 2:3) dajuci

aldehid 3 (192) koji je posluZzio za pripravu alkina 4 i alkohola 5.

—
Qg e O e 2 O
h N < H <
1T o 2 —o

triptamin

\ N

Q! o !

4

H X\ = = =
© \ N e \ N 2 L
Y Y Y
OH N NH
5 6 : 7 2

Shema 13. Sinteza C-1 meduprodukata 3-karbolina
Reagensi i uvjeti: (a) (CH30),CHCHO, TFA, CHCly, s.t., 18 h; (b) KMnOa, THF, s.t, 48 h; (c) AcOH, H,0, 100
°C, 1 h; (d) CHsCOCN,PO(OCHs3)z, K2CO3, MeOH, s.t., 2 h; (e) LiAlH4, THF, s.t., 0,5 h; (f) ADMP, DBU,
THF, 0 °C, 1 h; (g) H2/Pd/C, MeOH, s.t., 3 h.

—_—

w IZ

Alkin 4 je pripravljen na drugaciji nacin nego je opisano u literaturi (200), pretvorbom
aldehida u alkin primjenom reakcije homologacije. Postoje razlicite metode homologacije za
pripravu alkina iz aldehida (208). Metode isprobane za sintezu C-1 alkina prikazane su na
Shemi 14.
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Shema 14. Optimiranje sinteze C-1 alkina -karbolina

Metode 1 i 2 podrazumijevale su koristenje jakih baza (t-BuOK, DBU, NaOH) i
zahtijevale slozene postupke obrade reakcijske smjese (209, 210). Dodatno, Metoda 1
ukljucivala je pripravu reagensa A. Metoda 3 predstavlja Bestman-Ohirinu modifikaciju
Seyferth-Gilbertove homologacije. Klasi¢na Seyferth-Gilbertova homologacija je one-pot
rekacija prevodenja adehida u alkin posredstvom dimetil(diazometil)fosfonata (DAMP). Ovaj
reagens je nestabilan, zbog ¢ega nije komercijalno dostupan, veé¢ ga je potrebno pripremiti
neposredno prije reakcije. Bestmann i Ohira otkrili su da se DAMP moze u¢inkovito zamijeniti
stabilnim dimetil(1-diazo-2-oksopropil)fosfonatom (Bestmann-Ohirin reagens, BOR), koji se
in situ deacilira i tvori anion DAMP-a potreban za odvijanje reakcije (208, 211). Detaljan
mehanizam Bestman-Ohirine modifikacije Seyferth-Gilbertove homologacije prikazan je na
Shemi 15.
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Shema 15. Mehanizam Seyferth-Gilbertove homologacije uz Bestmann-Ohirinu modifikaciju

Reakcijom K>COs i metanola nastaju metoksidni anioni koji se nukleofilno adiraju na
karbonilnu skupinu BOR-a, nakon ¢ega dolazi do deacilacije i nastanka aniona DAMP-a.
Potonji reagira s karbonilnom skupinom aldehida ili ketona daju¢i o-diazoalkoksid.
Nukleofilnim napadom kisikovog aniona na fosfor dolazi do generiranja oksafosfetana. Slijedi
eliminacija dimetilfosfonata i nastajanje termicki nestabilnog diazovinilnog meduprodukta.
Gubitkom dusika nastaje vinilkarben koji 1,2-pregradnjom prelazi u alkin (43). Seyferth-
Gilbertovom homologacijom modificiranoj prema Bestmann-Ohiri mogu se uspjesno pripraviti
odgovarajuci alkini s dobrim do odli¢nim iskoristenjima. Nakon jednostavne obrade reakcijske
smijese dobiju se alkini visoke ¢istoce. Stovise, ova metoda ne zahtjeva koristenje jakih baza,
niskih temperatura i odvijanje reakcije pod atmosferom inertnih plinova. Reakcija uspijeva s
aromatskim, heteroaromatskim i alifatskim aldehidima (208). Ovom metodom uspjesno je
pripravljen alkin 4 u dobrom iskoristenju (75 %). Alternativha metoda sinteze C-1 alkina, koja
podrazumijeva alkiliranje alkohola 5 uz propargil-bromid i cezijev karbonat (analogno pripravi
0-6 i O-7 alkina B-karbolina), nije bila uspjesna jer je kisik alkoholne skupine slabiji nukleofil
od dusika amino skupine te se alkiliranje gotovo selektivno odvijalo u polozaju N-9 B-
karbolinskog prstena.

Alkohol 5, dobiven redukcijom aldehida 3 uz LiAlH4, preveden je reakcijom azidacije u
azid 6 koristenjem ADMP-a i baze DBU (212). U ovoj reakciji ADMP je donor azidne skupine,
dok DBU ima dvije uloge: aktivira ADMP i neutralizira nastalu heksafluorfosfornu kiselinu
(213). Nusprodukti, 2-imidazolidinon i DBU x HPFs, topljivi su u vodi te se ekstrakcijom lako
uklanjaju iz reakcijske smjese (212). Azid 6 je redukcijom u atmosferi vodika uz 10 %-tni Pd/C

(katalizator) preveden u amin 7.
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NMR spektroskopski podaci pripravljenih spojeva 1-5 odgovaraju literaturnim podacima.
Strukture novosintetiziranih spojeva 6 i 7 potvrdene su uobi¢ajenim metodama (IR, H i *C
NMR, MS).

Azid 6 se tijekom MS analize raspada te njegov MS spektar nije prilozen. Njegova
struktura potvrdena je analizom IR i NMR spektara. IR spektar azida 6 pokazuje karakteristi¢nu
vrpcu na 2105 cm™t (N=N=N istezanje), dok su kemijski pomaci protona u *H, odnosno atoma
ugljika u 3C NMR spektrima u skladu s predlozenom strukturom azida. U *H spektru amina 7
nisu vidljivi signali protona za NH, odnosno NH> skupinu jer su izmijenjeni s D20, ali su
kemijski pomaci atoma ugljika u *3C NMR spektru u skladu s predlozenom strukturom. U IR
spektru amina 7 nema karakteristi¢ne vrpce za N=N=N istezanje azidne skupine $to potvrduje
uspjesnu konverziju azida u amin. U MS spektru vidljiv je pseudomolekulski ion. Analiticki,
MS, IR te *H i 1*C NMR podaci za spojeve 6 i 7 dani su u Tablicama 2 i 3.

Tablica 2. Analiticki, MS i IR podaci za C-1 derivate p-karbolinskog prstena — azid 6 i
amin 7

\ N \ N
H N
6 Nj ; NH,
Iskor Molekulska
Spoj (%) ' tt (°C) for'\r;:ula MS (m/z) IR (ATR, vmadcm™)

3663, 3451, 3288, 3059, 2937
_ CuoHoNs 2855, 2105, 1730, 1631, 1566
6 73 ulje 293 24 -2 1493, 1428, 1371, 1321, 1248,
’ 1118, 1052, 971, 938, 873,

824, 751, 718, 620, 579, 432
3347, 3282, 3120, 3051, 2955
2856, 2776, 1625, 1600, 1562
1501, 1477, 1460, 1430, 1355

7 71 201-205° Cllgjlé';“ 196,0 (M-1)- 1327, 1316, 1240, 1212, 1163,
' 1127, 1108, 1071, 960, 896,
848, 829, 772, 747, 671, 595,
564, 516
2 raspad
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Tablica 3. *H i 3C NMR spektroskopski podaci za C-1 derivate B-karbolinskog prstena —
azid 6 iamin 7

Spoj IH NMR (DMSO-ds, & ppm) 13C NMR (DMSO-ds, & ppm)

11,78 (s, 1H, 10), 8,36 (d, 1H, 7, J = 5,2 Hz),

8,29-8,23 (m, 1H, 3), 8,13 (d, 1H, 6, J=5,2 140,58 (8), 139,19 (11), 137,75 (7), 133,86 (9),
6  Hz),7,64 (dt, 1H, 12, J=8,3,0,9 Hz), 7,60— 128,50 (5), 128,44 (1), 121,87 (3), 120,74 (4),

7,57 (m, 1H, 1), 7,29-7,26 (m, 1H, 2), 4,89 (s, 119,57 (2), 114,77 (6), 112,02 (12), 51,59 (1)

2H, 1)

8,26 (d, 1H, 7, J = 5,2 Hz), 8,21 (dt, 1H, 3, J
= 7,8, 1,0 Hz), 7,97 (d, 1H, 6, J = 5,2 Hz),
7,63-7,62 (m, 1H, 12), 7,55-7,52 (m, 1H, 1),
7,24-7,22 (m, 1H, 2), 4,19 (s, 2H, 1)

146,51 (8), 140,35 (11), 137,18 (7), 133,23 (9),
127,82 (1), 127,42 (5), 121,60 (3), 120,88 (4),
119,15 (2), 113,19 (6), 112,01 (12), 44,59 (1)
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4.1.2. Sinteza C-3 alkina, azida i amina B-karbolina
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Shema 16. Sinteza C-3 alkina, azida i amina 3-karbolina

Reagensi i uvjeti: (a) (CH30)2CHCHs, TFA, CH.Cly, s.t., 18 h; (b) Pd/C, EtOH, MW, 150 °C, 0,33 h; (c)

LiAIH,, THF, s.t., 0,5 h; (d) ADMP, DBU, THF, 0 °C, 1 h; (e) Ho/Pd/C, MeOH, s.t., 3 h; (f) HC=CCH_:Br,

Cs2COs, DMF, s.t., 5 h; (g) MnO2, CH,Cly, s.t., 72 h, (h) CH3COCN2PO(OCHj),, KoCO3, MeOH, s.t., 24 h.
Sinteza C-3 alkina, azida i amina pocinje reakcijom metilnog estera triptofana i
acetaldehid-dimetil-acetala uz TFA pri ¢emu nastaje dijastereomerna smjesa tetrahidro-3-
karbolina 8 (192) koja je oksidirana uz 10 %-tni Pd/C pomocu mikrovalova u f-karbolin 9
(Shema 16) (42). Provodenje reakcije pri visokoj temperaturi (150 °C), u velikom suvisku
etanola, rezultiralo je transesterifikacijom metilnog u etilni ester, $to nije opisano u literaturi,
ali nije imalo utjecaj na daljnji tijek sinteze (42). Ester 9 reduciran je koristenjem LiAlHz u
alkohol 10 koji je posluzio za sintezu: a) azida 11, reakcijom azidacije uz ADMP i DBU, b)
alkina 13, alkiliranjem s propargil-bromidom u prisustvu Cs>CQOg, ¢) aldehida 14, oksidacijom
uz MnO.. Redukcijom azida 11 u atmosferi vodika uz Pd/C prireden je amin 12, dok je

reakcijom homologacije aldehid 14 preveden u alkin 15.
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NMR spektroskopski podaci pripravljenih spojeva 8, 10 i 14 odgovaraju literaturnim
podacima. *H i 3C NMR spektroskopski podaci spoja 9 potvrduju nastajanje etilnog estera.
Strukture novosintetiziranih spojeva 11-13 i 15 potvrdene su uobi¢ajenim metodama (IR, *H i
13C NMR, MS). Analiti¢ki, MS, IR te *H i 3C NMR podaci za spojeve 11-13 i 15 dani su u
Tablicama 4 i 5.

Azid 11 se, poput azida 6, raspada prilikom MS analize. Njegova struktura potvrdena je
IR i NMR spektrima. U IR spektru azida 11 vidljiva je karakteristicna vrpca na 2108 cm
(N=N=N istezanje), dok su kemijski pomaci protona u *H, odnosno atoma ugljika u **C NMR
spektrima u skladu s predlozenom strukturom azida. U *H spektru amina 7 nije vidljiv signal
protona za NH. skupinu jer je izmijenjen s D20, ali su kemijski pomaci atoma ugljika u 3C
NMR spektru u skladu s predlozenom strukturom. U IR spektru amina 7 nema karakteristi¢ne
vrpce za N=N=N istezanje azidne skupine $to potvrduje uspjesnu konverziju azida u amin. U
IR spektrima alkina 13 i 15 vidljiva je karakteristi¢na vrpca (C=C istezanje) pri 2109 cm?,
odnosno 2104 cm™?, redom. Dodatno, u IR spektru alkina 15 vidljiva je otra, slaba vrpca pri
3306 cm™ (=C-H istezanje), dok je u IR spektru alkina 13 ta vrpca spojena sa $irokom, jakom
vrpcom pri 3154 cm™ (O-H istezanje). U *H NMR spektru alkina 13 signal protona iz OH
skupine vidljiv je kao triplet (sprezanje sa susjednom metilenskom skupinom) i oc¢ekivano
pomaknut ulijevo (5,35 ppm), dok je signal za proton =C-H vidljiv kao triplet (sprezanje s
metilenskom skupinom udaljenom 1 C atom) na 3,35 ppm. U MS spektrima spojeva 12, 13 i

15 vidljivi su pseudomolekulski ioni.
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Tablica 4. Analiti¢ki, MS i IR podaci za C-3 derivate B-karbolinskog prstena (11-13, 15)

N3

NH,

tt (°C)

Molekulska
formula
M¢

MS (m/z)

IR (ATR, Vmaxlcmfl)

11

76

ulje

C13H11Ns
237,27

3671,
2937,
2104, 1689, 1631, 1566,
1509, 1452, 1403, 1354,
1264, 1085, 1036, 971, 848,
759, 718, 644, 579, 431

3451,
2863,

3239,
2447,

3051,
2325,

12

61

176-178,5

C13H13N3
211,27

210,0
(M-1)°

3338, 3239, 3130,
2978, 2940, 2914,
2850, 2783, 2737,
2637, 1626, 1606,
1503, 1453, 1401,
1344, 1317, 1284, 1250,
1176, 1147, 1103, 1083,
1009, 970, 945, 891, 838,
813, 775, 734, 643, 588, 545

3057,
2882,
2690,
1566,
1374,

13

72

225-230%

C16H14N20

55030 251,1 (M+1)

3154, 2929, 2823, 21009,
1621, 1561, 1475, 1453,
1360, 1333, 1283, 1206,
1139, 1063, 1040, 965, 933,
877,744,724, 641, 578

15

61

230-235°

C14H10N2

206,95 207,6 (M+1)

3306, 3143, 2104,
1597, 1563, 1499, 1446,
1375, 1338, 1315, 1247,
1178, 1146, 1014, 961, 899,
877,776, 740, 654, 625, 587,
504, 457

1622,

raspad
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Tablica 5. *H i 3C NMR spektroskopski podaci za C-3 derivate p-karbolinskog prstena (11-

13, 15)

Spoj

IH NMR (DMSO-ds, & ppm)

13C NMR (DMSO-ds, 6 ppm)

11

11,66 (s, 1H, 10), 8,20 (d,1H, 3, J = 7,9 Hz),
8,00 (s, 1H, 6), 7,62-7,60 (m, 1H, 12), 7,57—
7,53 (m, 1H, 1), 7,26-7,23 (m, 1H, 2), 4,57 (s,
2H, 1), 2,78 (s, 3H, 13)

143,23 (7), 142,12 (11), 140,74 (8), 133,94 (9),
128,02 (1), 127,56 (5), 121,74 (3), 121,01 (4),
119,39 (2), 112,07 (12), 111,72 (6), 55,30 (1Y),
20,41 (13)

12

11,42 (s, 1H, 10), 8,14 (d, 1H, 3, J = 7,6 Hz),
7,91 (s, 1H, 6), 7,57-7,47 (m, 2H, 1, 12), 7,20
(t, 1H,2,J=6,9 Hz), 3,89 (s, 2H, 1'), 2,73 (s,
3H, 13)

151,13 (7), 140,89 (11), 140,74 (8), 133,29 (9),
127,76 (5), 127,62 (1), 121,53 (3), 121,19 (4),
118,98 (2), 111,89 (12), 109,01 (6), 47,59 (1Y),
20,38 (13)

13

8,25 (d, 1H, 3, J = 7,8 Hz), 8,03 (s, 1H, 6),
7,78 (d, 1H, 12, J = 8,3 Hz), 7,63-7,58 (m,
1H,1),7,29 (t, 1H, 2, J = 7,4 Hz), 5,45 (d, 2H,
1',J = 2,4 Hz), 5,35 (t, 1H, 15, J = 5,8 Hz),
4,68 (d, 2H, 14, J = 5,8 Hz), 3,35 (t, 1H, 3', J
= 2,4 Hz), 3,04 (s, 3H, 13)

150,83 (8), 141,27 (7), 140,52 (9), 133,22 (11),
129,53 (4), 128,23 (1), 121,52 (3), 121,05 (5),
120,04 (2), 110,37 (12), 109,11 (6), 75,50 (2,
64,34 (14), 34,19 (1), 22,45 (13)

15

11,83 (s, 1H, 10), 8,25-8,22 (m, 1H, 3), 8,21
(s, 1H, 6), 7,62-7,59 (m, 1H, 12), 7,57-7,53
(m, 1H, 1), 7,27-7,23 (m, 1H, 2), 4,03 (s, 1H,
2, 2,74 (s, 3H, 13)

142,83 (7), 140,70 (8), 134,06 (11), 129,54 (9),
128,30 (1), 127,01 (4), 122,05 (3), 120,72 (5),
119,78 (2), 117,22 (6), 112,15 (12), 84,85 (1),
76,72 (2), 20,33 (13)
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4.1.3. Sinteza O-6 alkina, azida i amina B-karbolina

Sinteza O-6 alkina, azida i amina pocinje reakcijom 5-metoksitriptamina i acetaldehid-
dimetil-acetala uz TFA na 110 °C pri ¢emu nastaje trifluroctena sol tetrahidro-p-karbolina 16
(Shema 17). Reakcija se razlikuje u odnosu na literaturni propis prema koristenom otapalu
(ACN umijesto 1,2-dikloretana). Spoj 16 oksidiran je uz 10 %-tni Pd/C i Li.CO3z na 150 °C u 8-
karbolin 17 (42). Li2COz in situ oslobada spoj 16 iz oblika soli. Eterska skupina spoja 17
hidrolizirana je u smjesi octene i bromovodi¢ne kiseline na 140 °C u fenol 18. Prehodne reakcije

provedene su uz pomo¢ mikrovalova.

5- metokstnptamm 16

..............

\o

\ \/ N g—l{?HCI'E

o o N { Jsasho |
b x

18

BocHN"\__o HN"\_-o

\\/N > \ N
N
20

Shema 17. Sinteza O-6 alkina, azida i amina 3-karbolina
Reagensi i uvjeti: (a) (CH30).,CHCHas, TFA, ACN, MW, 110 °C, 0,17 h; (b) Pd/C, Li.CO3, EtOH, MW, 150 °C,
0,33 h; (c) HBr/CH:COOH, MW, 140 °C, 0,5 h; (d) HC=CCH:Br, Cs,COs, DMF, s.t., 3 h; (e) BocNH(CH>).Br,
Cs,COs3, TBAHS, DMF, s.t., 18 h; (f) HCI/MeOH, 50 °C, 18 h; (g) ISA x HCI, K2COj3, CuSO4 x 5H,0, MeOH,
s.t., 2h.

Fenol 18 alkiliran je prema Sn2 mehanizmu: 1) propargil-bromidom u prisustvu cezijevog
karbonata u alkin 19, 2) tert-butil-(2-bromoetil)karbamatom u prisustvu cezijevog karbonata i
TBAHS u tert-butil(2-((1-metil-9H-pirido[3,4-b]indol-6-il)oksi)etil)karbamat 20. TBAHS ima
ulogu katalizatora faznog prijelaza, odnosno sluzi za prijenos karbonatnih iona u organsku fazu
¢ime ubrzava reakciju alkiliranja. Uklanjanjem Boc zastitne skupine u kiselim uvjetima, uz 4

M otopinu klorovodi¢ne kiseline u metanolu, na 50 °C, dobiven je amin 21. Uklanjanje Boc-a
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odvija se u dva koraka: 1) hidroliza O-tert-butilne skupine, 2) spontana dekarboksilacija nastale
karbaminske kiseline. Amin 21 preveden je uz ISA x HCI, kalijev karbonat i CuSO4 x 5H20 u
azid 22. Diazo donor u reakciji je ISA x HCI, dok je Cu?* katalizator. ISA x HCI moze se
relativno jednostavno i jeftino pripremiti reakcijom sulfuril-klorida s natrijevim azidom i
imidazolom (202). Nestabilni 1H-imidazol-1-sulfonil azid preveden je dokapavanjem 1 M
klorovodiéne kiseline u etil-acetatu u stabilnu hidrokloridnu sol.

NMR spektroskopski podaci spojeva 16-18 odgovaraju literaturnim podacima. Spojevi
19-22 su novi, do sada neopisani spojevi. Strukture spojeva 19-21 potvrdene su uobicajenim
metodama (IR, MS, *H i C NMR), dok je spoj 22 nestabilan te je njegova struktura potvrdena
neizravno, prevodenjem u odgovarajudi triazol.

U IR spektru alkina 19 vidljive su karakteristicne vrpce na 2128 (C=C istezanje) i 3292
cm ! (=C-H istezanje). U IR spektru amina 21 vidljiva je vrpca na 3359 cm* (N-H istezanje).
Kemijski pomaci protona u *H, odnosno ugljika u *3C NMR spektrima spojeva u skladu su s
predlozenim strukturama. U 'H NMR spektru alkina 19 signal =C-H vidljiv je kao triplet
(sprezanje s metilenskom skupinom) na 3,56 ppm. *H NMR spektar spoja 20 sadrzi NH signal
amida na 7,06 ppm te 1 signal (singlet, 9 protona) na 1,40 ppm koji odgovara tert-butilnoj
skupini, dok je u **C NMR-u vidljiv signal karbonila na 155,73 ppm. U *H NMR-u amina 21
NH signal nije vidljiv zbog izmjene s D20, ali je struktura potvrdena MS analizom. Analiticki,
MS, IR te 'H i 1*C NMR podaci za spojeve 19-21 dani su u Tablicama 6 i 7.
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Tablica 6. Analiti¢ki, MS i IR podaci za O-6 derivate 3-karbolinskog prstena (19-21)

\ N

HZN/\/O
\ N \ N \ N
19 20 21
_ Iskor. Molekulska
Spoj (%) tt (°C) forl\rjlmla MS (m/z) IR (ATR, vmadcm™)
r
3292, 3122, 3054, 2950,
2860, 2766, 2716, 2366,
2330, 2128, 2058, 1866,
CisH12N20 237,1 1764, 1736, 1606, 1570,
19 51 175,5-177,5 23697 ML) 1506, 1476, 1448, 1412,
' ( ) 1380, 1334, 1292, 1260,
1200, 1120, 1068, 1030,
986, 944, 914, 886, 818,
758, 646, 524
C19H23N303 342,4
20 56 Ulje o2
341,41 (M+1)*
3645, 3359, 3241, 3065,
2925, 2869, 1605, 1581,
C14H15N30 2422 1566, 1500, 1478, 1458,
21 69 170,5-172

241,29 (M+1)*

703, 632

1401, 1288, 1234, 1211,
1126, 1071, 1059, 992, 905,
884, 847, 825, 816, 741,

2n.0. — nije odredeno
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Tablica 7. *H i 3C NMR spektroskopski podaci za O-6 derivate B-karbolinskog prstena (19-

21)

Spoj

IH NMR (DMSO-ds, & ppm)

13C NMR (DMSO-ds, 6 ppm)

19

11,42 (s, 1H, 10), 8,17 (d, 1H, 7, J = 5,4 Hz),
7,88 (d, 1H, 6, J=5,3 Hz), 7,81 (d, 1H, 3, J =
2,5Hz),7,53(d, 1H, 12, J = 8,9 Hz), 7,23 (dd,
1H,1,7=8,8,25Hz),4,88(d, 2H, 1", J=24
Hz), 3,56 (t, 1H, 3", J = 2,4 Hz), 2,75 (s, 3H,
13)

151,09 (2), 142,26 (8), 137,03 (7), 135,67 (11),
135,12 (9), 126,63 (4), 121,27 (5), 118,34 (1),
112,72 (6), 112,62 (12), 105,62 (3), 78,04 (2'),
56,26 (1), 20,40 (13)

20

11,42 (s, 1H, 10), 8,16 (d, 1H, 7, J = 5,3 Hz),
7,92 (d, 1H, 6,3 =5,3 Hz), 7,77 (d, 1H, 3, J =
1,7 Hz), 7,51 (d, 1H, 12, J = 8,8 Hz), 7,18 (dd,
1H,1,J=8,8, 2,3 Hz), 7,06 (t, 1H, 3, J = 5,0
Hz), 4,05 (t, 2H, 1', J = 5,8 Hz), 3,39-3,34 (m,
2H, 2, 2,75 (s, 3H, 13), 1,40 (s, 9H, 6', 7', 8))

155,73 (4), 152,39 (2), 142,04 (8), 136,57 (7),
135,41 (11), 135,03 (9), 126,88 (4), 121,35 (5),
118,42 (1), 112,78 (6), 112,75 (12), 104,68 (3),
77,76 (5, 67,19 (1), 39,61 (2), 28,24 (6', 7,
8", 20,23 (13)

21

11,36 (s, 1H, 10), 8,15 (d, 1H, 7, J = 5,3 Hz),
7,90 (d, 1H, 6, J=5,3 Hz), 7,74 (d, 1H, 3, J =
2,3 Hz), 7,50 (d, 1H, 12, J = 8,8 Hz), 7,19 (dd,
1H,1,J=838,2,5Hz), 4,02 (t, 2H, 1, J = 5,8
Hz), 2,94 (t, 2H, 2', J = 5,7 Hz), 2,74 (s, 3H,
13)

152,47 (2), 141,87 (8), 136,70 (7), 135,19 (11),
134,93 (9), 126,54 (4), 121,29 (5), 117,98 (6),
112,34 (1), 112,18 (12), 104,86 (3), 71,06 (1),
40,87 (2), 19,97 (13)
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4.1.4. Sinteza O-7 i N-9 derivata B-karbolinskog prstena

O-7 i N-9 derivati B-karbolinskog prstena pripravljeni su iz komercijalno dostupnog
harmina, odnosno iz harmola 23 (97, 98) (Shema 18). Harmol 23 dobiven je hidrolizom eterske
skupine harmina u smjesi octene i bromovodiéne kiseline na 140 °C uz mikrovalno zra¢enje
(97). Alkiliranjem harmina, odnosno harmola 23 propargil-bromidom u prisustvu cezijevog
karbonata sintetizirani su alkini 24 i 28 (97). Analogno, alkiliranjem harmina/harmola tert-
butil-(2-bromoetil)karbamatom u prisustvu cezijevog karbonata pripravljeni su tert-butil-(2-
((1-metil-9H-pirido[3,4-b]indol-7-il)oksi)etil)karbamat 25 i tert-butil-(2-(7-metoksi-1-metil-
9H-pirido[3,4-b]indol-9-il)etil)karbamat 29. Uklanjanjem Boc zastitne skupine u 4 M otopini
klorovodi¢ne kiseline u metanolu na 50 °C dobiveni su amini 26 i 30 (98).

Q/\Q
N

2

w
m
o
Q
I
z
\
Nz
—
g/
z
lm
z
ju
o]
T
—
N\
z

28
CF/Q S
harmin =
\ \ N \ N
N N
2

Shema 18. O-7 i N-9 derivata B-karbolinskog prstena
Reagensi i uvjeti: (a) HBr/CH3;COOH, MW, 140 °C, 0,5 h; (b) HC=CCH;Br, Cs,COs, DMF, s.t., 3 h; (¢)
BocNH(CH,)2Br, Cs,C03, DMF, 90 °C, 24 h; (d) HCI/MeOH, 50 °C, 18 h; (e) ISA x HCI, K2CO3, CuSO4 x
5H,0, MeOH, s.t., 18 h; () ISA x HCI, K,CO3, CuSO4 x 5H,0, MeOH, s.t., 3h; (g) CH,=CHCOOCHSs, DBU,
ACN, 60 °C, 48 h; (h) LiOH x H,0, MeOH/H-0, s.t., 1 h.

Amini 26 i 30 su pomoc¢u ISAxHCI uz kalijev karbonat i CuSO4 x SH20 prevedeni u
azide 27 i 31 (202). Spojevi 27 i 31 su novi, do sada neopisani spojevi. Struktura spoja 27
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potvrdena je uobicajenim metodama (IR, *H i *C NMR), a odgovarajuéi podaci su dani u

Tablici 8. Struktura spoja 31 potvrdena neizravno, prevodenjem u triazol.

Karboksilna kiselina 33 pripravljena je u dva koraka (194). Michaelovom adicijom

harmina na metil-akrilat uz DBU u ACN-u na 60 °C pripravljen je ester 32. Reakcija je

provedena uz zaStitu od svjetlosti jer je metil-akrilat na svjetlosti nestabilan. Hidrolizom estera

32 uz LiOH x H20 u smjesi metanola i vode dobivena je karboksilna kiselina 33. NMR

spektroskopski podaci spojeva 32 i 33 odgovaraju literaturnim podacima.

Tablica 8. Analiticki, MS i IR podaci za azid 27

Spoj 27
Iskor. (%) 79
t (°C) ulje
Mr 267,11
MS (m/z) -
IR (ATR, vmax/cm™) n.o.

'H NMR
(DMSO-ds, 6 ppm)

11,44 (s, 1H, 10), 8,16 (d, 1H, 7, J = 5,3 Hz), 8,08 (d, 1H, 3, J = 8,6 Hz),
7,82 (d, 1H, 6, J=5,2 Hz), 7,04 (d, 1H, 12, J = 2,2 Hz), 6,87 (dd, 1H, 2, J
=8,6,2,2 Hz), 4,30 (t, 2H, 1', J = 4,8 Hz), 3,72 (t, 2H, 2", J = 4,8 Hz), 2,73

(s, 3H,13)

1BC NMR
(DMSO-ds, 6 ppm)

158,70 (1), 141,77 (8), 141,35 (11), 137,78 (7), 134,60 (9), 127,12 (5),
122,75 (3), 115,26 (4), 111,99 (6), 109,14 (2), 95,62 (12), 67,14 (1), 49,64
(2'), 20,33 (13)

2 raspad; © n.o. — nije odredeno.
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4.15. Sinteza alkina i azida DCK-a

DCK-i su prevedeni u propargilne estere 34a-e i azide 37a-e (Shema 19). Propargilni
esteri DCK-i pripravljeni su reakcijom cimetne kiseline ili njenih derivata i propargil-bromida
uz kalijev karbonat. Propargilni esteri 34a-e, osim derivata 34c, su poznati spojevi. Njihovi
NMR spektroskopski podaci odgovaraju literaturnim podacima, dok su analiticki, IR i NMR

spektroskopski podaci za novosintetizirani m-Br derivat (34c) dani u Tablici 9.

0

X
A @/\)J\O/\\\
/ 34a-e
O

WOH
R
O
b, NS d X e S
< O/\ _>R‘©/\/\OH_>R©/\AN3

35a-e 36a-e 37a-e

a b c d e

R H m-F m-Br p-Cl p-OCH,

Shema 19. Sinteza alkina i azida DCK-a
Reagensi i uvjeti: (a) HC=CCH2Br, K,COs, DMF, s.t., 48 h; (b) SOCI,, DMF, toluen, s.t., 1 h; (c)
EtOH/TEA/CH,Cl,, s.t., 3 h; (d) LiAlH4, EtO, <0 °C, 1,5 h; (¢) ADMP, DBU, THF, 0 °C, 0,5 h.
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Tablica 9. Analiticki, MS, IR, H i *C NMR podaci za alkin 34c

Spoj 34c
Iskor. (%) 87
t (°C) 79-81
Molekulska
formula C12HsBr0;
M, 265,11
MS (m/z) 2
IR (ATR) 3416, 3279, 3060, 3042, 2940, 2132, 1716, 1637, 1561, 1479, 1419, 1360,
ymax (cm™) 1295, 1201, 1169, 1073, 991, 965, 851, 780, 754, 696, 665, 632, 554
' NMR 8,02 (t, 1H, 5, J= 1,8 Hz), 7,78 (dt, 1H, 9, J = 7,7, 1,4 Hz), 7,69 (d, 1H, 3,
(DMSO-ts, 3 ppmy 2= 16.1 H2), 764762 (m, 1H, 7), 7,39 (t, 1H, 8, J = 7.9 H2), 6,79 (d
50 PP 1H, 2, J=16,1 Hz), 4,84 (d, 2H, 1, J = 2,4 Hz), 3,59 (t, 1H, 3", J = 2,5 H2)
13C NMR 165,21 (1), 143,81 (3), 136,38 (4), 133,17 (5), 130,99 (7), 130,97 (8),
(DMSO-ds, 6 ppm) 127,45 (9), 122,32 (6), 118,90 (2), 77,80 (2?), 51,93 (1)

2 raspad

Azidi DCK-a 37a-e pripravljeni su u tri reakcijska koraka (97). U prvom reakcijskom

koraku DCK-i su uz tionil-klorid i kataliticku koli¢inu DMF-a u bezvodnom toluenu prevedeni

u kiselinske kloride koji su nakon uparavanja otopljeni u bezvodnom diklormetanu i dokapani

u otopinu TEA u bezvodnom etanolu. Dobiveni etilni esteri 35a-e reducirani su uz LiAIH4 u

bezvodnom eteru u alkohole 36a-e. Reakcije redukcije provedene su pri temperaturi < -5 °C,

uz dodavanje reducensa u obrocima, kako se ne bi reducirala o, dvostruka veza. Alkoholi su

uz reagens ADMP i bazu DBU prevedeni u odgovarajuce azide 37a-e. NMR spektroskopski

podaci pripravljenih azida odgovaraju literaturnim podacima.
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4.1.6. Sinteza azida, alkina, karboksilne kiseline i amina 7-klorkinolina

Prekursori u sintezi harmikina, azidi 38 i 40, alkin 42, karboksilna kiselina 43 te amini 44 i 45,
pripravljeni su iz 4,7-diklorkinolina (Shema 20), a njihovi NMR spektroskopski podaci

odgovaraju literaturi.

N3
J@@
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] 3g N HN/\/OH HN/\/Ns
J@fﬁ —
~
cl N cl
a 39
b
cl OH o
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X d AN e AN
—_— —
cl N/ cl N7 cl NG
4,7-diklorkinolin 41 42
\ HN” > COOH

A
/
NH
HNT O 2

O

44 (n=1)
45 (n=3)

Shema 20. Sinteza klorkinolinskih alkina, azida, karboksilne kiseline i amina
Reagensi i uvjeti: (a) NaN3, DMF, 65 °C, 18 h; (b) H2N(CH2).0H, TEA, 120 °C, 2 h; (c) ADMP, DBU, THF, 0
°C, 1,5 h; (d) AcOH, 125 °C, 1 h; (¢) HC=CCH:Br, Cs,COs, DMF, s.t., 1 h; (f) H.NCH,COOH, CsHsOH, 125

°C, 21 h; (g) H2NCH2(CH2)aNH2, 95 °C, 1 h.

Azid 38 sintetiziran je u jednom reakcijskom koraku, reakcijom 4,7-diklorkinolina i
natrijevog azida u bezvodnom DMF-u na 65 °C (195), dok je priprava azida 40 ukljucivala dva
reakcijska koraka. Reakcijom 4,7-diklorkinolina i etanolamina u prisutstvu TEA na 120 °C
dobiven je alkohol 39 (199) koji je uz ADMP i DBU na 0 °C preveden u azid 40 (97).

Alkin 42 pripravljen je na drugaciji nacin nego je opisano u literaturi, alkiliranjem 7-
klorkinolin-4-ola 41 propargil bromidom u prisustvu cezijevog karbonata u bezvodnom DMF-
u. Fenol 41 dobiven je reakcijom 4,7-diklorkinolina i AcOH na 125 °C (196). Karboksilna
kiselina 43 pripravljena je reakcijom 4,7-diklorkinolina s glicinom u fenolu refluksiranjem na
125 °C (197). Amini 44 i 45 dobiveni su nukleofilnom supstitucijom 4,7-diklorkinolina s
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alifatskim diaminima razli¢ite duljine ugljikovodi¢nog lanca na 95 °C uz mikrovalno zraéenje.
Reakcijom 4,7-diklorkinolina s diaminoetanom dobiven je amin 44, dok je u reakciji s

diaminobutanom pripravljen amin 45 (198).

4.1.7. Sinteza azida ferocena

Ferocenski prekursori (etinil-ferocen, ferocenkarboksilna kiselina i ferocenoctena kiselina),
osim azidometilferocena, nabavljeni su iz komercijalnih izvora. Azidometilferocen je
pripravljen reakcijom ferocenmetanola i ADMP uz DBU na 0 °C (Shema 21) (97). Pri prac¢enju
tijeka kemijske reakcije i ¢isto¢e produkta koristena je identifikacija parama joda. *H i 3C NMR

azidometilferocena odgovaraju literaturnim podacima.

OH N3
F:e —2 5 F:e
= =
46

Shema 21. Sinteza ferocenskog azida
Reagensi i uvjeti: (a) ADMP, DBU, 0 °C, 2 h.

150



4.1.8. Sinteza harmicina 47-50

1 N=N R
\ N 48a-e
N
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N N
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37a-e N\’N — OoH
QL \ N
N
N
k[\\N
50a,c-e N/
\\\\\QR
b c d e
R H m-F m-Br p-Cl p-OCH,

Shema 22. Sinteza harmicina 47-50
Reagensi i uvjeti: (a) Na-askorbat, CuSO4 x 5H,0, t-BuOH/H,0 (1:1), s.t., 0,5 h;
(b) Cu(CHsCOO),, MeOH, s.t., 24 h.

C-1(47) i C-3 (48) harmicini pripravljeni su klik-reakcijom propargilnih estera 34 i azida
6, odnosno 11 uz natrijev askorbat i CuSO4 x SH20 u smjesi tert-butanola i vode (omjer 1:1)
(Metoda 1). S druge strane, O-6 (49) i N-9 (50) harmicini pripravljeni su klik-reakcijom alkina
19, odnosno 13 i azida 37 uz bakrov(ll) acetat u metanolu (Metoda 2) (Shema 22). U obje
metode Cu(l) ioni potrebni za odvijanje klik-reakcije generirani su in situ: u Metodi 1 redoks
reakcijom Cu(ll) iona (oksidans) i askorbata (reducens), a u Metodi 2 redoks reakcijom Cu(ll)
iona i metanola (reducens). Reducensi su dodani u suvisku kako bi se sprijecila oksidacija Cu(l)

u Cu(ll) i nastanak nusprodukata. Klik-reakcije provedene su na s.t., uz razlicita reakcijska
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vremena. Klik-reakcije provedene Metodom 1 zavrSavale su unutar 0,5 h, dok su klik-reakcije

provedene Metodom 2 trajale 24 h. Nakon zavrsetka reakcije, produkti su izolirani na razlicite

nacine. U Metodi 1 produkt se nakon dodatka ledene vode talozio iz reakcijske smjese te je

odisan, dok je u Metodi 2 sirovi produkt dobiven nakon uparavanja otapala pod snizenim

tlakom. Svi harmiceni pro¢i§¢eni su kromatografijom na koloni s dodatkom sloja Al>O3 kako

bi se uklonile zaostale bakrove soli. Jedino je spoj 47¢ dodatno procis¢en prekristalizacijom iz

etanola. Spoj (E)-(9-((1-(3-(3-fluorfenil)alil)-1H-1,2,3-triazol-4-il)metil)-1-metil-9H-

pirido[3,4-b]indol-3-il)metanola 50b nije uspjeSno izoliran jer se raspada prilikom

proc¢is¢avanja. Iskoristenja reakcija provedenih Metodom 2 (39-77 %) bila su nesto veéa od

iskoristenja reakcija provedenih Metodom 1 (25-62 %).

Pripravljeni su sljedeci spojevi:

= (1-((9H-pirido[3,4-b]indol-1-il)metil)-1H-1,2,3-triazol-4-il)metil cinamat (47a),

= (1-((9H-pirido[3,4-b]indol-1-il)metil)-1H-1,2,3-triazol-4-il)metil (E)-3-(3-
fluorfenil)akrilat (47b),

*  (1-((9H-pirido[3,4-b]indol-1-il)metil)-1H-1,2,3-triazol-4-il)metil (E)-3-(3-
bromfenil)akrilat (47¢),

= (1-((9H-pirido[3,4-b]indol-1-il)metil)-1H-1,2,3-triazol-4-il)metil (E)-3-(4-klorfenil)akrilat
(474d),

*  (1-((9H-pirido[3,4-b]indol-1-il)metil)-1H-1,2,3-triazol-4-il)metil (E)-3-(4-
metoksifenil)akrilat (47¢),

= (1-((1-metil-9H-pirido[3,4-b]indol-3-il)metil)-1H-1,2,3-triazol-4-il)metil cinamat (48a),

*  (1-((1-metil-9H-pirido[3,4-b]indol-3-il)metil)-1H-1,2,3-triazol-4-il)metil (E)-3-(3-
fluorfenil)akrilat (48b),

= (1-((2-metil-9H-pirido[3,4-b]indol-3-il)metil)-1H-1,2,3-triazol-4-il)metil (E)-3-(3-
bromfenil)akrilat (48c),

*  (1-((1-metil-9H-pirido[3,4-b]indol-3-il)metil)-1H-1,2,3-triazol-4-il)metil (E)-3-(4-
klorfenil)akrilat (48d),

= (1-((2-metil-9H-pirido[3,4-b]indol-3-il)metil)-1H-1,2,3-triazol-4-il)metil (E)-3-(4-
metoksifenil)akrilat (48e),

= 6-((1-cinamil-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-b]indol (49a),

= (E)-6-((1-(3-(3-fluorfenil)alil)-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-
b]lindol (49b),

= (E)-6-((1-(3-(3-bromfenil)alil)-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-
b]indol (49¢),
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= (E)-6-((1-(3-(4-klorfenil)alil)-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-b]indol
(494d),

= (E)-6-((1-(3-(4-metoksifenil)alil)-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-
blindol (49e),

= (9-((1-cinamil-1H-1,2,3-triazol-4-il)metil)-1-metil-9H-pirido[3,4-b]indol-3-il)metanol
(50a),

= (E)-(9-((1-(3-(3-bromfenil)alil)-1H-1,2,3-triazol-4-il)metil)-1-metil-9H-pirido[3,4-
b]indol-3-il)metanol (50c),

= (E)-(9-((1-(3-(4-klorfenil)alil)-1H-1,2,3-triazol-4-il)metil)-1-metil-9H-pirido[3,4-b]indol-
3-il)metanol (50d),

*  (E)-(9-((1-(3-(4-metoksifenil)alil)-1H-1,2,3-triazol-4-il)metil)-1-metil-9H-pirido[3,4-
b]indol-3-il)metanol (50e).

Harmicini 47-50 su novi, do sada neopisani spojevi. Sinteza harmicina i njihova ¢istoca
pracene su tankoslojnom kromatografijom, a strukture su potvrdene uobi¢ajenim metodama
(IR, ™H i C NMR, MS). Analiti¢ki, spektrometrijski i spektroskopski podaci dani su u
Tablicama 10-21. U IR spektrima harmicina 47 i 48 vidljiva je karakteristicna vrpca C=0
istezanja karbonila koja je, karakteristi¢no za a,f-nezasicene estere, pomaknuta prema nizim
valnim brojevima (1699-1715 cm™). Kemijski pomaci protona u *H, odnosno ugljika u *C
NMR spektrima harmicina 47-50 u skladu su s predlozenim strukturama. U *H NMR spektru
svih spojeva vidljiv je CH signal (singlet, 1 proton) u aromatskom podruc¢ju (u rasponu 7,98
8,32 ppm) karakteristi¢an za CH proton triazolskog prstena. U 3C NMR spektru harmicina 47
i 48 vidljiv je signal za ugljikov atom karbonila na najvisem pomaku (= 165 ppm), dok se u *C
NMR spketrima derivata 47b, 48b i 49b (m-F-supstituirani derivati) jasno vide cijepanja signala
ugljikovih atoma fenilnog prstena s fluorom. U MS spektrima svih harmicina vidi se
pseudomolekulski ion. U MS spektrima spojeva 47c, 48c, 49c i 50c (m-Br-supstituirani
derivati) vide se dva pseudomolekulska iona, zato §to brom ima dva izotopa ("°Br i 8Br), koja

Su prisutna u omjeru 1:1.
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Tablica 10. Analiticki i MS podaci za harmicine 47a-e

\ N
\:—K/ R
O,
)/\/O
(0]
. Iskor. Molekulska
Spoj R (%) tt (°C) formula My MS (m/z)
47a H 49 181,5-183,5 C24H19N50> 409,45 410,1 (M+1)*
47b m-F 56 185,5-187,5 C24H18FN5O> 427,44 428,1 (M+1)*
488,0 (M+1)*

47c m-Br 37 184-186 C24H18BrNsO; 488,35 489.9 (M+1)*
47d p-Cl 25 201-203,5 C24H18CIN5O2 443,89 4440 (M+1)*
47e p-OCHjs 41 155-157,5 C25H21N503 439,48 440,1 (M+1)*

Tablica 11. IR podaci za harmicine 47a-e

Spoj

R

IR (ATR, vmax/cm)

47a

3220, 3168, 3093, 3059, 3029, 2994, 2961, 2898, 2877, 2798, 2776, 1713, 1637,
1567, 1505, 1452, 1432, 1402, 1370, 1346, 1325, 1307, 1281, 1243, 1203, 1167,
1066, 1038, 1003, 972, 859, 820, 804, 764, 739, 707, 682, 641, 605, 593, 573,

547, 525, 483

47b

m-F

3311, 3230, 3198, 3147, 3105, 3063, 3019, 2998, 2973, 1715, 1639, 1585, 1569,
1502, 1485, 1472, 1449, 1429, 1403, 1390, 1349, 1323, 1272, 1234, 1190, 1168,
1147, 1122, 1075, 1060, 1035, 983, 954, 939, 874, 858, 837, 819, 780, 728, 671,

643, 605, 582, 562, 534, 521

47c

m-Br

3311, 3223, 3194, 3147, 3102, 3060, 2997, 2971, 1715, 1640, 1607, 1564, 1501,
1472, 1457, 1428, 1404, 1389, 1347, 1308, 1276, 1234, 1189, 1168, 1122, 1090,

1060, 1036, 984, 860, 830, 812, 777, 735, 670, 643, 605, 578, 542

47d

p-Cl

3227, 3192, 3096, 3061, 2993, 2965, 2926, 2894, 2872, 1713, 1642, 1594, 1568,
1503, 1490, 1468, 1453, 1431, 1404, 1370, 1346, 1308, 1271, 1242, 1201, 1171,
1148, 1087, 1068, 1038, 1012, 972, 868, 818, 775, 737, 695, 683, 669, 637, 593,

560, 547, 529, 491, 455

47e

p-OCHg

3223, 3170, 3131, 3094, 3082, 2996, 2965, 2934, 2900, 2837, 1712, 1636, 1607,
1573, 1513, 1455, 1429, 1402, 1375, 1322, 1308, 1287, 1258, 1240, 1202, 1163,

1065, 1037, 1002, 971, 867, 852, 824, 774, 734,592, 547, 527, 513
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Tablica 12. *H i 3C NMR spektroskopski podaci za harmicine 47a-e

Spoj

IH NMR (DMSO-ds, & ppm)

13C NMR (DMSO-ds, 6 ppm)

47a

11,98 (s, 1H, 10), 8,32 (s, 1H, 27, 8,30
(d, 1H, 7, J = 5,2 Hz), 8,27 (d, 1H, 3, J
=79 Hz), 8,13 (d, 1H, 6, J = 5,2 Hz),
7,73-7,66 (m, 4H, 12, 7', 9", 13", 7,62~
7,58 (m, 1H, 1), 7,44-7,38 (m, 3H, 10",
11', 12, 7,31-7,26 (m, 1H, 2), 6,66 (d,
1H, 6, J = 16,0 Hz), 6,11 (s, 2H, 4Y),
5,28 (s, 2H, 1)

165,93 (5), 14503 (7'), 141,79 (8),
140,70 (11), 137,98 (3'), 137,88 (7),
133,92 (9), 133,84 (8), 130,57 (11,
128,91 (9, 13), 128,74 (5), 128,57 (1),
128,42 (10', 12), 125,73 (2'), 121,92 (3),
120,74 (4), 119,66 (2), 117,65 (6), 114,87
(6), 112,07 (12), 57,29 (4", 51,21 (1)

47b

m-F

11,98 (s, 1H, 10), 8,32 (s, 1H, 27, 8,30
(d, 1H, 7,3 = 5,2 Hz), 8,27 (d, 1H, 3, J
= 7,9 Hz), 8,13 (d, 1H, 6, J = 5,2 Hz),
7,69-7,63 (m, 3H, 12, 7', 9, 7,61-7,59
(m, 1H, 1), 7,56 (dt, 1H, 13", J=7,8, 1,2
Hz), 7,47-7,43 (m, 1H, 12), 7,30-7,24
(m, 2H, 2, 11", 6,75 (d, 1H, 6', J = 16,1
Hz), 6,11 (s, 2H, 4, 5,28 (s, 2H, 1)

165,75 (5'), 162,40 (d, 10", J = 243,8 Hz),
143,66 (7)), 141,71 (8), 140,71 (11),
137,99 (3), 137,89 (7), 136,49 (d, 8', J =
8,1 Hz), 133,85 (9), 130,87 (d, 12, J = 8,4
Hz), 128,75 (5), 128,59 (1), 125,78 (2),
124,94 (d, 13", J = 2,5 Hz), 121,94 (3),
120,75 (4), 119,68 (2), 119,30 (6'), 117,26
(d, 11', J = 21,4 Hz), 114,89 (6), 114,58
(d, 9, J = 22,1 Hz), 112,08 (12), 57,40
(4'), 51,22 (1))

47c

m-Br

11,97 (s, 1H, 10), 8,32 (s, 1H, 27, 8,30
(d, 1H, 7, 3= 5,2 Hz), 8,26 (d, 1H, 3, J
= 7,8 Hz), 8,13 (d, 1H, 6, J = 5,2 Hz),
7,98 (t, 1H, 9', J = 1,8 Hz), 7,73 (dt, 1H,
13,3=78, 1,3 Hz), 7,69-7,57 (m, 4H,
1,12, 7', 11, 7,36 (t, 1H, 12", I = 7,9
Hz), 7,31-7,27 (m, 1H, 2), 6,75 (d, 1H,
6',J = 16,0 Hz), 6,11 (s, 2H, 4, 5,28 (s,
2H, 1)

165,68 (5), 143,33 (7'), 141,71 (8),
140,69 (11), 137,97 (3), 137,87 (7),
136,45 (8, 133,83 (9), 133,03 (9),
130,93 (11', 12'), 128,74 (5), 128,57 (1),
127,32 (13), 125,74 (2'), 122,28 (10,
121,92 (3), 120,73 (4), 119,66 (2), 119,37
(6'), 114,87 (6), 112,07 (12), 57,40 (4),
51,21 (1)

47d

p-Cl

11,97 (s, 1H, 10), 8,31 (s, 1H, 27, 8,30
(d, 1H, 7, J = 5,3 Hz), 8,27 (d, 1H, 3, J
=7,9 Hz), 8,13 (d, 1H, 6, J = 5,2 Hz),
7,77-7,74 (m, 2H, 9, 13), 7,70-7,64
(m, 2H, 12, 7, 7,62-7,58 (m, 1H, 1),
7,50-7,45 (m, 2H, 10, 12, 7,31-7,26
(m, 1H, 2), 6,69 (d, 1H, 6', J = 16,1 Hz),
6,11 (s, 2H, 4, 5,28 (5, 2H, 1)

165,79 (5), 143,60 (7'), 141,74 (8),
140,69 (11), 137,97 (3), 137,87 (7),
135,08 (11'), 133,83 (9), 132,91 (8),
130,15 (9', 13, 128,94 (10, 12'), 128,74
(5), 128,57 (1), 125,73 (2), 121,92 (3),
120,73 (4), 119,66 (2), 118,49 (6), 114,87
(6), 112,07 (12), 57,35 (4'), 51,21 (1)

47e

14'
p-OCH;

11,98 (s, 1H, 10), 8,32-8,29 (m, 2H, 2,
7), 8,27 (d, 1H, 3, J = 7,9 Hz), 8,12 (d,
1H, 6,J = 5,2 Hz), 7,69-7,59 (m, 5H, 1,
12, 7,9, 13), 7,28 (t, 1H, 2, I = 7,5
Hz), 6,96 (d, 2H, 10, 12", J = 8,4 Hz),
6,50 (d, 1H, 6', J = 16,0 Hz), 6,11 (s,
2H, 4),5,25 (s, 2H, 1), 3,79 (s, 3H, 14Y)

166,22 (5), 161,24 (11), 144,85 (7),
141,92 (8), 140,71 (11), 138,01 (3),
137,88 (7), 133,85 (9), 130,26 (9, 13),
128,74 (5), 128,58 (1), 126,56 (8'), 125,70
(2), 121,94 (3), 120,75 (4), 119,67 (2),
114,88 (6, 6'), 114,38 (10, 12, 112,09
(12), 57,11 (4", 55,34 (14", 51,21 (1)
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Tablica 13. Analiticki i MS podaci za harmicine 48a-e

. Iskor. Molekulska

Spoj R (%) tt (°C) formula Mr MS (m/z)

48a H 36 194,5-195,5 C25H21Ns02 423,48 424,0 (M+1)*

48b m-F 60 197-198,5 C2sH20FN502 441,47 4421 (M+1)*
) 501,9 (M+1)*

48c m-Br 53 204,5-205,5 C25H20BrNs0O- 502,37 503.9 (M+1)*

48d p-Cl 57 209-211 CasH20CIN5O; 457,92 458,0 (M+1)*

48e p-OCH3 62 240,5-243 Co6H23Ns503 453,50 454,1 (M+l)+

Tablica 14. IR podaci za harmicine 48a-e

Spoj

R

IR (ATR, Vmaxlcmfl)

48a

3220, 3194, 3175, 3145, 3101, 3060, 3030, 2989, 2945, 1712, 1694, 1644, 1626,
1605, 1565, 1503, 1451, 1392, 1376, 1356, 1329, 1312, 1271, 1254, 1223, 1202,
1170, 1116, 1059, 1037, 1002, 972, 934, 898, 859, 843, 827, 804, 765, 752, 738,
708, 681, 642, 611, 587, 524, 480

48b

m-F

3223, 3198, 3166, 3104, 3067, 3043, 3012, 2970, 2895, 1707, 1627, 1608, 1583,
1568, 1506, 1483, 1449, 1387, 1355, 1320, 1271, 1252, 1213, 1151, 1115, 1084,
1057, 1036, 1008, 980, 942, 911, 898, 864, 832, 788, 766, 738, 693, 675, 649,
609, 586, 555, 537, 520, 480

48c

m-Br

3347, 3281, 3170, 3080, 3054, 3023, 2970, 2950, 1708, 1684, 1638, 1592, 1569,
1498, 1474, 1455, 1423, 1383, 1354, 1341, 1313, 1290, 1272, 1247, 1231, 1188,
1146, 1110, 1073, 1053, 1032, 1009, 980, 928, 899, 872, 829, 791, 766, 731, 697,
666, 649, 623, 586, 563, 549, 527

48d

p-Cl

3250, 3157, 3103, 3086, 3067, 3052, 1703, 1633, 1592, 1566, 1493, 1475, 1456,
1428, 1408, 1388, 1356, 1305, 1278, 1251, 1222, 1204, 1182, 1160, 1117, 1089,
1058, 1036, 1004, 964, 899, 865, 840, 823, 805, 753, 739, 719, 702, 646, 605,
586, 550, 524, 501, 456

48e

p-OCHg

3236, 3201, 3165, 3103, 3068, 3036, 3007, 2965, 2940, 2911, 2839, 1699, 1626,
1601, 1574, 1514, 1456, 1426, 1389, 1357, 1307, 1290, 1252, 1223, 1207, 1179,
1155, 1115, 1056, 1023, 1009, 992, 971, 937, 898, 868, 830, 810, 776, 751, 735,
710, 693, 663, 652, 637, 608, 586, 555, 521
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Tablica 15. *H i 3C NMR spektroskopski podaci za harmicine 48a-e

Spoj

'H NMR (DMSO-ds, & ppm)

13C NMR (DMSO-ds, & ppm)

48a

11,67 (s, 1H, 10), 8,26 (s, 1H, 2), 8,17
(d, 1H, 3, J = 7,9 Hz), 7,99 (s, 1H, 6),
7,72-7,70 (m, 2H, 9', 13, 7,67 (d, 1H,
7', J = 16,0 Hz), 7,60 (dt, 1H, 12, J =
8,2, 1,0 Hz), 7,55-7,53 (m, 1H, 1),
7.44-7,39 (m, 3H, 10', 11', 12'), 7,24~
7,21 (m, 1H, 2), 6,65 (d, 1H, 6', J = 16,1
Hz), 5,77 (s, 2H, 4'), 5,27 (s, 2H, 1),
2,75 (s, 3H, 13)

165,94 (5, 145,02 (7), 142,54 (7),
142,16 (11), 141,92 (3), 140,78 (8),
134,00 (9), 133,93 (8), 130,58 (11),
128,91 (10, 12, 12842 (9, 13),
128,10 (2'), 127,60 (5), 125,13 (1),
121,72 (3), 120,91 (4), 119,46 (2),
117,66 (6'), 112,10 (12), 112,05 (6),
57,34 (4), 55,25 (1'), 20,40 (13)

48b

m-F

11,67 (s, 1H, 10), 8,26 (s, 1H, 2, 8,18
(d, 1H, 3,3 =7,9 Hz, 3), 8,00 (s, 1H, 6),
7,67 (d, 1H, 7, J = 16,1 Hz), 7,65-7,62
(m, 1H, 9), 7,61-7,59 (m, 1H, 13),
7,56-7,53 (m, 2H, 1, 12), 7,46-7,43 (m,
1H, 12'), 7,27-7,22 (m, 2H, 2, 11'), 6,74
(d, 1H, 6, J = 16,0 Hz), 5,77 (s, 2H, 4,
5,28 (s, 2H, 1), 2,75 (s, 3H, 13)

165,73 (5, 162,39 (d, 10", J = 2438
Hz), 143,61 (7), 142,52 (7), 142,16
(11), 141,83 (3, 140,77 (8), 136,47 (d,
8, J = 8,1 Hz), 134,00 (9), 130,84 (d,
12',J = 8,4 Hz), 128,09 (2, 127,60 (5),
125,14 (1), 124,91 (d, 13", J = 2,5 Hz),
121,71 (3), 120,90 (4), 119,44 (2),
119,29 (6), 117,23 (d, 11", = 21,3 Hz),
114,56 (d, 9', J = 22,1 Hz), 112,09 (12),
112,06 (6), 57,43 (4'), 55,25 (1), 20,40
(13)

48c

m-Br

11,67 (s, 1H, 10), 8,26 (s, 1H, 2", 8,17
(d, 1H, 3, J = 7,9 Hz), 7,99 (s, 1H, 6),
7,97 (t, 1H, 9", J = 1,8 Hz), 7,75-7,71
(m, 1H, 13", 7,64 (d, 1H, 7', J = 16,0
Hz), 7,62-7,58 (m, 2H, 12, 11'), 7,56~
7,52 (m,1H,1),7,36 (t,1H,12',J=7,9
Hz), 7,25-7,21 (m, 1H, 2), 6,74 (d, 1H,
6',J=16,1Hz),5,77 (s, 2H, 4", 5,28 (s,
2H, 1, 2,75 (s, 3H, 13)

165,67 (5, 143,31 (7), 142,52 (7),
142,14 (11), 141,84 (3), 140,77 (8),
136,44 (8'), 133,99 (9), 133,01 (9),
130,91 (11, 12'), 128,08 (2), 127,59
(5), 127,29 (13), 125,11 (1), 122,27
(10Y), 121,70 (3), 120,90 (4), 119,43 (2),
119,38 (6, 112,08 (12), 112,03 (6),
57,44 (4'), 55,24 (1Y), 20,39 (13)

48d

p-Cl

11,67 (s, 1H, 10), 8,26 (s, 1H, 2), 8,18
(d, 1H, 3, J = 7,9 Hz), 8,00 (s, 1H, 6),
7,76-7,73 (m, 2H, 9, 13), 7,66 (d, 1H,
7', J = 16,0 Hz), 7,60 (dt, 1H, 12, J =
8,3, 1,0 Hz), 7,56-7,53 (m, 1H, 1),
7,48-7,45 (m, 2H, 10', 12'), 7,24-7,22
(m, 1H, 2), 6,68 (d, 1H, 6', J = 16,1 Hz),
5,77 (s, 2H, 4, 5,28 (s, 2H, 1), 2,75 (s,
3H, 13)

165,80 (5'), 143,60 (7), 142,53 (7),
142,17 (11), 141,88 (3), 140,78 (8),
135,09 (8'), 134,01 (9), 132,92 (11),
130,15 (9, 13), 128,94 (10, 129,
128,11 (2), 127,61 (5), 125,13 (1),
121,72 (3), 120,91 (4), 119,46 (2),
118,51 (6), 112,10 (12), 112,07 (6),
57,40 (4), 55,26 (1'), 20,41 (13)

48e

14'
p-OCH,

11,67 (s, 1H, 10), 8,25 (s, 1H, 2), 8,18
(d, 1H, 3, J = 7,9 Hz), 7,99 (s, 1H, 6),
7,68-7,64 (m, 2H, 9, 13, 7,64-7,59
(m, 2H, 12, 7', 7,55-7,53 (m, 1H, 1),
7,24-7,22 (m, 1H, 2), 6,97-6,94 (m,
2H, 10, 12'), 6,49 (d, 1H, 6', J = 16,0
Hz), 5,77 (s, 2H, 4'), 5,25 (s, 2H, 1),
3,79 (s, 3H, 14'), 2,75 (s, 3H, 13)

166,19 (5), 161,20 (11, 144,80 (7),
142,53 (7), 142,14 (11), 142,03 (3),
140,76 (8), 133,99 (9), 130,22 (9, 13),
128,08 (2), 127,59 (5), 126,54 (8),
125,05 (1), 121,70 (3), 120,90 (4),
119,44 (2), 114,88 (6, 114,35 (10,
12'), 112,08 (12), 112,04 (6), 57,14 (4),
55,32 (14'), 55,23 (1), 20,39 (13)
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Tablica 16. Analiticki i MS podaci za harmicine 49a-e

R =
\ N

N

H

. Iskor. Molekulska

Spoj R (%) tt (°C) formula Mr MS (m/z)

49a H 70 205-206,5 C24H21Ns0 395,47 396,3 (M+1)*
49b m-F 44 145-147 C24H20FN5sO 413,46 414,2 (M+1)*
. 474,2 (M+1)*
49c m-Br 50 181,5-183 Ca24H20BrNsO 474,36 476.2 (M+1)*
49d p-Cl 51 195-196,5 C24H20CINsO 429,91 430,4 (M+1)*
49 p-OCHjs 77 200-203 C25H23Ns02 425,49 426,3 (M+1)*

Tablica 17. IR podaci za harmicine 49a-e

Spoj

R

IR (ATR, Vmaxlcmfl)

49a

H

3136, 3120, 3030, 2945, 2856, 2760, 2693, 2676, 1632, 1604, 1579, 1565, 1504,
1481, 1460, 1412, 1389, 1361, 1335, 1289, 1237, 1202, 1123, 1054, 1034, 1002,
967, 888, 858, 817, 780, 755, 725, 705, 694, 625, 584, 520, 502

49b

m-F

3357, 3293, 3166, 3071, 3052, 2975, 2937, 2900, 2866, 1601, 1583, 1568, 1493,
1473, 1459, 1404, 1379, 1365, 1330, 1286, 1262, 1207, 1149, 1120, 1067, 1054,
1039, 976, 938, 884, 847, 812, 792, 776, 752, 736, 715, 675, 641, 620, 593, 561,
528, 493, 456

49c

m-Br

3252, 3198, 3151, 3089, 3064, 3039, 3015, 2965, 2945, 2916, 2892, 1601, 1584,
1566, 1495, 1475, 1422, 1400, 1373, 1350, 1337, 1289, 1256, 1233, 1217, 1199,
1129, 1095, 1066, 1052, 1033, 1008, 977, 944, 882, 857, 807, 782, 738, 707, 674,
620, 589, 563, 542, 479

49d

p-Cl

3208, 3136, 3089, 3069, 2969, 2923, 2893, 2870, 2802, 1602, 1582, 1567, 1494,
1480, 1459, 1405, 1385, 1340, 1289, 1257, 1237, 1207, 1163, 1127, 1094, 1054,
1033, 1015, 987, 971, 950, 884, 857, 843, 818, 742, 702, 687, 662, 623, 583, 563,
533, 487

49e

p-OCHg

3208, 3138, 3069, 2953, 2929, 2894, 2873, 2836, 2802, 1743, 1607, 1582, 1567,
1513, 1498, 1480, 1460, 1441, 1405, 1386, 1337, 1289, 1257, 1238, 1207, 1175,
1127, 1109, 1054, 1032, 1015, 987, 968, 884, 856, 819, 760, 741, 703, 666, 624,
582, 563, 529, 498, 477
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Tablica 18.*H i 3C NMR spektroskopski podaci za harmicine 49a-e

Spoj

IH NMR (DMSO-ds, & ppm)

13C NMR (DMSO-ds, & ppm)

49a

11,39 (s, 1H, 10), 8,30 (s, 1H, 3", 8,16 (d,
1H, 7, J =5,3 Hz), 7,91-7,89 (m, 2H, 3, 6),
7,51 (d, 1H, 12, J = 8,8 Hz), 7,45-7,22 (m,
6H, 1,8, 9,10, 11", 12", 6,65-6,49 (m, 2H,
5', 6", 5,26 (s, 2H, 1Y), 5,21 (d, 2H, 4', J =
6,3 Hz), 2,74 (s, 3H, 13)

151,94 (2), 143,26 (2, 142,22 (8), 136,98
(7), 135,70 (11), 135,42 (7'), 135,10 (9),
133,62 (5, 128,68 (9, 11, 128,14 (10),
126,70 (4), 126,56 (8', 12), 124,43 (3),
123,72 (6'), 121,36 (5), 118,35 (1), 112,76
(6), 112,69 (12), 105,12 (3), 61,89 (1),
51,34 (4'), 20,42 (13)

49b

m-F

11,41 (s, 1H, 10), 8,31 (s, 1H, 3Y, 8,17 (d,
1H, 7,3 = 5,4 Hz), 7,91-7,89 (m, 2H, 3, 6),
7,52 (d, 1H, 12, J = 8,8 Hz), 7,39-7,32 (m,
2H, 8',11'), 7,27-7,23 (m, 2H, 1, 12"), 7,13~
7,08 (m, 1H, 10", 6,64-6,62 (m, 2H, 5', 6'),
5,26 (s, 2H, 1'), 5,23-5,21 (m, 2H, 4), 2,75
(s, 3H, 13)

162,49 (d, 9', J = 2433 Hz), 151,97 (2),
143,26 (2'), 142,16 (8), 138,36 (d, 7', J =
7,9 Hz), 136,80 (7), 135,48 (11), 135,07
(9), 132,34 (5), 130,58 (d, 11', J = 8,5 Hz),
126,78 (4), 125,50 (6'), 124,47 (3, 123,00
(d, 12", = 1,7 Hz), 121,34 (5), 118,42 (1),
114,81 (d, 10', J = 21,3 Hz), 112,80 (d, 8/,
J = 17,4 Hz) 112,77 (6), 112,67 (12),
105,11 (3), 61,89 (1), 51,16 (4), 20,32 (13)

49c

m-Br

11,40 (s, 1H, 10), 8,31 (s, 1H, 3"), 8,16 (d,
1H, 7,J = 5,4 Hz), 7,92-7,89 (m, 2H, 3, 6),
7,71 (t, 1H, 8, J = 2,0 Hz), 7,51 (d, 1H, 12,
J=8,8Hz),7,48-7,43 (m, 2H, 10", 12"), 7,30
(t,1H,11,J=7,8Hz), 7,24 (dd, 1H, 1, J =
8,8, 2,5 Hz), 6,68-6,58 (m, 2H, 5', 6'), 5,26
(s,2H, 1'),5,21 (d, 2H, 4, J = 4,6 Hz), 2,74
(s, 3H, 13)

151,98 (2), 143,28 (2, 142,20 (8), 138,30
(7)), 136,89 (7), 135,46 (11), 135,09 (9),
132,03 (5, 130,77 (10, 11'), 129,05 (12),
126,75 (4), 125,67 (6', 8), 124,47 (3),
122,17 (9, 121,36 (5), 118,40 (1), 112,78
(6), 112,71 (12), 105,10 (3), 61,91 (1),
51,20 (4"), 20,37 (13)

49d

p-Cl

11,39 (s, 1H, 10), 8,30 (s, 1H, 3), 8,16 (d,
1H, 7, J =5,4 Hz), 7,91-7,89 (m, 2H, 3, 6),
7,51 (d, 1H, 12, J = 8,8 Hz), 7,47-7,44 (m,
2H, 8,12, 7,39-7,36 (m, 2H, 9', 11'), 7,23
(dd, 1H, 1, J = 8,9, 2,5 Hz), 6,62-6,51 (m,
2H, 5', 6'), 5,26 (5, 2H, 1), 5,21 (d, 2H, 4', J
=5,1 Hz), 2,74 (s, 3H, 13)

151,93 (2), 143,27 (2)), 142,22 (8), 136,98
(7), 135,44 (11), 135,10 (9), 134,68 (7),
132,51 (10), 132,23 (5'), 128,65 (8, 12),
128,28 (9, 11'), 126,71 (4), 124,77 (6),
124,48 (3'), 121,36 (5), 118,38 (1), 112,76
(6), 112,69 (12), 105,15 (3), 61,89 (1),
51,23 (4, 20,41 (13)

49e

13
p-OCH;3

11,39 (s, 1H, 10), 8,28 (s, 1H, 3), 8,16 (d,
1H, 7,3 = 5,4 Hz), 7,92-7,89 (m, 2H, 3, 6),
7,51 (d, 1H, 12, J = 8,8 Hz), 7,37 (d, 2H, 8/,
12',J=8,2 Hz), 7,23 (d, 1H, 1, J = 8,9 Hz),
6,88 (d, 2H, 9', 11", J = 8,2 Hz), 6,58 (d, 1H,
6',J = 15,8 Hz), 6,39-6,32 (m, 1H, 5, 5,25
(s, 2H, 1), 5,16 (d, 2H, 4', J = 6,5 Hz), 3,75
(s, 3H, 13, 2,74 (s, 3H, 13)

159,22 (10), 151,94 (2), 14323 (2),
142,21(8), 136,98 (7), 135,42 (11), 135,09
(9), 133,36 (5), 128,30 (7, 127,89 (8,
12'), 126,70 (4), 124,31 (3), 121,36 (5),
121,11 (6, 118,34 (1), 114,06 (9, 11),
112,75 (6), 112,68 (12), 105,12 (3), 61,89
(1), 55,11 (13'), 51,46 (4), 20,41 (13)
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Tablica 19. Analiticki i MS podaci za harmicine 50a,c-e

. Iskor. o Molekulska
Spoj R (%) tt (°C) formula Mr MS (m/z)
50a H 49 197-200 C25H23Ns0 409,49 410,3 (M+1)*
488,1 (M+1)*
50c m-Br 39 164,5-167,5 Ca2sH22BrNsO 488,39 4901 (M+1)*
50d p-Cl 41 183-186,5 Ca5H22CINsO 443,94 4442 (M+1)*
50e p-OCHj3 43 202-205 C26H2sN502 439,52 440,3 (M+1)*

Tablica 20. IR podaci za harmicine 50a,c-e

Spoj

R

IR (ATR, vmax/cm)

50a

H

3113, 3060, 2966, 2917, 2859, 1657, 1619, 1560, 1512, 1445, 1402, 1362, 1337,
1290, 1252, 1220, 1190, 1156, 1136, 1122, 1062, 1043, 962, 934, 860, 842, 813,
780, 748, 691, 638, 620, 577, 530, 511, 477, 463

50c

m-Br

3117, 3060, 2959, 2922, 2861, 1619, 1592, 1560, 1471, 1460, 1445, 1380, 1358,
1336, 1290, 1252, 1222, 1199, 1154, 1120, 1095, 1062, 1044, 995, 965, 934, 875,
861, 829, 786, 747, 719, 685, 668, 636, 621, 577, 534, 492, 463

50d

p-Cl

3111, 3064, 2971, 2918, 28558, 2822, 1727, 1658, 1619, 1592, 1559, 1489, 1471,
1447, 1405, 1361, 1336, 1292, 1254, 1221, 1192, 1158, 1121, 1085, 1041, 1014,
964, 938, 861, 837, 819, 799, 779, 748, 719, 685, 637, 577, 537, 502, 462

50e

p-OCHg

3180, 3119, 3067, 3024, 3002, 2945, 2923, 2869, 1622, 1563, 1488, 1462, 1441,
1379, 1364, 1333, 1298, 1254, 1222, 1203, 1160, 1135, 1122, 1067, 1037, 1003,
965, 915, 857, 771, 745, 696, 636, 582, 533, 509, 471, 454
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Tablica 21. *H i 3C NMR spektroskopski podaci za harmicine 50a,c-e

Spoj

IH NMR (DMSO-ds, & ppm)

13C NMR (DMSO-ds, & ppm)

50a

8,23 (d, 1H, 3, J = 7,7 Hz), 8,02 (s,
1H, 6), 7,98 (s, 1H, 3, 7,82 (d, 1H,
12,1=8,3 Hz), 7,59-7,55 (m, 1H, 1),
7,40-7,24 (m, 6H, 2, 8, 9, 10, 11
12'), 6,51 (d, 1H, 6, J = 15,9 Hz),
6,47-6,35 (m, 1H, 5, 5,90 (s, 2H,
1'), 5,33 (t, 1H, 15, J = 5,7 Hz), 5,07
(d, 2H, 4', J = 6,0 Hz), 4,67 (d, 2H,
14, =5,7 Hz), 3,05 (s, 3H, 13)

150,27 (8), 144,17 (7), 141,35 (11),
140,55 (9), 135,63 (7'), 133,45 (2),
133,41 (5), 129,10 (4), 128,66 (8',
12'), 128,10 (10'), 128,06 (3'), 126,51
(9, 11), 12366 (6), 122,72 (1),
121,41 (3), 120,99 (5), 119,71 (2),
110,61 (12), 109,07 (6), 64,35 (14),
51,27 (1), 39,73 (4'), 23,15 (13)

50c

m-Br

8,23 (d, 1H, 3, J = 7,7 Hz), 8,02 (s,
1H, 6), 7,97 (s, 1H, 3", 7,82 (d, 1H,
12,3=8,3Hz), 7,70 (t, 1H, 8", J=2,2
Hz), 7,57 (t, 1H, 1, J = 8,0 Hz), 7,47
7,42 (m, 2H, 10', 12)), 7,30-7,24 (m,
2H, 2, 11'), 6,67-6,60 (m, 2H, 5', 6),
5,93 (s, 2H, 1), 5,32 (t, 1H, 15, J =
5,7 Hz), 5,07 (d, 2H, 4, J = 5,1 Hz),
4,67 (d, 2H, 14, J = 5,6 Hz), 3,08 (s,
3H, 13)

150,26 (8), 144,16 (7), 141,34 (11),
140,54 (9), 138,20 (7'), 133,45 (2),
131,73 (5'), 130,74 (10'), 130,69 (11,
129,09 (4), 129,00 (8), 128,04 (3),
125,64 (12'), 125,56 (6'), 122,78 (1),
122,12 (9), 121,40 (3), 120,99 (5),
119,71 (2), 110,60 (12), 109,06 (6),
64,34 (14), 51,11 (1), 39,72 (4",
23,13 (13)

50d

p-Cl

8,23 (d, 1H, 3, J = 7,8 Hz), 8,02 (s,
1H, 3), 7,97 (s, 1H, 6), 7,82 (d, 1H,
12,J=83Hz), 7,57 (t 1H,1,J=75
Hz), 7,43-7,35 (m, 4H, 8 9, 11,
12'),7,27 (t, 1H, 2, = 7,4 Hz), 6,52~
6,41 (m, 2H, 5', 6), 5,90 (s, 2H, 1),
5,32 (t, 1H, 15, J = 5,7 Hz), 5,07 (d,
2H, 4',J =51 Hz), 4,67 (d, 2H, 14, J
= 5,7 Hz), 3,05 (s, 3H, 13)

150,27 (8), 144,18 (7), 141,35 (11),
140,55 (9), 134,61 (7'), 133,44 (2),
132,47 (10", 132,05 (5), 129,10 (4),
128,64 (8, 12'), 128,24 (9, 11),
128,06 (3'), 124,71 (6), 122,76 (1),
121,41 (3), 120,99 (5), 119,72 (2),
110,60 (12), 109,06 (6), 64,35 (14),
51,17 (1'), 39,73 (4'), 23,15 (13)

50e

13'
p'OCH3

8,23 (d, 1H, 3, J = 7,8 Hz), 8,02 (s,
1H, 3Y), 7,96 (s, 1H, 6), 7,82 (d, 1H,
12,J=83Hz), 7,57 (t 1H,1,J=75
Hz), 7,34-7,30 (m, 2H, 8', 12), 7,26
(t, 1H, 2, J = 7,5 Hz), 6,89-6,85 (m,
2H, 9, 11, 6,47 (d, 1H, 6', I = 15,8
Hz), 6,25 (dt, 1H, 5', J = 15,8, 6,5
Hz), 5,90 (s, 2H, 1, 5,33 (t, 1H, 15,
J=57Hz),503(d 2H, 4, J=7.2
Hz), 4,67 (d, 2H, 14, J =5,7 Hz), 3,74
(s, 3H, 13'), 3,05 (s, 3H, 13)

159,20 (10'), 150,26 (8), 144,14 (7),
141,35 (11), 140,56 (9), 133,45 (2),
133,19 (5'), 129,09 (4), 128,24 (7Y,
128,05 (3'), 127,86 (8', 12), 122,61
(1), 121,40 (3), 121,05 (6'), 120,98 (5),
119,71 (2), 114,06 (9, 117, 110,60
(12), 109,07 (6), 64,35 (14), 55,11
(13), 51,41 (1), 39,73 (4, 23,15 (13)
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4.19. Sinteza harmikina 51-65

Pripravljene su dvije serije spojeva, harmikini TT 51-58 i harmikini AT 59-65, u 5
polozaja -karbolinskog prstena, C-1, C-3, O-6, O-7 i N-9. Harmikini TT 51-58 pripravljeni su
klik-reakcijom u istim reakcijskim uvjetima koji su koriSteni kod priprave harmicina 49 i 50
(Shema 23). C-1 i C-3 harmikini pripravljeni su reakcijom alkina 7-klorkinolina 42 i azida -
karbolina 6, odnosno 11. Nasuprot tome, O-6, O-7 i N-9 harmikini dobiveni su reakcijom azida
7-klorkinolina 38, odnosno 40 te alkina B-karbolina 19, 24 i 28. Koristena su dva razli¢ita azida
7-klorkinolina radi variranja strukture poveznice, ¢ime se povecava strukturna raznolikost
hibrida. Reakcije su, kao kod priprave harmicina 49 i 50, trajale 24 h. Obrada reakcijska smjese
bila je jednostavna te je ukljucivala uparavanje otapala pod sniZenim tlakom i prociS¢avanje
ostatka nakon uparavanja kromatografijom na koloni uz dodatak sloja Al>O3 kako bi se uklonili
zaostali bakrovi ioni. IskoriStenja reakcija bila su zadovoljavajuca (38—66 %).

Harmikini AT 59-63 pripravljeni su reakcijama povezivanja 7-klorkinolinske kiseline 43
i B-karbolinskih amina 7, 12, 21, 26 ili 30 uz coupling reagens T3P i bazu TEA (Metoda 1)
(Shema 24). Budu¢i da je harmikin 63 pokazao izuzetno antimalarijsko djelovanje, naknadno
su sintetizirana njegova dva analoga, N-9-supstituirani harmikini 64 i 65 koji se razlikuju u
duljini poveznice (Shema 24). Spojevi 64 i 65 pripravljeni su reakcijama povezivanja p-
karbolinske kiseline 33 i 7-klorkinolinskih amina 44 i 45 uz coupling reagens HATU i bazu
DIEA (Metoda 2). U obje metode karboksilne kiseline dodane su u suvisku (1,1 ekvivalent)
kako bi se povecao prinos reakcije. Takoder, koriStena je dvostruka koli¢ina baze (2,2
ekvivalenta) u odnosu na koli¢inu karboksilne kiseline, jer baza ima dvije uloge: deprotoniranje
kiseline i amina. Sve reakcije povezivanja provedene su nas.t. Neovisno o metodi, reakcije nisu
napredovale do potpune konverzije reaktanata u produkte te su prekinute nakon 18 h. Reakcije
povezivanja provedene Metodom 1 prekinute su dodatkom 5 %-tnog NaOH. Nusprodukt u
reakciji, linearni trimerni propilfosfonat, u bazicnim uvjetima hidrolizira, a ionski razgradni
produkti su, za razliku od amida, topljivi u vodi $to omogucava kristalizaciju produkta u
vodenoj otopini (214) te izolaciju odsisavanjem. Harmikini pripravljeni Metodom 2 talozili su
se iz reakcijske smjese te su odsisani. Sirovi produkti procisceni su kromatografijom na koloni.

Iskoristenja reakcija bila su umjereno dobra (26-43 %).
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Shema 23. Sinteza harmikina TT 51-58
Reagensi i uvjeti: (2) Cu(CH3COO)2, MeOH, s.t., 24 h.
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Shema 24. Sinteza harmikina AT 58-65
Reagensi i uvjeti: (a) T3P, TEA, DMF, s.t., 18 h; (b) HATU, DIEA, CHCly, s.t., 18 h.

Pripravljeni su spojevi:

1-((4-(((7-klorkinolin-4-il)oksi)metil)-1H-1,2,3-triazol-1-il)metil)-9H-pirido[3,4-b]indol
(51),3
3-((4-(((7-klorkinolin-4-il)oksi)metil)-1H-1,2,3-triazol-1-il)metil)-1-metil-9H-pirido[3,4-
b]indol (52),
6-((1-(7-klorkinolin-4-il)-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-b]indol
(53),
7-((2-(7-klorkinolin-4-il)-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-b]indol
(54),
9-((1-(7-klorkinolin-4-il)-1H-1,2,3-triazol-4-il)metil)-7-metoksi-1-metil-9H-pirido[ 3,4-
b]indol (55),
7-klor-N-(2-(4-(((1-metil-9H-pirido[3,4-b]indol-6-il)oksi)metil)-1H-1,2,3-triazol-1-
iletil)kinolin-4-amin (56),
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= 7-klor-N-(2-(4-(((1-metil-9H-pirido[3,4-b]indol-7-il)oksi)metil)-1H-1,2,3-triazol-1-
iletil)kinolin-4-amin (57),

= 7-klor-N-(2-(4-((7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-il)metil)-1H-1,2,3-triazol-1-
iletil)kinolin-4-amin (58),

= N-((9H-pirido[3,4-b]indol-1-il)metil)-2-((7-klorkinolin-4-il)amino)acetamid (59),

= 2-((7-klorkinolin-4-il)amino)-N-((1-metil-9H-pirido[3,4-b]indol-3-il)metil)acetamid (60),

= 2-((7-klorkinolin-4-il)amino)-N-(2-((1-metil-9H-pirido[3,4-b]indol-6-il)oksi)etil)acetamid
(61),

= 2-((7-klorkinolin-4-il)amino)-N-(2-((1-metil-9H-pirido[3,4-b]indol-7-il)oksi)etil)acetamid
(62),

= 2-((7-klorkinolin-4-il)amino)-N-(2-(7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-
il)etil)acetamid (63),

= N-(2-((7-klorkinolin-4-il)amino)etil)-3-(7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-
il)propanamid (64),

= N-(4-((7-klorkinolin-4-il)amino)butil)-3-(7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-
il)propanamid (65).

Harmikini 51-65 su novi, do sada neopisani spojevi. Sinteza harmikina i njihova ¢isto¢a
pracene su tankoslojnom kromatografijom, a strukture su potvrdene uobi¢ajenim metodama
(IR, *H i C NMR, MS). Analiti¢ki, spektrometrijski i spektroskopski podaci dani su u
Tablicama 22-27. U IR spektrima harmikina AT 59-65 vidljive su karakteristi¢ne vrpce za
amidnu vezu: u rasponu 3220-3370 cmvidljiva je vrpca N-H istezanja, dok su u rasponu 1620-
1680 cm~ vidljive dvije bliske vrpce koje odgovaraju C=0 istezanju. Kemijski pomaci protona
u 'H, odnosno ugljika u 3C NMR spektrima spojeva u skladu su s predlozenim strukturama. U
'H NMR spektrima harmikina TT 51-58 vidljiv je CH signal (singlet, 1 proton) u podrucju
7,98-9,02 ppm karakteristi¢an za triazolski prsten, dok je u *H NMR spektrima harmikina AT
59-65 vidljiv signal za proton NH skupine amida u podruéju 8-8,80 ppm. 3C NMR spektri
sadrze signal za karbonilni ugljik amida na ~ 170 ppm. U MS spektrima svih harmikina vidi se

pseudomolekulski ion.
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Tablica 22. Analiticki i MS podaci za harmikine 51-58

N \ N
N / N
H N N [0) \ I N /
N—N
51 52
cl
cl
cl
cl —
N7 N
N\ N ~ \ N - N
ANV N N N
— N\;K/ N=N o \ / \ /N
0 54 H 55
7\
53 \ N —

cl
~ —
H 7 SN
c NN o \ N
fo) N
—
N
H 58 8
cl
S

n\/\N N cl o
~ \ () \ Y N —
N—N \ /
N F 57 N N
. Iskor. Molekulska
Spoj (%) tt (°C) formula Mr MS (m/z)
51 45 170-172 C24H17CINgO 440,89 441,0 (M+1)*
52 40 172-174,5 C25H19CINgO 454,92 455,4 (M+1)*
53 42 281,5-283 C24H17CINgO 440,89 441,4 (M+1)*
54 50 236-239,5 C24H17CINgO 440,89 441,3 (M+1)*
55 38 235-237 Co5H19CINgO 454,92 455,3 (l\/|+:|.)+
56 43 272-273 C26H22CIN;O 483,96 484,1 (M+1)*
57 54 238-241 C26H22CIN;O 483,96 482,1 (M-1)~
58 66 244-2455 C27H24CIN;O 497,99 496,1 (M-1)~
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Tablica 23. IR podaci za harmicine 51-58

Spoj

IR (ATR, Vmaxlcm_l)

51

3235, 3058, 1619, 1604, 1566, 1541, 1488, 1454, 1432, 1374, 1322, 1299, 1228, 1136, 1100,
1054, 945, 856, 806, 755, 724, 656, 587, 541, 493, 478

3617, 3130, 3057, 2888, 2787, 1623, 1603, 1568, 1507, 1486, 1468, 1446, 1398, 1376, 1357

52 1340, 1254, 1224, 1140, 1103, 1058, 1055, 1027, 971, 860, 812, 800, 749, 646, 589, 543, 479
3247, 3076, 3030, 2901, 1588, 1567, 1497, 1477, 1458, 1441, 1414, 1372, 1350, 1265, 1253

53 1208, 1174, 1116, 1076, 1039, 1030, 1008, 987, 968, 878, 849, 829, 816, 803, 770, 736, 700
672, 655, 621, 543, 500

54 3049, 1629, 1610, 1564, 1505, 1486, 1440, 1321, 1295, 1278, 1253, 1233, 1215, 1106, 1071
1036, 996, 953, 920, 872, 822, 812, 801, 767, 629, 572

55 3143, 1621, 1561, 1499, 1442, 1406, 1372, 1345, 1255, 1223, 1194, 1171, 1138, 1115, 1036
931, 925, 876, 813, 722, 623, 554

56 3201, 1608, 1583, 1544, 1498, 1456, 1429, 1383, 1365, 1352, 1330, 1248, 1207, 1170, 1061
1139, 1050, 1026, 990, 909, 872, 845, 808, 765, 624, 492

57 3340, 3158, 3065, 2957, 1638, 1584, 1543, 1485, 1450, 1428, 1371, 1338, 1251, 1235, 1155
1110, 1056, 874, 851, 813, 800, 761, 648, 858, 531

58 2957, 1619, 1578, 1495, 1441, 1428, 1403, 1369, 1355, 1324, 1252, 1224, 1193, 1171, 1082

973, 926, 910, 875, 814, 764, 732, 641, 593, 462

Tablica 24. H i 3C NMR spektroskopski podaci za harmikine 51-58
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Spoj

IH NMR (DMSO-ds, & ppm)

13C NMR (DMSO-ds, & ppm)

51

11,93 (s, 1H, 10), 8,30 (s, 1H, 2'), 8,28-8,24 (m,
2H, 3, 7), 8,19 (d, 1H, 7', J = 7,8 Hz), 8,14 (d,
1H, 12, J = 8,6 Hz), 8,11 (d, 1H, 6, J = 5,1 Hz),
8,00 (d, 1H, 9', J = 1,9 Hz), 7,65 (dt, 1H, 12, J =
8,2, 0,9 Hz), 7,60-7,58 (m, 1H, 1), 7,38 (dd, 1H,
11',J = 8,6, 1,9 Hz), 7,29-7,27 (m, 1H, 2), 6,13
(d, 1H, 6', J = 7,8 Hz), 6,06 (s, 2H, 1), 5,55 (s,
2H, 4

175,78 (5, 145,22 (7'), 141,86 (8), 140,68 (8'),
140,57 (11), 137,85 (7), 137,84 (3'), 136,92 (10'),
133,82 (9), 128,72 (5), 128,56 (9'), 127,86 (11'),
125,26 (4), 124,62 (12'), 123,75 (2'), 121,91 (1),
120,72 (13'), 119,65 (3), 116,69 (2), 114,85 (6),
112,05 (12), 109,78 (6'), 51,25 (4'), 46,88 (1)

52

11,66 (s, 1H, 10), 8,25 (s, 1H, 2"), 8,19 (d, 1H, 7',
J=78Hz),8,14(d, 1H, 12", J = 8,6 Hz), 8,11 (d,
1H, 3,3 =7,9 Hz), 8,00 (d, 1H, 9', J = 1,8 Hz),
7,90 (s, 1H, 6), 7,59 (d, 1H, 12, J = 8,16 Hz),
7,56-7,52 (m, 1H, 1), 7,38 (dd, 1H, 11', J = 8,6,
1,8 Hz), 7,27-7,22 (m, 1H, 2), 6,13 (d, 1H, 6', J
=7,8 Hz), 5,73 (s, 2H, 1), 5,55 (s, 2H, 4), 2,71
(s,3H,13)

175,79 (5'), 145,24 (7'), 142,44 (7), 142,14 (8),
141,95 (11), 140,75 (3'), 140,55 (8'), 136,90
(10", 133,95 (9), 128,09 (9), 127,87 (11),
127,55 (5), 125,28 (4), 124,08 (12'), 123,73 (2),
121,62 (1), 120,87 (13'), 119,43 (3), 116,65 (2),
112,09 (12), 111,81 (6), 109,77 (6), 55,19 (1),
46,97 (4), 20,34 (13)

53

11,42 (s, 1H, 10), 9,17 (d, 1H, 6', J = 4,6 Hz),
9,01 (s, 1H, 3), 8,30 (d, 1H, 8, J = 2,2 Hz), 8,18
(d, 1H, 7, J = 5,3 Hz), 8,00-7,98 (m, 2H, 3, 11),
7,93 (d, 1H, 6, J = 5,3 Hz), 7,89 (d, 1H, 5', J =
4,6 Hz), 7,75 (dd, 1H, 10, J = 9,1, 2,2 Hz), 7,55
(d, 1H, 12, J = 8,8 Hz), 7,31 (dd, 1H, 1, J = 8,8,
2,5 Hz), 5,42 (s, 2H, 1), 2,75 (s, 3H, 13)

152,38 (6), 151,88 (2), 149,38 (7'), 143,96 (2),
142,25 (8), 140,38 (11), 137,00 (7), 135,56 (9),
135,36 (9'), 135,10 (4'), 128,98 (8'), 128,14 (10",
126,85 (11'), 126,69 (5), 125,35 (3'), 121,39
(12'), 120,34 (4), 118,44 (1), 117,15 (5'), 112,82
(6), 112,69 (12), 105,40 (3), 61,80 (1'), 20,40
(13)

54

11,51 (s, 1H, 10), 9,17 (d, 1H, 6', J = 4,7 Hz),
9,02 (s, 1H, 3), 8,30 (d, 1H, 8', J = 2,1 Hz), 8,17
(d, 1H,7,J=5,3 Hz), 8,11 (d, 1H, 3, J = 8,6 Hz),
8,01 (d, 1H, 11", J = 9,1 Hz), 7,90 (d, 1H, 5", J =
4,7 Hz),7,83 (d, 1H, 6, J =53 Hz), 7,79 (dd, 1H,
10',J=9,1,2,2 Hz), 7,27 (d, 1H, 12, J = 2,2 Hz),
6,99 (dd, 1H, 2, J = 8,6, 2,2 Hz), 5,47 (s, 2H, 1),
2,74 (s, 3H, 13)

158,72 (1), 152,39 (6'), 149,39 (7"), 143,72 (2'),
141,79 (8), 141,37 (11), 140,36 (9), 137,74 (7),
135,39 (9'), 134,62 (4'), 129,03 (8'), 128,17 (10°),
127,14 (5), 127,00 (11"), 125,35 (3'), 122,73 (3),
120,34 (12, 117,17 (5), 115,31 (4), 111,99 (6),
109,45 (2), 96,03 (12), 61,29 (1), 20,32 (13)

55

9,09 (d, 1H, 6, J = 4,7 Hz), 8,83 (s, 1H, 3, 8,26
(d, 1H, 8', J=2,2 Hz), 8,20 (d, 1H, 7, J = 5,2 Hz),
8,11 (d, 1H, 3, J = 8,6 Hz), 7,95-7,88 (m, 2H, 6,
11'), 7,78 (d, 1H, 5, J = 4,7 Hz), 7,74 (dd, 1H,
10',J=9,1, 2,2 Hz), 7,42 (d, 1H, 12, J = 2,2 Hz),
6,90 (dd, 1H, 2, J = 8,6, 2,1 Hz), 6,05 (s, 2H, 17,
3,92 (s, 3H, 14), 3,13 (s, 3H, 13)

160,62 (1), 152,29 (6'), 149,31 (7'), 144,79 (2),
142,74 (8), 141,17 (11), 140,22 (9), 138,15 (7),
135,28 (4'), 134,75 (9'), 128,91 (8, 128,62 (5),
128,10 (10", 125,34 (3', 11'), 122,40 (3), 120,31
(12'), 117,20 (5'), 114,51 (4), 112,29 (6), 109,48
(2), 94,13 (12), 55,66 (14), 23,31 (13)

56

11,43 (s, 1H, 10), 8,41 (d, 1H, 9', J = 5,4 Hz),
8,32 (s, 1H, 3, 8,20 (d, 1H, 14', J = 9,1 Hz), 8,16
(d, 1H, 7, J = 5,3 Hz), 7,92-7,85 (m, 2H, 3, 6),
7,81 (d, 1H, 11', J = 2,2 Hz), 7,54 (t, 1H, 6', J =
5,8 Hz), 7,50 (d, 1H, 12, J = 8,8 Hz), 7,44 (dd,
1H, 13", J=9,0, 2,3 Hz), 7,20 (dd, 1H, 1, J = 8,8,
2,5 Hz), 6,57 (d, 1H, 8', J =5,5 Hz), 5,21 (s, 2H,
1'), 4,70 (t, 2H, 4, J = 6,1 Hz), 3,82 (q, 2H, 5', J
=59 Hz), 2,75 (s, 3H, 13)

151,99 (2), 151,87 (9", 149,76 (7"), 148,95 (10),
142,97 (2), 142,22 (8), 136,93 (7), 135,43 (11),
135,09 (9), 133,53 (12'), 127,47 (11'), 126,70 (5),
124,96 (3'), 124,35 (14'), 124,00 (13", 121,35
(15'), 118,28 (1), 117,47 (4), 112,76 (6), 112,66
(12), 105,00 (3), 98,90 (8, 61,91 (1), 47,86 (4),
42,46 (5'), 20,41 (13)

57

11,48 (s, 1H, 10), 8,41 (d, 1H, 9, J = 54 Hz),
8,32 (s, 1H, 3), 8,19-8,15 (m, 2H, 7, 14"), 8,05
(d, 1H, 3, J = 8,6 Hz), 7,82-7,80 (m, 2H, 6, 11°),
7,54 (t, 1H, 6', J = 5,2 Hz), 7,45 (dd, 1H, 13", J =
9,0, 2,3 Hz), 7,17 (d, 1H, 12, J = 2,2 Hz), 6,88
(dd, 1H, 2, J = 8,7, 2,3 Hz), 6,57 (d, 1H, &', J =
5,5 Hz), 5,25 (s, 2H, 1), 4,70 (t, 2H, 4', J =538
Hz), 3,82 (q, 2H, 5, J = 6,0 Hz), 2,73 (s, 3H, 13)

158,79 (1), 151,77 (9)), 149,82 (7"), 148,82 (10'),
142,70 (2'), 141,82 (8), 141,30 (11), 137,65 (7),
134,59 (9), 133,60 (12", 127,38 (11'), 127,18 (5),
125,08 (3, 124,40 (14), 124,00 (13'), 122,64
(3), 117,44 (15", 115,10 (4), 111,98 (6), 109,42
(2), 98,91 (8'), 95,82 (12), 61,45 (1), 47,90 (4",
42,43 (5'), 20,29 (13)
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831 (d, 1H, 9, J =54 Hz), 8,17 (d, 1H, 7, J =

5,2 Hz), 8,08 (d, 1H, 3, J = 8,6 Hz), 8,05 (d, 1H, 160,52 (1), 151,63 (9"), 149,73 (7)), 148,74 (10",

14',3=9,1Hz), 7,98 (s, 1H, 3), 7,87 (d, 1H, 6, 143,88 (2'), 142,65 (8), 141,07 (11), 137,98 (7),

=52 Hz),7,79 (d, 1H, 11', J= 2,2 Hz), 7,44-7,37 134,60 (9), 133,56 (12'), 128,49 (5), 127,34 (11,
58 (m,2H,6'13),7,26 (d, 1H, 12, J=2,1 Hz), 6,87 124,35 (3, 123,78 (14'), 123,47 (13), 122,34

(dd, 1H, 2, J = 8,6, 2,1 Hz), 6,45 (d, 1H, 8, J = (3), 117,33 (15, 114,39 (4), 112,23 (6), 109,36

5,5 Hz), 5,83 (s, 2H, 1)), 4,57 (t, 2H, 4, J = 6,0 (2), 98,77 (8, 93,95 (12), 55,53 (14), 47,86 (4,

Hz), 3,83 (s, 3H, 14), 3,70 (q, 2H, 5, J=5,9 Hz,), 42,34 (5, 23,11 (13)

2,98 (s, 3H, 13)

Tablica 25. Analiticki i MS podaci za harmikine 59-65

o R q ~ —
N\ /" § \
N>\\/ \ /N o) \ /N
N NH — H N
>—\ — N
59 o HN N \ ¢ 60
o \ 4 A b 65
(0] NH
H O — -
N \/[< ci N \O \ N
AN N/\/ o \ /N 7
N o

N N 4

— X

/?]/ \/\O \ ) \ 7 | I |

62 N cl S Z
N
Cl
. Iskor. o Molekulska
Spoj (%) tt (°C) formula My MS (m/z)

59 42 244-247 Cx3H15CINsO 415,88 416,1 (l\/|+:|.)+
60 28 274,5-277 C24H20CINsO 429,91 430,1 (M+1)*
61 26 304-307 C25H22CIN50; 459,93 460,0 (M+1)*
62 30 275-277,5 C25H22CIN50; 459,93 460,1 (M+1)*
63 35 252,5-255 C26H24CIN5O2 473,96 4741 (M+1)*
64 35 224-227 C27H26CINsO, 487,99 488,1 (M+1)*
65 43 230-233 C29H30CIN502 516,04 516,4 (M+1)*
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Tablica 26. IR podaci za harmikine 59-65

Spoj IR (ATR, vmax/cm™)

3267, 1651, 1627, 1585, 1451, 1431, 1323, 1284, 1235, 1151, 1126, 1082, 1023, 986, 902, 871
853, 742, 578, 563, 519

3616, 3285, 1662, 1629, 1587, 1502, 1453, 1431, 1375, 1328, 1234, 1150, 1083, 1014, 901, 851

60 801, 737

61 3525, 3369, 3219, 3145, 3054, 2874, 1679, 1581, 1530, 1505, 1485, 1452, 1372, 1334, 1287,
1240, 1213, 1116, 1075, 990, 877, 854, 810, 793, 629, 614, 488, 467

62 3641, 3284, 3093, 1659, 1631, 1612, 1587, 1487, 1431, 1376, 1328, 1274, 1232, 1178, 1148,
1109, 1056, 974, 903, 878, 852, 801, 569

63 3268, 3063, 1656, 1625, 1582, 1445, 1408, 1375, 1343, 1280, 1251, 1198, 1174, 1140, 1081,

1047, 1025, 976, 809, 639, 597, 569

3226, 3060, 2967, 1645, 1624, 1582, 1547, 1503, 1449, 1409, 1342, 1300, 1284, 1267, 1231,
64 1167, 1140, 1120, 1083, 1042, 1017, 976, 946, 872, 853, 827, 814, 801, 764, 636, 595, 567, 546,
474

3306, 2936, 1642, 1624, 1577, 1499, 1448, 1408, 1366, 1330, 1305, 1227, 1205, 1166, 1187,
1119, 1046, 883, 849, 810, 546

Tablica 27. *H i 3C NMR spektroskopski podaci za harmikine 59-65
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Spoj

IH NMR (DMSO-ds, & ppm)

13C NMR (DMSO-ds, & ppm)

59

11,54 (s, 1H, 10), 8,79 (t, 1H, 2, J= 5,5 Hz), 8,34
(d, 1H, 8', J = 5,4 Hz), 8,28-8,25 (m, 2H, 7, 13),
8,22 (d, 1H, 3, J=7,9 Hz), 8,03 (d, 1H,6, =5,
Hz), 7,83 (t, 1H, 5', J = 6,5 Hz), 7,81 (d, 1H, 10/,
J=23Hz), 7,59 (d, 1H, 12, J = 8,2 Hz), 7,56
7,53 (m, 1H, 1), 7,50 (dd, 1H, 12, J = 9,0, 2,3
Hz), 7,26-7,23 (m, 1H, 2), 6,40 (d, 1H, 7', J=5,4
Hz), 4,81 (d, 2H, 1', J = 5,4 Hz), 4,07 (d, 2H, 4'
J=6,0Hz)

169,38 (3), 151,63 (8'), 150,35 (6'), 148,74
(9), 141,33 (8), 140,40 (11), 137,30 (7),
133,56 (11, 133,36 (9), 128,14 (1), 127,74
(5), 127,36 (10), 124,41 (12'), 124,23 (13),
121,76 (3), 120,83 (4), 119,42 (2), 117,56
(14'), 113,89 (6), 112,03 (12), 99,44 (7)),
45,81 (1), 41,48 (4')

60

11,48 (s, 1H, 10), 8,71 (t, 1H, 2, J =59 Hz), 8,44
(d, 1H, 8, J = 5,4 Hz), 8,29 (d, 1H, 13, J = 9,0
Hz), 8,05 (d, 1H, 3, J = 7,8 Hz), 7,90-7,79 (m,
2H, 5, 10'), 7,71 (s, 1H, 6), 7,60-7,46 (m, 3H, 1,
12,12, 7,26-7,19 (m, 1H, 2), 6,47 (d, 1H, 7', J
= 54 Hz), 4,52 (d, 2H, 1', J = 5,8 Hz), 4,07 (d,
2H, 4',J = 6,0 Hz), 2,70 (s, 3H, 13)

168,98 (3, 151,79 (8'), 150,26 (6'), 148,97
(9), 146,08 (7), 141,11(8), 140,73 (11),
133,51 (11'), 133,45 (9), 127,82 (1), 127,65
(5), 127,46 (10'), 124,32 (12", 13", 121,46 (3),
120,94 (4), 119,13 (2), 117,63 (14"), 111,95
(12), 109,34 (6), 99,28 (7"), 46,01 (1), 44,21
(4), 20,24 (13)

61

11,41 (s, 1H, 10), 8,41 (t, 1H, 3, J = 5,7 Hz), 8,29
(d, 1H, 9, J = 5,4 Hz), 8,27 (d, 1H, 14, 1= 9,1
Hz), 8,15 (d, 1H, 7, J = 5,3 Hz), 7,88 (d, 1H, 6, J
=5,3Hz), 7,82 (t, 1H, 6', J = 6,4 Hz), 7,81 (d, 1H,
11',J=2,3Hz), 7,73 (d, 1H, 3, J = 2,5 Hz), 7,52—
7,48 (m, 2H, 12, 13", 7,15 (dd, 1H, 1,J=8,8, 2,5
Hz), 6,31 (d, 1H, 8', J = 5,4 Hz), 4,10 (t, 2H, 1', J
= 5,6 Hz), 3,98 (d, 2H, 5', J = 5,9 Hz), 3,54 (q,
2H, 2\, J=5,6 Hz), 2,74 (s, 3H, 13)

169,14 (4), 152,30 (2), 151,54 (9'), 150,39
(7)), 148,64 (10), 142,18 (8), 136,88 (7),
135,36 (11), 135,08 (9), 133,57 (12), 127,24
(11'), 126,70 (5), 124,36 (14"), 124,26 (13),
121,37 (4), 118,23 (1), 117,52 (15", 112,73
(6), 112,69 (12), 104,77 (3), 99,15 (8'), 66,99
(1), 45,80 (5, 38,50 (2'), 20,39 (13)

62

11,54 (s, 1H, 10), 8,46 (t, 1H, 3', J = 5,7 Hz),
8,30-8,28 (m, 2H, 9', 14'), 8,16 (d, 1H, 7, 1 = 5,3
Hz), 8,06 (d, 1H, 3, J = 8,6 Hz), 7,92 (t, 1H, 6', J
= 6,1 Hz), 7,82 (d, 1H, 6, J = 5,3 Hz), 7,81 (d,
1H, 11", J = 2,3 Hz), 7,50 (dd, 1H, 13", J = 9,0,
2,3 Hz), 7,02 (d, 1H, 12, J = 2,2 Hz), 6,83 (dd,
1H, 2, J = 8,6, 2,2 Hz), 6,32 (d, 1H, 8, J =55
Hz), 4,12 (t, 2H, 1, J = 5,6 Hz), 3,99 (d, 2H, 5', J
= 5,9 Hz), 3,55 (q, 2H, 2', J = 5,6 Hz), 2,74 (s,
3H, 13)

169,16 (4), 159,20 (1), 151,28 (9, 150,57
(7'), 148,37 (10'), 141,96 (8), 141,23 (11),
137,51 (7), 134,57 (9), 133,69 (12'), 127,28
(5), 127,01 (11, 124,42 (14"), 124,35 (13),
122,68 (3), 117,48 (15'), 114,98 (4), 112,00
(6), 109,35 (2), 99,13 (8"), 95,41 (12), 66,42
(1), 45,78 (5, 38,38 (2'), 20,27 (13)

63

8,37 (t, 1H, 3, J=6,0 Hz), 8,31 (d, 1H,9', J=5,3
Hz), 8,24 (d, 1H, 14', J = 9,0 Hz), 8,16 (d, 1H, 7,
J=52Hz), 8,10 (d, 1H, 3, J = 8,6 Hz), 7,87 (d,
1H, 6,J = 5,1 Hz), 7,81 (d, 1H, 11, J = 2,3 Hz),
7,74 (t, 1H, 6, J = 6,1 Hz), 7,49 (dd, 1H, 13, J =
9,0, 2,3 Hz), 7,28 (d, 1H, 12, J = 2,2 Hz), 6,89
(dd, 1H, 2, J = 8,6, 2,2 Hz), 6,07 (d, 1H, 8', J =
5.4 Hz), 4,58 (t, 2H, 1', J = 7,1 Hz), 3,90 (s, 3H,
14), 3,85 (d, 2H, 5', J = 6,0 Hz), 3,52 (g, 2H, 2', J
= 6,8 Hz), 2,96 (s, 3H, 13)

169,63 (4'), 160,57 (1), 151,91 (9), 150,13
(7'), 148,95 (10'), 142,90 (8), 140,62 (11),
137,87 (7), 134,64 (9), 133,50 (12), 128,43
(5), 127,53 (11), 124,36 (14'), 124,22 (13),
122,48 (3), 117,56 (15'), 114,31 (4), 112,30
(6), 109,25 (2), 98,97 (8'), 93,63 (12), 55,57
(14), 45,97 (1), 43,29 (5, 38,84 (2), 23,14
(13)

64

8,40 (d, 1H, 10", J = 5,4 Hz), 8,23 (t, 1H, 4, J =
5,8 Hz), 8,20-8,12 (m, 2H, 7, 15'), 8,05 (d, 1H, 3,
J=8,6Hz),7,85(d, 1H, 6, J = 5,1 Hz), 7,79 (d,
1H, 12, J = 2,2 Hz), 7,44 (dd, 1H, 14’ J = 9,0,
2.3 Hz), 7,31 (t, 1H, 7", J = 5,5 Hz), 7,22 (d, 1H,
12,3 =2,2 Hz), 6,85 (dd, 1H, 2, J = 8,6, 2,2 Hz),
6,47 (d, 1H, 9", J =55 Hz), 4,82 (t, 2H, 1", J = 7,2
Hz), 3,90 (s, 3H, 14), 3,27 (q, 2H, 6', J = 6,3 Hz),
3,17 (g, 2H, 5, J =59 Hz), 2,97 (s, 3H, 13), 2,63
(t, 2H, 2, J=7,2 Hz)

170,35 (3'), 160,43 (1), 151,89 (10), 149,97
(8), 149,07 (11'), 142,51 (8), 140,75 (11),
137,90 (7), 134,49 (9), 133,40 (13'), 128,56
(5), 127,52 (12), 124,10 (15'), 123,94 (14),
122,29 (3), 117,42 (16'), 114,32 (4), 112,21
(6), 109,20 (2), 98,57 (9'), 93,88 (12), 55,52
(14), 41,76 (1), 40,87 (6", 37,23 (5, 36,34
(2), 23,11 (13)
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65

8,39 (d, 1H, 12, J=5,6 Hz), 8,31 (d, 1H, 17, J =
9,0 Hz), 8,16 (d, 1H, 7, J = 5,2 Hz), 8,06 (d, 1H,
3,1 =86 Hz), 7,96 (t, 1H, 4', J = 5,6 Hz), 7,86
(d, 1H, 6, J =52 Hz), 7,79 (d, 1H, 14", J = 2,3
Hz), 7,54-7,40 (m, 2H, 9', 16"), 7,20 (d, 1H, 12, J
= 2,2 Hz), 6,85 (dd, 1H, 2, J = 8,6, 2,1 Hz), 6,43
(d, 1H, 11, J = 5,6 Hz), 4,79 (t, 2H, 1', J = 7,1
Hz), 3,90 (s, 3H, 14), 3,23-3,13 (m, 2H, 8), 3,04
(@, 2H, 5', J = 6,5 Hz), 2,97 (s, 3H, 13), 2,60 (t,
2H, 2', J = 7,0 Hz), 1,53-1,43 (m, 2H, 6), 1,36
(g, 2H, 7', = 7,2 H2)

169,59 (3'), 160,42 (1), 151,10 (12'), 150,48
(10'), 148,19 (13), 142,54 (8), 140,71 (11),
137,75 (7), 134,48 (9), 133,71 (15), 128,57
(5), 126,73 (14'), 124,28 (17)), 124,17 (16),
122,26 (3), 117,27 (18), 114,26 (4), 112,22
(6), 109,21 (2), 98,57 (11), 93,91 (12), 55,50
(14), 42,01 (1), 40,96 (8"), 38,17 (5'), 36,37
(2), 26,49 (6'), 24,98 (7'), 23,04 (13)
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4.1.10. Sinteza harmicena 66-83

Shema 25. Sinteza harmicena TT
Reagensi i uvjeti: a) Na-askorbat, CuSO, x 5H.0, DMF/H,0 (2:1), s.t., 18 h.

Poput harmikina, harmiceni su pripravljeni u 5 polozaja -karbolinskog prstena, C-1, C-
3, 0-6, O-7 i N-9. Pripravljene su dvije serije spojeva, harmiceni TT 66-75 i harmiceni AT 76-
83. Unutar svake serije pripravljene su dvije podserije koje se razlikuju prema strukturi

poveznice. Podserije harmicena TT 66-70 i harmicena AT 80-83 sadrze metilenski most izmedu

173



triazola/amida i ferocena. S druge strane, podserije harmicena TT 71-75 i harmicena AT 76-79
sadrze triazol/amid izravno vezan za ferocenski prsten.

Harmiceni 66-70 pripravljeni su klik-reakcijom 1-azidometilferocena i B-karbolinskih
alkina 4, 15, 19, 24 i 28, dok su harmiceni 71-75 pripravljeni klik-reakcijom etinilferocena i (3-
karbolinskih azida 6, 11, 22, 27 i 31 (Shema 25). Istrazeni su razli¢iti nacini provodenja klik-
reakcija. Koristenje bakrovog(Il) acetata u metanolu na s.t. rezultiralo je slabim napredovanjem
reakcija uz veci broj nusprodukata. Grijanje reakcijske smjese u mikrovalnom reaktoru (50 °C,
1 h) nije imalo pozitivnog u¢inka na napredovanje reakcije i ¢isto¢u reakcijske smjese. Reakcije
provedene pomocu natrijevog askorbata i CuSOs x SH20 u smjesi tert-butanola i vode (omjer
1:1) na s.t. napredovale su dobro, ali je reakcijska smjesa bila necista. KoriStenje iStog
prekatalizatora, uz promjenu otapala (smjesa DMF-a i vode, omjer 2:1) na s.t rezultiralo je
uspjeSnom pripravom harmicena triazolskog tipa. Izolacija produkta ukljucivala je odsisavanje
nastalog taloga/ekstrakciju te pro¢is¢avanje kromatografijom na koloni uz dodatak sloja Al>Os3
kako bi se uklonile zaostale bakrove soli. Iskoristenja reakcija bila su zadovoljavajucéa (30—78
%).

Harmiceni AT 76-79 pripravljeni su reakcijom povezivanja ferocenkarboksilne Kiseline i
amina 7, 12, 26 i 30, dok su harmicini 80-83 dobiveni reakcijom povezivanja ferocenoctene
kiseline i istih amina (Shema 26). Reakcije su provedene koristenjem coupling reagensa HATU
uz bazu DIEA u bezvodnom diklormetanu na s.t. tijekom 18 h. Analogno sintezi harmikina AT,
ferocenkarboksilna, odnosno ferocenoctena kiselina dodane su u suvisku (1,1 ekvivalent) kako
bi se povecao prinos reakcije te je koriStena dvostruka koli¢ina DIEA (2,2 ekvivalenta) u
odnosu na koli¢inu karboksilne kiseline. Uspjesno su pripravljeni derivati u polozajima 1, 3, 7
i 9 B-karbolinskog prstena, dok priprava O-6 harmicena AT nije bila uspjesna. Pokusaji
optimiranja reakcijskih uvjeta, kao 1 provodenje sinteze preko drugih meduprodukata nije dalo
zeljene rezultate. Harmiceni 76-79 izolirani su iz reakcijske smjese ekstrakcijom i procis¢eni
kromatografijom na koloni uz pokretnu fazu diklormetan/aceton i rastrljavanjem u smjesi dietil-
etera i petroletera. U pokretnoj fazi metanol je zamijenjen acetonom jer je primije¢eno da
tijekom kromatografije na koloni uz pokretnu fazu koja sadrZzi metanol dolazi do raspada
spojeva. Harmicen 79 se istalozio iz reakcijske smjese te je odsisan, a ne ekstrahiran, i pro¢is¢en
kromatografijom na koloni uz pokretnu fazu diklormetan/aceton i rastrljavanjem u smjesi dietil-
etera i petroletera. Zbog raspada tijekom procis¢avanja kromatografijom na koloni, harmiceni
80-83 prociséeni su na drugaciji nacin. Spojevi 80 i 81 istalozili su se iz reakcijske smjese te su

odsisani i prekristalizirani iz etanola, dok su spojevi 82 i 83 isprani zasicenom vodenom
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otopinom NaCl i vodom, otapalo je upareno pod sniZzenim tlakom, a ostatak je rastrljan u smjesi

dietil-etera i petroletera.

<~ COOH VN \ N

Fe o
H 78 _ _ N»\Q\
o \/\0 \ N \ N @

Shema 26. Sinteza harmicena AT
Reagensi i uvjeti: (a) HATU, DIEA, CH.Cly, s.t., 18 h.

Pripravljeni su sljedeci spojevi:
= 1-(1-(ferocenilmetil)-1H-1,2,3-triazol-4-il)-9H-pirido[3,4-b]indol (66),
= 3-(1-(ferocenilmetil)-1H-1,2,3-triazol-4-il)-1-metil-9H-pirido[3,4-b]indol (67),
= 6-((1-(ferocenilmetil)-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-b]indol (68),
= 7-((1-(ferocenilmetil)-1H-1,2,3-triazol-4-il)metoksi)-1-metil-9H-pirido[3,4-b]indol (69),
= 9-((1-(ferocenilmetil)-1H-1,2,3-triazol-4-il)metil)-7-metoksi-1-metil-9H-pirido[3,4-
b]indol (70),
= 1-((4-ferocenil-1H-1,2,3-triazol-1-il)metil)-9H-pirido[3,4-b]indol (71),
= 3-((4-ferocenil-1H-1,2,3-triazol-1-il)metil)-1-metil-9H-pirido[3,4-b]indol (72),
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= 6-(2-(4-ferocenil-1H-1,2,3-triazol-1-il)etoksi)-1-metil-9H-pirido[3,4-b]indol (73),
= 7-(2-(4-ferocenil-1H-1,2,3-triazol-1-il)etoksi)-1-metil-9H-pirido[3,4-b]indol (74),
= O-(2-(4-ferocenil-1H-1,2,3-triazol-1-il)etil)-7-metoksi-1-metil-9H-pirido[3,4-b]indol (75),
= N-((9H-pirido[3,4-b]indol-1-il)metil)ferocenkarboksamid (76),
*  N-((1-metil-9H-pirido[3,4-b]indol-3-il)metil)ferocenkarboksamid (77),
= N-(2-((1-metil-9H-pirido[3,4-b]indol-7-il)oksi)etil)ferocenkarboksamid (78),
= N-(2-(7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-il)etil)ferocenkarboksamid (79),
* N-((9H-pirido[3,4-b]indol-1-il)metil)-2-ferocenilacetamid (80),
= 2-ferocenil-N-((1-metil-9H-pirido[3,4-b]indol-3-il)metil)acetamid (81),
= 2-ferocenil-N-(2-((1-metil-9H-pirido[3,4-b]indol-7-il)oksi)etil)acetamid (82),
= N-(2-(7-metoksi-1-metil-9H-pirido[3,4-b]indol-9-il)etil)-2-ferocenilacetamid (83).
Harmicini 66-83 su novi, do sada neopisani spojevi. Njihova sinteza i ¢istoca pracene su
tankoslojnom kromatografijom, a strukture su potvrdene uobicajenim spektroskopskim
metodama (IR, *H i 3C NMR, MS). Analiti¢ki, spektrometrijski i spektroskopski podaci dani
su u Tablicama 28-39.
U IR spektrima harmicena AT 76-83 vidljive su karakteristi¢ne vrpce za amidnu skupinu:
u podruéju 3470-3190 cm vidljiva je vrpca N-H istezanja, dok su u rasponu 1620-1655 cm!
vidljive dvije bliske vrpce koje odgovaraju C=0 istezanju. U *H NMR spektru harmicena TT
66-75 vidljiv je CH signal triazola u podruéju 8,2—8,8 ppm, dok *H NMR spektar harmicena
AT 76-83 sadrzi signal za proton NH skupine amida u podru¢ju 8-8,60 ppm. U 3C NMR
spektrima spojeva 76-83 vidljiv je signal za karbonilni ugljik amida na = 170 ppm. Dalje, NMR
spektri svih harmicena sadrze signale karakteristi¢ne za protone/ugljike ferocenskog prstena: u
'H NMR spektru u podrudju 4-5 ppm vide se dva tripleta (supstituirani ciklopentadienilni
prsten) i jedan singlet (nesupstituirani ciklopentadienilni prsten), dok **C NMR spekar otkriva
tri signala (dva manja i jedan veci) u podrucju 67—70 ppm. Kemijski pomaci drugih protona u
'H, odnosno atoma ugljika u BC NMR spektrima spojeva u skladu su s predlozenim

strukturama. U MS spektrima svih harmicena vidi se pseudomolekulski ion.
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Tablica 28. Analiticki i MS podaci za harmicene 66-70

N—”\\SEZE
Fé —

7/ ﬁ‘ % \O \ N

66 NN N N
. )

ES
N
g =N
68

@ \

N
N/y\ H
N—N

N//N\

70

Iskor. Molekulska

Spoj %) t: (°C) Formula Mr MS (m/z)
66 51 229-230 CaaHigFeNs 433,30 434,1 (M+1)*
67 45 183-186 CasHaiFeNs 447,32 447,9 (M+1)*
68 68 244,5-248 CosH23FeNsO 477,35 478,1 (M+1)*
69 60 242-244 CosH23FeNsO 477,35 478,1 (M+1)*
70 30 187-190 CorHasFeNsO 491,38 492,1 (M+1)*

Tablica 29. IR podaci za harmicene 66-70

SpOJ IR (ATR, Vmaxlcm_l)

3385, 3172, 3105, 3065, 2991, 1625, 1576, 1489, 1452, 1437, 1419, 1351, 1314, 1282, 1254,
1239, 1152, 1103, 1000, 829, 807, 749, 629, 591, 548, 499, 479

3361, 2920, 2851, 1734, 1626, 1574, 1496, 1455, 1431, 1373, 1338, 1303, 1277, 1234, 1172,

66

67 1104, 1049, 1024, 1000, 924, 889, 818, 788, 775, 704, 631, 558, 584, 503, 478

68 3631, 3137, 3081, 2950, 1637, 1603, 1583, 1567, 1499, 1480, 1451, 1411, 1283, 1211, 1107,
1069, 1054, 1040, 1027, 849, 821, 765, 620, 504

69 3344, 3072, 2869, 2785, 1738, 1626, 1567, 1488, 1444, 1377, 1325, 1305, 1290, 1278, 1177,
1142, 1110, 1058, 1142, 1011, 965, 828, 813, 781, 661, 639, 598, 572, 505, 480

70 3135, 3090, 2929, 1709, 1623, 1564, 1499, 1449, 1408, 1325, 1252, 1227, 1193, 1174, 1106,

1042, 1000, 913, 815, 764, 732, 638, 596, 550, 481
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Tablica 30. *H i 3C NMR spketroskopski podaci za harmicene 66-70

Spoj 'H NMR (DMSO-ds, 6 ppm) 13C NMR (DMSO-ds, 6 ppm)

11,53 (s, 1H, 10), 8,78 (5, 1H, 2, 8,38 (d, 1H,

7.1=52 Hz), 8.26-8,24 (m, 1H, 3), 8.11 (d, 147,60 (8), 141,15 (11), 137,83 (7), 133,68 (9),

1H, 6, J = 5,1 Hz), 7,91-7.90 (m, 1H, 12). 131,74 (1), 129,05 (4), 128,18 (2'), 122,94 (1),
66  7,57-7,54 (m, 1H, 1), 7.27-7,25 (m, 1H, 2), 121.47 (3), 120,40 (5), 119,51 (2), 114,11 (6).

5.49 (s, 2H, 3), 4,46 (t, 2H, 5, 8, = 1,9 Hz), 113,23 (12), 82,36 (4'), 68,74 (5', 8), 68,69 (9

4,24 (s,5H, 9-13), 4,22 (t, 2H, 6, 7, J= 1.9 13). 68,48 (6, 7'), 49,33 (3)

Hz)

é)l’%gz(gs’ (EH'llHO)és'i(s?’ 3'?4'22))'786';81(%5’ 11" 148,61 (7), 141,93 (11), 14082 (8), 138,95 (9),

8L 758 (L T 1 3 27 vy, 133:96 (1), 12802 (2), 127,73 (4), 121,97 (1),
67 T H. 25 S 74 o) 536 (6 on 57 12127 (5), 12125 (3), 119,36 (2), 112,01 (6)

145 (S 8 o1ty 423 (o 5} o 10831 (12). 8245 (4), 68.86 (5. 8), 68,68 (9-

A5 (L 2H, 5, 8, J = 19 H2), 4,23 (3, 5H, 9= 1 30 "60 44 (6 7, 49,05 (3), 20,48 (13)

13), 421 (t, 2H. 6', 7" J = 1,9 Hz), 2.80 (s,

3H, 13)

%1331 (55*31';’2)10%' géé‘;(gél(':{ 32)|;|8’3166()d'712'é 151,88 (2), 142,95 (2), 142,19 (8), 136,96 (7),

112 5 6ot 791 . HA 3= 13542 (11), 135,08 (9), 126,69 (4), 124,09 (3),
68 50 25110 630 (s 301 1. 5.21 (5. 2 4y, 121,34 (5), 118.39 (1), 11273 (6), 11267 (12),

132l 6 o S =18 ey 416 414 (ra, 10520 (3). 82,49 (5), 68,62 (10-14), 6850 (6,

78 1014275 s ok 13y ™ 9),68,31(78), 61,88 (1), 48,92 (4), 20,40 (13)

%1’345: (55’ ;Hﬁzl)o)é%?(és' 11HH 2)38’:158(?'&;' 158,74 (1), 142,71 (8), 141,76 (2'), 141,33 (11),

T80 @I 63 53 i) 536 1112 137,74 (7), 13458 (9), 127.13 (5). 124,15 (3),
69 ~22 1) 680 1H 3 = 87 28 11y, 12263 (3), 11511 (4), 11195 (6). 10946 (2)

555 (o I, 1), 5.25 (o 2. 4). 434 ., 211 9586 (12), 8241 (5), 68,66 (6 ), 68,64 (10

33 (5, 2K, 1), 5,25 (s, 2H, 4), 4,34 (L 2H, 14 "60 35 (7 g1, 61,45 (1), 48,98 (4), 20,32

6,9, =19 Ha), 418-4.16 (m, 7TH, 7.8, )

10-14'), 2,72 (s, 3H, 13)

géﬁ_fg) EbN ’(‘; 1?4’2 g')z)’?%?(gd'llHH'G& 216055 (1), 14381 (2), 142,67 (8), 141,13 (1),

) 732 (4, 1h 12,3~ 2.0 110 6.67 (dg, 13805 (7), 13466 (9), 128,54 (5). 12255 (3),
0 12 8 2o sy 5.6 (o 20 1y, 521 122:38 (3), 11446 (4), 11226 (6), 109,46 (2),

(s, 2H, 4, 4,23 (t, 2H, 6, 9', J = 1,8 Hz), 4,12
(t, 2H, 7', 8", J = 1,8 Hz), 4,06 (s, 5H, 10-14"),
3,88 (s, 3H, 14), 3,03 (s, 3H, 13)

94,05 (12), 82,59 (5'), 68,54 (10'-14'), 68,44 (6,
9'), 68,21 (7', 8, 55,62 (14), 48,77 (4'), 23,24
(13)
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Tablica 31. Analiticki i MS podaci za harmicene 71-75

Fe = \/\o \ N
\ N 74
73
. Iskor. o Molekulska

Spoj (%) tt (°C) Formula My MS (m/z)

71 78 252-255,5 Ca4H19FeNs 433,30 4349 (M+1)*

72 62 242,5-244 CasH21FeNs 447,32 4489 (M+1)*

73 37 201,5-204,0 CasH23FeNsO 477,35 477,9 (M+1)*

74 77 228,0-229,5 CasH23FeNsO 477,35 477,9 (M+1)*

75 63 218,0-220,0 Ca7H25FeNsO 491,38 491,9 (M+1)*

Tablica 32. IR podaci za harmicene 71-75

Spoj IR (ATR, vmax/cm™?)

71 3249, 3138, 3094, 2987, 2953, 1625, 1585, 1567, 1497, 1455, 1430, 1389, 1321, 1236, 1212

1189, 1094, 1058, 998, 875, 816, 794, 750, 730, 622, 592, 500
72 3148, 3101, 2993, 2891, 1737, 1627, 1566, 1506, 1456, 1443, 1351, 1328, 1251, 1219, 1086,

1057, 1019, 1000, 874, 815, 729, 680, 587, 506, 487

73 3133, 2949, 2872, 1583, 1568, 1497, 1458, 1286,1210, 1105, 1041, 988, 878, 818, 705, 621, 504

& 1042, 977, 874, 822, 810, 743, 720, 693, 638, 587, 570, 522, 513, 495, 483

3125, 3077, 2959, 2850, 2772, 1623, 1566, 1443, 1426, 1301, 1278, 1240, 1185, 1108, 1053,

S 877 821, 807, 641, 590, 545, 501, 475

2968, 1621, 1565, 1445, 1404, 1339, 1253, 1222, 1158, 1182, 1136, 1096, 1041, 1021, 970, 929,
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Tablica 33. 'H i 3C NMR spektroskopski podaci za harmicene 71-75

Spoj

IH NMR (DMSO-ds, & ppm)

13C NMR (DMSO-ds, 6 ppm)

71

11,95 (s, 1H, 10), 8,31 (d, 1H, 7, J = 5,2 Hz),
8,28-8,26 (m, 2H, 3, 2'), 8,13 (d, 1H, 6, J =
5,1 Hz), 7,70-7,68 (m, 1H, 12), 7,61-7,59 (m,
1H, 1), 7,30-7,27 (m, 1H, 2), 6,08 (s, 2H, 1),
4,73 (t, 2H, 5', 8', J = 1,9 Hz), 4,28 (t, 2H, 6
7',J =18 Hz), 4,03 (s, 5H, 9-13)

145,22 (8), 140,71 (11), 138,17 (3), 137,86 (7),
133,85 (9), 128,71 (5), 128,54 (2, 121,91 (3),
121,57 (1), 120,76 (4), 119,64 (2), 114,82 (6),
112,09 (12), 76,04 (4'), 69,23 (9'-13), 68,21 (5',
8", 66,34 (6, 7, 51,24 (1)

72

11,66 (s, 1H, 10), 8,23 (s, 1H, 6), 8,16 (d, 1H,
3,J=7,9 Hz), 7,90 (s, 1H, 2), 7,60-7,59 (m,
1H, 12), 7,55-7,52 (m, 1H, 1), 7,24-7,21 (m,
1H, 2),5,76 (s, 2H, 1'), 4,74 (t, 2H, 5', 8", J =
1,9 Hz), 4,29 (t, 2H, 6', 7', J = 1,9 Hz), 4,03
(s, 5H, 913", 2,76 (s, 3H, 13)

145,37 (8), 142,95 (7), 142,05 (11), 140,77 (3),
133,94 (9), 128,08 (2'), 127,63 (5), 121,64 (3),
121,06 (1), 120,91 (4), 119,44 (2), 112,09 (6),
111,42 (12), 76,09 (4'), 69,26 (9'-13), 68,21 (5',
8"), 66,32 (6', 7'), 55,10 (1'), 20,38 (13)

73

11,39 (s, 1H, 10), 8,29 (s, 1H, 3, 8,15 (d, 1H,
7,3 =53 Hz), 7,87 (d, 1H, 6, J = 5,3 Hz),
7,78 (d, 1H, 3, J = 2,5 Hz), 7,48 (d, 1H, 12, J
= 8,8 Hz), 7,16 (dd, 1H, 1, J = 8,8, 2,5 Hz),
4,82 (t, 2H, 1', J = 5,1 Hz), 4,73 (t, 2H, 6', 9,
J=1,9 Hz), 453 (t, 2H, 2', J = 5,2 Hz), 4,30
(t, 2H, 7',8', J = 1,8 Hz), 4,01 (s, 5H, 1014,
2,72 (s, 3H, 13)

151,85 (2), 145,24 (8), 142,24 (4'), 136,98 (7),
135,52 (11), 135,10 (9), 126,63 (4), 121,35 (5),
121,28 (3'), 118,14 (1), 112,77 (6), 112,64 (12),
105,13 (3), 76,05 (5), 69,22 (10'-14"), 68,21 (6",
9, 67,14 (1'), 66,34 (7', 8), 49,24 (2, 20,40
(13)

74

11,44 (s, 1H, 10), 8,30 (s, 1H, 3, 8,14 (d, 1H,
7,3 =53 Hz), 8,05 (d, 1H, 3, J = 8,6 Hz),
7,79 (d, 1H, 6, J = 5,3 Hz), 7,03 (d, 1H, 12, J
= 2,2 Hz), 6,85 (dd, 1H, 2, J = 8,6, 2,2 Hz),
483 (t, 2H, 1, J=51Hz), 4,73 (t, 2H, 6', 9",
J=1,9 Hz), 4,55 (t, 2H, 2\, J = 5,1 Hz), 4,30
(t,2H,7', 8", J=1,8Hz),4,01 (s 5H, 10-14",
2,72 (s, 3H, 13)

158,62 (1), 145,25 (8), 141,72 (4), 141,35 (11),
137,76 (7), 134,59 (9), 127,07 (5), 122,71 (3),
121,34 (3), 115,33 (4), 111,98 (6), 109,17 (2),
95,73 (12), 76,01 (5'), 69,23 (10'-14"), 68,22 (6',
9", 66,57 (1), 66,35 (7', 8), 49,09 (2'), 20,36
(13)

75

8,17 (d, 1H,7,J=5,2Hz), 8,04 (d, 1H,3,J =
8,5 Hz), 7,88 (d, 1H, 6, J = 5,2 Hz), 7,80 (s,
1H, 3, 6,84-6,78 (m, 2H, 2, 12), 5,08 (t, 2H,
1',J =56 Hz), 4,88 (t, 2H, 2', J = 5,6 Hz),
4,49 (t, 2H, 6, 9", J = 1,9 Hz), 4,22 (t, 2H, 7',
8, J = 19 Hz), 3,86-3,85 (M, 8H, 14, 10—
14'), 2,90 (s, 3H, 13)

160,51 (1), 145,15 (4'), 142,76 (8), 140,67 (11),
138,12 (7), 134,68 (9), 128,73 (4), 122,23 (3)),
121,79 (3), 114,10 (5), 112,26 (6), 109,81 (2),
92,93 (12), 75,78 (5'), 68,09 (10'-14"), 68,06 (6",
9'), 66,26 (7', 8), 55,37 (14), 49,71 (1), 44,47
(2), 23,18 (13)
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Tablica 34. Analiticki i MS podaci za harmicene 76-79

S5
\ N
N
H
NH
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Fe
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78 H
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e~ :

9

Spoj '?(‘f/g)r : t(°C) Molekulska Mr MS (m/2)
76 48 210-213 CasHisFeN;O 409,27 410,0 (M+1)
77 39 240,5-243 CaHFeN;O 423,30 424,0 (M+1)
78 42 2432455 CasHzFeN:0; 453,32 454,0 (M+1)
79 50 225227 CasHasFeN30; 467,35 4681 (M+1)

Tablica 35. IR podaci za harmicine 76-79

Spoj IR (ATR, Vmaxlcm_l)

76 3623, 3467, 3085, 3050, 2962, 2928, 1711, 1649, 1622, 1531, 1503, 1444, 1408, 1375, 1340,
1300, 1249, 1229, 1195, 138, 1123, 1106, 1041, 1017, 914, 819, 801, 634, 598, 558

77 3324, 3226, 1634, 1574, 1532, 1498, 1447, 1380, 1348, 1297, 1248, 1104, 1026, 901, 814, 755

738, 629, 528, 482

78 3216, 1716, 1622, 1551, 1451, 1422, 1376, 1312, 1278, 1236, 1217, 1105, 960, 842, 801, 741,

641, 605, 505,476

79 3623, 3467, 3085, 3050, 2962, 2928, 1711, 1649, 1622, 1531, 1503, 1444, 1408, 1375, 1340,

1300, 1249, 1229, 1195, 1177, 1138, 1123, 1107, 1041, 1016, 914, 819, 801, 634, 598, 558
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Tablica 36. *H i 3C NMR spketroskopski podaci za harmicene 76-79

Spoj !H NMR (DMSO-ds, 6 ppm) 13C NMR (DMSO-ds, 6 ppm)
11,49 (5, 1H, 10, 8,58 (1, 1H, 2, J = 6,0 H2),
8.31(d, 1H, 7, J=52 Hz), 823 (d, 1H, 3, J= 169,83 (3), 142,64 (8), 140,17 (11), 137,35 (7),
7.8 Hz), 8,05 (d, 1H, 6, J = 5,2 Hz), 7.68 (d, 133,55 (9), 128,10 (3), 127.74 (5), 121.74 (1),
76 1H, 12,1 = 82 Hz), 756 (t, 1H, 1, J = 7.6 120,93 (4), 119,37 (2), 113,86 (6), 111,99 (12).
H2), 7,25 (t, 1H, 2, = 7.5 Hz), 4.88-4,87 (m, 76,11 (4). 70,10 (5', 8), 69,31 (9-13), 68,30
AH, 15, 8), 435 (t, 24, 6, 7, J= 1.9 Hz). (6" 7, 41.73 (1)
4,07 (s, 5H, 9-13)
11,51 (s, 1H, 10), 8.47 (1, 1H, 2, J = 6.1 H2),
812 (d, 1H, 3, J = 7.9 Hz), 7.89 (s, 1H, 6). 168,94 (3), 147,17 (7), 141,14 (8), 140,76 (11),
757 (d, 1H, 12, J = 8,2 Hz), 7,527.48 (m, 133,49 (9), 127.78 (3), 127.66 (5), 121,35 (1),
77 1H, 1), 7,21-717 (m, 1H, 2), 4,90 (t, 2H, 5", 120,95 (4), 119,16 (2), 111,98 (12), 109,47 (6).
8, 1= 1,9 Hz) 4,60 (d, 2H. ', 1 = 6,0 Hz), 76,73 (4), 69,96 (5, 8), 69,25 (9'-13), 68,28
437 (4, 2H, 6 7', 1= 1,0 Hz), 420 (s, 5H, 9 (6", 7'), 44.31 (1), 20,27 (13)
13,278 (5, 3H, 13)
11,41 (s, 1H, 10), 8.14 (d, 1H, 7, = 5,3 Hz,),
8,07-8,05 (m, 2H, 3, 3), 7,79 (d, 1H. 6, J = 169,36 (4), 159,31 (1), 141,89 (8), 141,28 (11),
5.3 Hz), 7,07 (d, 1H, 12, J = 2.4 Hz), 6.90 (dd, 137.74 (7). 134.55 (9), 127,17 (5), 122,69 (3).
78 1H,2,1=87,22Hz), 483 (t, 2H, 6. 9" J= 114.98 (4), 111.93 (). 109.22 (2). 95,38 (12).
2.0 Hz), 4,35 (t, 2H, 7 8, J = 1,9 Hz), 423 76,31 (5), 70,01 (6", 9), 69,40 (10'-14), 68,22
(t. 2H, 1", 3 = 5.7 Hz), 413 (s, 5H, 10-14), (7" 8), 66,40 (1'), 38,49 (2, 20,33 (13)
3,63 (q, 2H, 2, J = 5,7 Hz), 2,71 (s, 3H, 13)
SA7(G It 7, 3oL H2), 8.10°8,07 (M 2 169,75 (41, 160,52 (1), 143,00 (8), 140,66 (11),
,3), 7,88 (d, 1H, 6, J =51 H7), 7,32 (d, IH, 33795 (7) 13467 (9), 128,43 (5), 122,39 (3)
12, J=22 Hz), 6,88 (dd, 1H,2, 1 =85, 2.1 1, /"9 (4 119 26 (6), 109,20 (2), 93,78 (12)
79 H2), 469 (t, 2H, 6, 9, J = 1.0 Hz), 4,66 (1, L.+28 (4), 112,26 (6), 109,20 (2), 93 :

2H,1,J=7,1Hz), 4,34 (t, 2H, 7,8, J=19
Hz), 4,07 (s, 5H, 10-14"), 3,91 (s, 3H, 14),
3,60 (q, 2H, 2', J = 6,7 Hz), 3,04 (s, 3H, 13)

76,40 (5'), 69,93 (6', 9, 69,32 (10'-14"), 68,08
(7, 8, 55,50 (14), 43,56 (1), 39,10 (2, 23,14
(13)
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Tablica 37. Analiticki i MS podaci za harmicene 80-83

P—
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Iskor.

Molekulska

Spoj (%) tt (°C) formula Mr MS (m/z)
80 34 222,0-224,5 CasHa1FeN3O 423,30 424,1 (M+1)*
81 39 247,5-250,0 CasH23FeN3zO 437,32 438,0 (M+1)*
82 58 176,0-177,5 CasH2sFeN30, 467,35 468,1 (M+1)*
83 69 170,5-172,0 CarH27FeN3O; 481,38 482,2 (M+1)*

Tablica 38. IR podaci za harmicene 80-83

SpOJ IR (ATR, Vmaxlcm_l)

3333, 3219, 3168, 3099, 2995, 2898, 1651, 1568, 1521, 1502, 1445, 1436, 1413, 1361, 1321,

80 1285, 1248, 1151, 1106, 1045, 1026, 999, 878, 820, 740, 677, 595, 564, 504

81 3404, 3191, 3081, 2944, 1649, 1621, 1570, 1522, 1471, 1455, 1421, 1312, 1247, 1267, 1136
1103, 1038, 1023, 997, 925, 826, 803, 753, 741, 693, 621, 584, 543, 500, 482

82 3222, 3055, 2875, 1656, 1630, 1539, 1484, 1434, 1378, 1324, 1299, 1273, 1238, 1174, 1134,
1106, 1073, 1037, 1023, 1002, 961, 924, 871, 814, 776, 738, 661, 634, 590, 567, 484

83 3341, 2931, 1655, 1624, 1566, 1503, 1451, 1439, 1410, 1347, 1330, 1300, 1251, 1195, 1172,

1141, 1104, 1048, 1024, 929, 835, 813, 794, 639, 567, 496, 482
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Tablica 39. 'H i**C NMR spektroskopski podaci za harmicene 80-83

Spoj 'H NMR (DMSO-ds, 6 ppm) 13C NMR (DMSO-ds, 6 ppm)
11,50 (5, 1H, 10), 8,55 (t, 1H, 2, J = 5,4 Hz),
E’%?g(ﬂzl)ﬁé,gf( d,5i|2-|!_|62,),Jg=’2§,§dl’—é|)-,|’73,ég 170,47 (3), 141,60 (8), 140,36 (11), 137,36 (7),
A IH Ty e e eSS At L Y2 13380 (9), 128,12 (3), 127,74 (5), 121,73 (1)
B0 b 72 (it 20 -7 At e e, 12087 (4), 11938 (2), 113,89 (6), 112,05 (12)
L oAt 432 (o 6B i1 8266 (5), 6858 (6, 9), 6841 (10-14), 67,11
Hz), 4,05 (m, 7H, 7', 8, 10-14%, 3.26 (s, ( »8):41,52(1), 3633 (4)
2H, 4)
11,48 (5, 1H, 10), 8,42 (t, 1H, 2, J = 5,9 Hz),
8,10 (d, 1H, 3, 1= 7.8 Hz), 7,73 (5, 1H, 6), 169,93 (3), 146,33 (7), 141,16 (8), 140,71 (11),
7.56 (d, 1H, 12, J = 8.2 Hz), 7,52-7,50 (m, 133,44 (9), 127.78 (3), 127,66 (5), 121,49 (1),
81 1H, 1), 7.21 (t, 1H, 2, J = 7.4 Hz), 4.46 (d. 120,98 (4), 119,11 (2), 111,94 (12), 109.54 (6).
2H, 1, 1= 5.8 Hz), 4,27 (t, 2H, 6.9, =19 83,05 (5), 68,63 (6, 9), 68,45 (10'-14"), 67,15
Hz), 4,12 (s, 5H, 10-14%), 4,10 (t, 2H, 7, 8, (7.8, 44.28 (1), 36.72 (4), 20,28 (13)
J=1,9 Hz), 3,24 (s, 2H, 4), 2,73 (s, 3H, 13)
11,40 (s, 1H, 10), 8,19 (t, 1H, 3, 1 = 5,5 Hz),
i'ge(?-izl)!_'%;’oj( d,5i3Hﬁsz,)bsz'og,édhims,bg 170,25 (4), 159,17 (1), 141,84 (8), 141,29 (11),
T ey Gas (@ 1ty 2 137,75 (7), 13456 (9), 127,16 (5), 12263 (3)
82 86 22Hz) 420 (t 2H, 7, 10, J= 19 Hz), L1200 (4), 111,93 (6), 109,30 (2), 95,40 (12),
130 a1 3G e a1 sk 11 8272 (6). 68,50 (7 10), 6843 (11-15), 67,08
15y 408 (L 21,9, 3 2 1o o), 351 (g, (8 ). 6655 (1), 3840 (2), 3637 (5), 20,35
2H, 2 J = 5,6 Hz), 3,16 (s, 2H, 5, 2.72 (5, %)
3H, 13)
8,17 (d, 1H, 7, = 5.1 Hz), 8,09 (d, 1H, 3, J
( dsfHHg) J8f;(1t’ &ZH) 3237 ( d?'(leFle)’ZTfS 170,58 (4), 160,52 (1), 142,86 (8), 140,61 (11),
Dy by 680 (i 1h 23 86 22 hy, 13780 (7). 134,64 (3), 12843 (5), 12240 (3),
83 457 (LT Tt ats it 2h 7, L143L (@), 11225 (6), 108.24 (2), 9364 (12)

10", J = 1,9 Hz), 4,11 (s, 5H, 11'-15'), 4,05
(t, 2H, 8, 9', J = 1,8 Hz), 3,92 (s, 3H, 14),
3,45 (q, 2H, 2, J = 6,7 Hz), 3,07 (s, 2H, 5,
2,95 (s, 3H, 13)

82,12 (6'), 68,72 (7', 10'), 68,46 (11'-15), 67,21
(8, 9'), 55,52 (14), 43,37 (1), 38,73 (2, 36,65
(5), 23,08 (13)
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4.2. FIZIKALNO-KEMIJSKA SVOJSTVA HIBRIDNIH DERIVATA
HARMINA POZELJNA ZA LJEKOVITE TVARI

Bitan korak u procesu dizajniranja i razvoja novih lijekova je odredivanje fizikalno-
kemijskih svojstava molekula kandidata na temelju kojih je moguée procijeniti svojstva
pozeljna za ljekovite tvari (engl. drug-like properties ili drug-likeness). Ovim pristupom moze
se u ranoj fazi razvoja lijeka izvrSiti probir molekula, ¢ime se skracuje vrijeme i smanjuju
troskovi istrazivanja (215, 216).

Vazno svojstvo poZeljno za ljekovite tvari je oralna bioraspoloZzivost. Za procjenu oralne
bioraspolozivosti predlozena su razli¢ita pravila (2). Lipinski i suradnici su na temelju analize
spojeva iz baze podataka Svjetskog indeksa lijekova (World Drugs Index) definirali 4 kriterija
(temeljena na fizikalno-kemijskim svojstvima) koja molekula mora zadovoljiti da bi bila oralno
aktivna. Kriteriji su poznatiji kao Lipinskijevo pravilo 5 jer su svi brojevi u tom pravilu
visekratnici broja 5: relativna molekulska masa ljekovite tvari mora biti manja od 500, molekula
ne smije sadrzavati vise od 5 donora vodikovih veza, molekula ne smije sadrzavati vise od 10
akceptora vodikovih veza, izracunata vrijednost log P mora biti manja od 5. Ukoliko molekula
zadovoljava barem tri navedena Kkriterija izgledno je da ¢e pokazati dobru oralnu
bioraspolozivost (216-218).

Veber i suradnici su 2002. godine pokazali da fleksibilnost molekule (mjerena brojem
veza u molekuli koje mogu slobodno rotirati) ima vaznu ulogu u oralnoj bioraspolozivosti. Sto
je molekula fleksibilnija, vjerojatnije je da ¢e oralna bioraspoloZivost biti slabija. Takoder,
zakljucili su da se u procjeni oralne bioraspoloZzivosti zona polarne povrSine molekule (TPSA)
moze koristiti umjesto broja skupina koje mogu tvoriti vodikove veze. Predlozili su sljedece
kriterije za procjenu: molekula ne smije sadrzavati vise od 10 veza koje mogu rotirati i TPSA
ne smije biti veéa od 140 A ili molekula ne smije imati vise od 10 veza koje mogu rotirati te ne
smije imati vise od 12 donora i akceptora vodikovih veza ukupno (219). Gelovanijeva pravila
pak zahtijevaju da je molarna refraktivnost (MR) izmedu 40 i 130 cm®/mol, TPSA manja od
140 A2 te broj atoma u molekuli od 20 do 70 (220).

Harmicinima i harmikinima su koristenjem programa Chemicalize.org (221) odredena
sljedeca fizikalno-kemijska svojstva: broj atoma, relativna molekulska masa, log P, broj donora
vodikove veze, broj akceptora vodikove veze, broj rotirajuc¢ih veza, molarna refraktivnost te

zona polarne povrsine. Podaci su dani u Tablici 40.
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Tablica 40. Fizikalno-kemijska svojstva harmicina i harmikina

Lipinskijeva RVE MRf TPSAY
pravilad (cm3/mol) A%

4 128,53 85,69
128,74 85,69
136,15 85,69
133,33 85,69
134,99 94,92
133,12 85,69
133,34 85,69
140,74 85,69
137,92 85,69
139,58 94,92
128,65 68,62
128,87 68,62
136,27 68,62
133,46 68,62
135,12 77,85
133,38 68,76
141 68,76
138,18 68,76
139,84 77,99

Broj
atoma

47a 50 409,45 4,07
47b 50 427,44 4,22
47c 50 488,35 4,84
47d 50 443,89 4,68
47e 54 439,48 3,92
48a 53 423,48 4,21
48b 53 44147 4,35
48c 53 502,37 4,97
48d 53 457,92 481
48e 57 453,50 4,05
49a 51 39547 4,03
49b 51 413,46 4,18
49c 51 474,36 4,80
49d 51 42991 4,64
49e 55 42549 3,88
50a 54 409,49 3,73
50c 54 488,39 4,50
50d 54 44394 4,33
50e 58 439,52 3,57

Spoj My logP?  DVVP AVV®

[EEN
IS

NN WWWWRNNORERERERRRERRRRRRRRRRRRRPRRR PR
g oo o~ DdMOOOO OO0 OO MDMNOODMDMNEDMNDNOODMDMDNOODMSD
B N I > T > N S S St S S I > I > S > SN N St S S SN SN N S N A /6 B S N A S S SN
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51 49 440,89 4,14 131,95 81,51
52 52 454,92 4,27 136,54 81,51
53 49 440,89 4,12 121,91 81,51
54 49 440,89 4,12 121,91 81,51
55 52 454,92 4,34 126,8 70,65
56 57 483,96 3,74 146,73 93,54
57 57 483,96 3,74 146,73 93,54
58 60 497,99 3,96 151,63 82,68
59 48 415,88 281 117,13 82,7
60 51 429,91 2,94 121,72 82,7
61 55 459,93 2,78 128,18 91,93
62 55 459,93 2,78 128,18 91,93
63 58 473,96 3,00 133,08 81,07
64 61 487,99 3,24 137,78 81,07
65 67 516,04 3,82 2 5 3 11 147,29 81,07

2log P — particijski koeficijent; ® DVV — broj donora vodikove veze; ¢ AVV — broj akceptora vodikove veze;
4 broj zadovoljenih Lipinskijevih kriterija (od &etiri); ¢ RV — broj rotirajuéih veza; ¥ MR — molarna
refraktivnost; ¢ TPSA — zona polarne povrsine.

Svojstva pozeljna za ljekovite tvari procijenjena su s obzirom na Lipinskijeva, VVeberova
i Gelovanijeva pravila. Gotovo svi harmicini i harmikini zadovoljavaju 4/4 Lipinskijeva
kriterija. lzuzetak su harmicin 48c i harmikin 65 koji zadovoljavaju 3/4 Lipinskijeva kriterija

jer je njihova M, veca od 500. Svi hibridi, osim harmikina 65, zadovoljavaju Veberova pravila.
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Harmikin 65 blago odstupa od kriterija fleksibilnosti (ima 11 rotiraju¢ih veza). Svi hibridi
zadovoljavaju dva Gelovanijeva pravila vezana uz TPSA i broj atoma. Tre¢e Gelovanijevo
pravilo (MR u rasponu 40-130 cm®/mol) zadovoljavaju harmicini 47a,b i 49a,b te harmikini
53-55 i 59-62. Ostali hibridi blago odstupaju od tog pravila, osim harmikina 56-58 i 65 kod
kojih su odstupanja znacajnija. Temeljem prethodnih spoznaja, moze se predvidjeti dobra
oralna bioraspolozivost harmicina i harmikina.

Dalje, harmicinima 48c i 49c te harmikinu 51, koji su pokazali dobro i selektivno
antiproliferativno djelovanje te harmikinima 63 i 65, koji su pokazali izuzetna antimalarijska
djelovanja na eritrocitu fazu Zivotnog ciklusa plazmodija, detaljnije su analizirana
farmakokineticka svojstva (gastro-intestinalna apsorpcija, prolazak krvno-mozdane barijere,
supstrat P-glikoproteina, inhibicija CYP enzima, prolazak kroz stratum corneum) koristenjem
programa SwissADME (222) (Tablica 41). P-glikoprotein je transmembranski protein koji
izbacuje kesenobiotike iz stanice. U tumorskim stanicama izaziva rezistenciju na razlicite
citostatike zbog Cega je vazno u ranoj fazi razvoj lijeka odrediti je 1i molekula od interesa
supstrat ovog proteina. Na temelju podataka moze se zakljuciti da svi analizirani spojevi, osim
derivata 48c, imaju sli¢na farmakokineticka svojstva: dobru apsorpciju iz GIT-a, ne prolaze
KMB-u, supstrati su P-glikoproteina i potencijalni inhibitori CYP enzima. Derivat 48c se
razlikuje od ostalih analiziranih spojeva u tome $to nije potencijalni suspstrat P-glikoproteina i
inhibitor CYP1A2 i CYP2D6 enzima.
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Tablica 41. Farmakokineticka svojstva odabranih spojeva

Spoj 48¢ 49c 51 63 65

GIT apsorpcija? visoka  visoka  visoka  visoka  visoka

KMB prolazak® - - — - -

Supstrat P-glikoproteina - + + + +
CYP1AZ2 inhibitor® - + + + +
CYP2C19 inhibitor + + + + +
CYP2C9 inhibitor + + + + +
CYP2D6 inhibitor — + + + +
CYP3A4 inhibitor + + + + +

log Kp (cm/s)? -609 571 607 600 582

2 GIT- gastrointestinalni trakt; ® KMB — krvno-mozdana barijera; ¢ CYP — citokrom
P450 enzim; 9 log K, — koeficijent propusnost otopljene tvari kroz stratum corneum.
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4.3. BIOLOSKO DJELOVANJE HARMICINA, HARMIKINA |
HARMICENA

4.3.1. ANTIPROLIFERATIVNO DJELOVANJE

Kako bi se dobio uvid u protutumorski potencijal hibridnih derivata harmina, ispitano je
njihovo antiproliferativno djelovanje na 4 humane tumorske stanicne linije: MCF-7, HepG2,
HCT116 i SW620. Dodatno, djelovanje hibrida ispitano je na jednoj netumorskoj humanoj
stani¢noj liniji (Hek293T) kako bi se procijenila njihova selektivnost. Kao pozitivne kontrole u
ispitivanjima koriSteni su 5-FU i harmin. Vijabilnost stanica odredena je MTT testom. ICso
vrijednost odredena je za one spojeve koji su pri najvisoj ispitivanoj koncentraciji (50 uM)
pokazali smanjenje vijabilnosti za najmanje 50 %. Dobiveni rezultati prikazani su u Tablici 42.

U seriji harmicina najsnaznije djelovanje ostvarili su O-6-supstituirani harmicini 49,
izmedu kojih se posebno istaknuo derivat 49c. Najjaci uc¢inak imali su protiv MCF-7 i HCT116
stani¢nih linija (ICso vrijednosti < 10 uM), osim spoja 49e, ¢iji je ucinak na stani¢nu liniju
HCT116 bio slabiji. Na MCF-7 stani¢nu liniju djelovali su ja¢e od harmina i 5-FU. Djelovanje
ovih spojeva na Hek293T stani¢nu liniju bilo je slabo, $to ukazuje na selektivnost njihovog
djelovanja (Tablica 42). Spoj 49c ostvario je visoke indekse selektivnosti prema MCF-7 (SI =
8,8) i HCT 116 (SI = 10,6).

Nasuprot tome, C-1-, C-3- i N-9-supstituirani harmicini (47, 48 i 50) nisu zna¢ajno
inhibirali rast humanih tumorskih stanica, osim spoja 48c koji je imao izrazeno djelovanje na
stani¢nu liniju MCF-7 (ICso = 8,5 = 0,6 uM, SI > 5,9) te spoja 50c koji je umjereno, ali
selektivno inhibirao rast MCF-7 i HepG2 stani¢nih linija (Tablica 42).

Zanimljivo je da su u svim podserijama harmicina, osim podserije 47 koja je opCenito
bila neaktivna, najsnaznije djelovanje pokazali m-Br-supstituirani derivati (48c, 49c, 50c) koji
su ujedno bili i najlipofilniji. Ipak, vidljivo je da polozaj supstituenta na [3-karbolinskom prstenu
ima veci utjecaj na antiproliferativno djelovanje od vrste 1 polozaja supstituenta na fenilnom

prstenu cimetnog dijela molekule.
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Tablica 42. In vitro antiproliferativno djelovanje harmicina, harmikina i harmicena na
humane tumorske stani¢ne linije s izratunatim indeksima selektivnosti

ICs0® (uM) SIe
Spoj S/pa
MCF-7 HepG2 HCT116 SW620 Hek293T MCF-7 HCT116
47a 33,1+4,5 > 50 44,1 £4,1 > 50 30,1 +4,33 0,9 0,7
47b > 50 > 50 > 50 17,6 £2,1 > 50 >1 >1
47c C-ut >50 >50 >50 > 50 >50 >1 >1
47d >50 >50 >50 > 50 >50 >1 >1
47e 21,8+2,9 >50 > 50 > 50 > 50 >2,3 >1
48a > 50 > 50 > 50 > 50 > 50 >1 >1
48b 252442 > 50 22,9+ 0,9 > 50 > 50 >2 >22
48c C-3IT 8,5+0,6 > 50 19,8 £ 1,4 20,8 £3,1 > 50 >59 >25
48d 18,2+ 0,5 >50 20,8+ 1,7 229+1,3 23,7+2 1,3 11
48e >50 >50 >50 >50 274+22 <0,5 <05
49a 8,4+04 12,1 £2,8 7.8+ 1,4 18,9+ 0,6 39+ 1,5 4,6 5
49b 8,9+04 14,6 £ 1,3 3,609 > 50 314+1,7 3,5 8,7
49c 0-6/T 43+0,1 153422 3,6+0,7 17,1+ 1,5 38 43,6 8,8 10,6
49d 8,2+0,8 143+ 1 3,71 17,5+£2.3 17,9+2,1 2,2 4.8
49e 5,6£0,3 15+1,2 36,5+ 7,7 27,3+0.9 23,8+2,8 4.3 0,7
50a > 50 > 50 > 50 > 50 > 50 >1 >1
50c 12,6 £2 158+ 1,3 > 50 >50 349+2,5 2,8 <0,7
N-9/T
50d >50 >50 >50 >50 > 50 >1 >1
50e 359+0,9 >50 >50 > 50 > 50 >14 >1
51 C-uT > 50 >50 12,71 > 50 > 50 >1 >39
52 C-3/T > 50 > 50 > 50 > 50 > 50 >1 >1
53 O-6/T 21,2+0,4 27,6 2,9 12,9 +£0,7 > 50 > 50 >24 >39
54 O-7IT 1,6 £0,1 10+ 1,6 2+0,1 82+0,3 5,7+0,1 3,6 2,9
55 N-9/T 13,101  382+46 7,7+04 > 50 10,6 £0,7 08 1,4
56 O-6/T 12,4+£0,5 22,8+ 27 4,6+0,2 7,1£0,3 16,2+ 0,6 1,3 3,5
57 o-7/T 1,9+0,3 42+1,5 2,8+0,6 3,4+£0,2 46+04 2,4 1,6
58 N-9/T 13+1,3 193+2,0 12,8+09  181+03  26,1+04 2 2
59 C-UA  7,1+£02 13,7+ 1,6 7.4+0,4 112+14  227+05 3.2 31
60 C-3/A 6,2+0,6 162+1.4 6+0,5 10,5+ 0,8 6,2+0,5 1 1
61 O-6/A > 50 > 50 >50 > 50 > 50 >1 >1
62 O-7/A 108+08  174+17 73 +0,4 9,4+ 0,6 12,3+1,7 1,1 1,7
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63 N-9/A 7,7+£0,2 21 +£27 5,1+£0,2 3,3+£0,5 11,8+ 1,1 15 2,3
64 N-9/A  6,8+0,1 14,8 +2,1 6+0,3 6,3+0,2 74+0,7 1,1 1,2
65 N-9/A > 50 332425 7,2+£0,3 > 50 11,1 +£1,.2 <0,2 15
66 C-1UT > 50 >50 7,6 +0,5 23,1+64 > 50 >1 >6,6
67 C-3/T 3,7+0,2 123+5 352+4,7 3,8+04 46,5+ 1 12,6 13
68 O-6/T 6,8 £0,2 17+0,3 > 50 8,1+0,2 43 £8,6 6,3 <09
69 o-7IT > 50 >50 7,4+04 >50 >50 >1 >6,8
70 N-9/T > 50 >50 14,6 £3,7 >50 > 50 >1 >34
71 C-UT 39.4+7,9 439 +1,1 294+ 4,6 >50 >50 >1,3 >1,7
72 C-3/T 17,7+0,6 >50 83+14 19,7+1,9 > 50 >2.8 >6
73 O-6/T 6,9+0,5 8,4+0,9 9+0,7 6,5+0,7 7,3+£2,8 1,1 0,8
74 o-7/T 8,0+0,2 9,5+0,5 38,6 +2,8 7,6 £0,1 17,1 +1,8 2,1 0,4
75 N-9/T > 50 >50 >50 >50 >50 >1 >1
76 C-1/A 85+1,5 > 50 16,8+ 0,9 45,1 £ 3,7 > 50 >59 >3
77 C-3/A 199+ 1,1 >50 >50 >50 >50 >25 >1
78 O-7/A 9,1+1,4 15,6 £ 0,3 6,6 £0,8 99+4 18,6 0,2 2 2,8
79 N-9/A  30,5+13,2 > 50 16,3 +3,2 > 50 > 50 >1,6 >31
80 C-1/A > 50 >50 >50 > 50 >50 >1 >1
81 C-3IA  36,9+6,8 > 50 20,9+ 1,5 25+8.1 > 50 >1,4 >2.4
82 O-7/A 45+0,3 7,4+0,5 59+1,3 42+0,3 8,4+0,3 19 14
83 N-9/A 13,2+ 0,5 28+2)5 7,5+04 9,9+1,1 30,8+2,4 2,3 4,1
HAR? 13,5+ 1,1 18,7+0,8 4+0,8 4,7+0,6 12,6 £0,8 0,9 3,2
5-FU® 239+59 5,5+£0,6 52+2,8 9,4+0,3 8,1+0,8 0,3 1,6

3S/P — polozaj supstitucije na p-karbolinskom prstenu/tip poveznice (T — triazol, A — amid); ® ICso — koncentracija

spoja koja inhibira rast stanica za 50 %; ¢ SI — indeks selektivnosti; ¢ HAR — harmin; ¢ 5-FU — 5-fluorouracil.
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U usporedbi s harmicinima, harmikini su ispoljili znacajno snaznije, ali uglavnom
neselektivno antiproliferativno djelovanje na ispitane humane stani¢ne linije (u¢inak harmikina
na HepG2 i Hek293T bio je nesto slabiji) (Tablica 42). Usporedeno je djelovanje harmikina
unutar pojedine podserije, kao i djelovanje harmikina TT i AT u pojedinim polozajima -
karbolinskog prstena.

Izmedu harmikina TT antiproliferativno djelovanje je s obzirom na polozaj supstitucije
[-karbolinskog prstena opadalo prema obrascu: O-7 > N-9 > 0-6 > C-1 > C-3. O-7-supstituirani
derivati 54 i 57, koji se razlikuju u duljini poveznice, ostvarili su najsnaznije antiproliferativno
djelovanje u ovoj seriji spojeva (ICso vrijednosti < 10 uM). S druge strane, C-1- i C-3-
supstituirani derivati 51 i 52 koji u polozaju 4 kinolinskog prstena nisu imali amino, ve¢ etersku
skupinu bili su neaktivni u najvecoj ispitivanoj koncentraciji, osim spoja 51 koji je umjereno,
ali selektivno djelovao na HCT-116 (SI > 3,9). Zanimljiv je utjecaj duljine poveznice na
antiproliferativno djelovanje. U sluc¢aju O-7-supstituiranih derivata 54 i 57 vidljivo je da duljina
poveznice ne utjece na djelovanje (oba derivata djelovala su podjednako snazno). Nasuprot
tome, O-6-supstituirani derivat 56 koji je imao duzu poveznicu djelovao je snaznije od analoga,
derivata 53 koji je imao triazol izravno vezan za kinolinski prsten. Potonji je umjereno, ali
selektivno djelovao na MCF-7, HepG2 i HCT116.

Harmikini AT najsnaznije su djelovali na HCT116 (ICso < 10 uM), osim spoja 61 (O-6
harmikin) koji nije bio ucinkovit prema svim ispitivanim stani¢nim linijama u najvi$oj
koncentraciji. Moguce je da je zbog slabe topljivosti 1 taloZenja u stanicnom mediju njegovo
antiproliferativno djelovanje izostalo. Amidi 60, 63 i 64 pokazali su snazno antiproliferativno
djelovanje na sve ispitivane stani¢ne linije, osim na HepG2 na koju je u¢inak bio slabiji. [zmedu
amida u polozaju N-9, derivat 65 s najduljom poveznicom ostvario je slabije djelovanje ili je
bio neaktivan u odnosu na analoge s kratom poveznicom $§to je posebno vidljivo u slucaju
MCF-7, HepG2 i SW620 stani¢nih linija.

Usporedbom podserija vidljivo je da su C-1 i C-3 amidi (59 i 60) ostvarili snaznije
djelovanje od triazolskih analoga supstituiranih u tim polozajima (spojevi 51 i 53). S druge
strane, O-7-supstituirani triazoli 54 i 57 ostvarili su jace djelovanje od O-7-supstituiranog amida
62. N-9-supstituirani amidi 63 i 64 pokazali su snaznije ili usporedljivo djelovanje u odnosu na
N-9-supstituirane triazole 55 i 58.

Harmiceni su pokazali dobro djelovanje humane tumorske stani¢ne linije, izmedu kojih
su najosjetljivije bile MCF-7, HCT116 i SW620 (7 od 18 spojeva djelovalo je na ove stani¢ne

linije u niskim mikromolarnim vrijednostima). Najslabiji u¢inak imali su na HepG2 (samo su 3
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od 18 spojeva djelovali na ovu stani¢nu liniju u niskim mikromolarnim vrijednostima).
Harmiceni su na Hek293T djelovali slabo §to upucuje na selektivnost njihovog djelovanja.
Najsnaznije djelovanje pokazali su O-6-supstituirani triazol 73 i O-7-supstituirani amid 82. O-
7- i N-9-supstituirani amidi (78, 79, 82, 83) djelovali su snaznije od triazolskih derivata
supstituiranih u istim polozajima. Nasuprot tome, C-1- i C-3-supstituirani triazoli (66, 67, 71,
72) pokazali su blago snaznije antiproliferativno djelovanje od analognih amida. C-1-, O-7- i
N-9-supstituirani triazoli (66, 69, 70) koji sadrze metilenski most izmedu triazola i ferocena
ostvarili su selektivno djelovanje na HCT116 (SI(66) > 6,6, SI(69) > 6,8, SI(70) > 3,4), dok
njihovi analozi u ¢ijoj strukturi su triazolski i ferocenski prsten izravno vezani nisu djelovali
selektivno. Stovise, spoj 74 slabo je djelovao na HCT116, dok je pokazao snaZan citotoksiéni
ucinak prema ostalim ispitivanim stani¢nim linijama. S druge strane, C-3-supstituirani amid u
¢ijoj strukturi su triazol i ferocen izravno vezani (77) djelovao je umjereno, ali selektivno na
MCF-7 (SI > 2,5). Njegov analog, spoj 81 koji sadrzi metilenski most, nije pokazao
selektivnost. Moze se zakljuciti da prisutnost metilenskog mosta izmedu triazola i ferocena,
ovisno o vrsti poveznice, utjeCe na selektivnost harmicena. N-9-supstituirani triazol 75 i C-1-
supstituirani amid 80 bili su neaktivni prema svim ispitivanim stani¢nim linijama u najvecoj
ispitivanoj koncentraciji.

Kako bi se dobio uvid u moguéi mehanizam djelovanja, harmicinima i harmicenima,
hibridima harmina koje bi bilo poZeljno razvijati kao potencijalne protutumorske lijekove,
ispitana je lokalizacija u stanici. Na temelju rezultata antiproliferativnog djelovanja za
ispitivanje su odabrani harmicin 49c, koji je bio citotoksi¢an prema svim ispitivanim stani¢nim
linijama, te harmiceni 69 (selektivan prema HCT116) i 82 (citotoksi¢an prema svim ispitivanim
stani¢nim linijama), a u pokusu je koriStena MCF-7 stani¢na linija. Sposobnost fluorescencije
spojeva iskoriStena je kako bi se pratila njihova lokalizacija u stanici koriStenjem
fluorescentnog mikroskopa. Analizom kontrole (netretirane stanice) nije uocena
autofluorescencija. Utvrdeno da harmicin 49c stvara toCkasta obojenja u citoplazmi stanice
(Slika 61a), ali ne i u stani¢noj jezgri $to iskljucuje interakciju s molekulom DNA kao
potencijalni mehanizam djelovanja. Nasuprot tome, harmicen 69 izazvao je bojanje citoplazme
te tockasta obojenja u jezgri Sto potvrduje njegov ulazak jezgru (Slika 61b). U stanicama
tretiranim harmicenom 82 uoceno je bojanje citoplazme, dok je fluorescencija jezgre bila slabije
izrazena. Zbog tehnickih ograni¢enja 1 spektralnih karakteristika ovog spoja nismo mogli
optimirati uvjete pokusa te ne mozemo sa sigurno$¢u donijeti zakljucak o lokalizaciji spoja
unutar stanice. Istrazivanje detaljnog mehanizma protutumorskog djelovanja harmicina i

harmicena prelazi okvire ovog doktorskog rada.
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b)

Slika 61. Unutarstani¢na lokalizacija: a) harmicina 49c, b) harmicena 69
(povecanje 400 x)
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43.2. ANTIMALARIJSKO DJELOVANJE

Antimalarijsko djelovanje harmicina, harmikina i harmicena ispitano je na eritrocitnoj i

hepatocitnoj fazi zivotnog ciklusa plazmodija.

4.3.2.1. Djelovanje na eritrocitnu fazu Zivotnog ciklusa plazmodija

Djelovanje hibrida na eritrocitnu fazu ispitano je na dva soja P. falciparum: 3D7 i Dd2.
Iznimno, antimalarijsko djelovanje odabranih harmikina ispitano je na dva multirezistentna
soja: PfK1 (soj otporan na CQ, pirimetamin i sulfadoksin, porijeklom iz Tajlanda) i Pf7G8 (soj
otporan na CQ i pirimetamin, porijeklom iz Brazila). Rezultati antimalarijskog djelovanja
harmicina, harmikina i harmicena na eritrocitu fazu Zivotnog ciklusa plazmodija dani su
Tablicama 43 i 46. Usporedbom djelovanja sve tri skupine spojeva, dosli smo do zakljucka da

harmikini imaju najbolje antimalarijsko djelovanje, potom harmiceni te harmicini.

43.21.1. Harmikini

Djelovanje harmikina na eritrocitnu fazu Zivotnog ciklusa plazmodija ispitano je u dva
ciklusa (Tablica 43). Prvo je ispitan njihov u¢inak na Pf3D7 i PfDd2, dok je u drugom ciklusu
ispitano djelovanje hibrida s ICso (Pf3D7) < 100 nM na multirezistentne sojeve PfK1 i Pf7G8,
osim spoja 64, koji nije bio dostupan, i derivata 59, koji je dao nekonzistentne rezultate te je
izostavljen iz analize. Strukturna raznolikost pripremljenih spojeva omoguéila je donoSenje
nekoliko zakljucaka vezanih uz SAR:

1) Harmikini AT i vecina harmikina TT djelovala je snaznije od polaznog spoja, harmina.
Primjerice, harmikin AT 63 imao je 3 reda velicine jaci u¢inak na Pf3D7 od harmina.

2) Optimalni polozaj za supstituciju B-karbolinskog prstena je N-9. Spojevi 58 i 63
(najucinkovitiji protiv Pf3D7) te 63 i 65 (najucinkovitiji protiv PfDd2) su N-9-
supstituirani derivati.

3) Opcenito, harmikini AT pokazali su snaznije djelovanje od harmikina TT protiv svih
ispitanih sojeva P. falciparum.

4) U strukturi poveznice vazna je amino skupina izravno vezana za klorkinolinski prsten.

Harmikini koji ne sadrze amino skupinu (53-55) ostvarili su slabije djelovanje, dok su
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derivati u ¢ijoj strukturi je amino skupina zamijenjena eterskom (51 i1 52) bili

neaktivni.

Tablica 43. In vitro antiplazmodijsko djelovanje harmikina na eritrocitnu fazu Zivotnog
ciklusa plazmodija

1Cso® (NM)
Spoj S/pa
Pf3D7 PfDd2 PfK1 Pf7G8

51 C-uT > 28000 >27777,8 n.o.c n.o.

52 C-3IT 10841,4 £ 2569,4 5418,4 + 552 n.o. n.o.

53 O-6/T 3660,3 +370,4 7110,3 +2496,9 n.o. n.o.

54 o-7/T 95,8 +1,7 202,7 £28.5 299,1+102,7 195,0 £ 43,3

55 N-9/T 899,2 £ 106,9 1816,4 +350,3 n.o. n.o.

56 O-6/T 65,7 £3,4 160,4 + 44,0 140,6 £ 14,2 143,8 + 105,5

57 o-7/T 57,3+ 1,2 76,2+ 14,4 33,5+4,9 44,2+ 6,0

58 N-9/T 11,6 +£3,8 204,5+9.9 163,2 +78,5 28,6 +53

59 C-1/A 54,0+ 15,8 170,7£2,5 n.o. n.o.

60 C-3/A 13+3,1 46,1+ 3,9 48,8+ 19,6 28,2+2,7

61 0O-6/A 303,4 £ 61,3 535,4+131,9 n.o. n.o.

62 O-7/A 2344+ 25,7 309,3+ 61,9 n.o. n.o.

63 N-9/A 2+0,3 16,2 + 2,83 248+ 1,3 74+1,3

64 N-9/A 19,0+£5,1 548+9 n.o. n.o.

65 N-9/A 346+1,2 15,5+ 0,9 20,2+5.2 6,0£03
cQe 11+3 364,2 £70,2 392,1+ 39,5 220,3 + 23,0
HAR 8250 + 2830 >27777,8 n.o. n. o.

aS/P — polozaj supstitucije na B-karbolinskom/tip poveznice (T — triazol, A — amid);? ICso — koncentracija spoja

koja inhibira rast plazmodija za 50 %; ¢ CQ — klorokin; ¢ HAR - harmin

bile su nize od 100 nM). Spoj koji je djelovao najsnaznije, harmikin AT 63, pokazao je 5,5 puta
jace djelovanje od CQ (ICso = 2 + 0,3 nM). Harmikin TT 58 (ICso= 11,6 + 3,8 nM) i harmikin
AT 60 (ICso= 13 + 3,1 nM) ostvarili su djelovanja usporediva s CQ (ICso= 11 &+ 3 nM). Vazno
je ista¢i da je ve¢ina harmikina snazno djelovala na rezistenente sojeve §to potvrduju izracunati
indeksi rezistencije prikazani u Tablici 44. Uc¢inak 10 od 15 harmikina na PfDd2 te 7 od 15 na
PfK1 i Pf7G8 bio je jac¢i u odnosu na CQ. NajizraZenije djelovanje imao je harmikin 65 koji se

pokazao ucinkovitijim protiv rezistentnih sojeva P. falciparum nego protiv soja Pf3D7 (36,7
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puta jace djelovanje od CQ protiv Pf7G8, ICso = 6,0 = 0,3 nM). Harmikin 63 pokazao je 22,5
puta snaznije djelovanje na PfDd2, 15,9 puta jace na PfK1 i 29,8 puta ja¢e na Pf7G8 u odnosu
na CQ. Zanimljiva je usporedba harmikina AT i TT koji su ostvarili najslabije djelovanje. Medu
harmikinima AT, O-6 i O-7 derivati (61 i 62) pokazali su dva reda veli¢ine slabije djelovanje
od harmikina 63. S druge strane, u podseriji harmikina TT najslabije su djelovali C-1 (51) i C-
3 (52) hibridi. Veéina spojeva nije pokazala kriznu rezistenciju sa sojevima otpornim na CQ

pokazujuci da zadrzavaju istu aktivnost protiv sojeva osjetljivih i otpornih na CQ.

Tablica 44. Indeksi rezistencije harmikina

RI®
Spoj
ICso(PfDd2)/ I1Cso(PfK1)/ I1Cs0(Pf7G8)/
ICso(Pf3D7)  ICso(Pf3D7)  ICso(Pf3D7)
51 n.o." n.o. n.o.
52 0,4 n.o. n.o.
53 1,9 n.o. n.o.
54 2,1 3,1 2,0
55 2 n.o. n.o.
56 2,4 2,1 2,1
57 1,3 0,5 0,7
58 17,6 14 2,4
59 31 n.o. n.o.
60 3,5 3,7 2,1
61 1,7 n.o. n.o.
62 1,3 n.o. n.o.
63 8,1 12,4 3,7
65 0,4 0,5 0,1
CQ 33,1 35,7 20,0

4RI — indeks rezistencije; ® n.o. — nije odredeno
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Tablica 45. In vitro inhibicija polimerizacije hema u hemozoin

Spoj IPH Spoj IPH
51 - 59 -
52 + 60 -
53 ++ 61 -
54 ++ 62 +
55 - 63 +
56 ++ 64 -
57 ++ 65 _
58 + CcQ ++

IPH — inhibicija polimerizacije hemozoina in vitro, harmikini su grupirani
s obziroma na % IPH u odnosu na referentni lijek (CQ): < 50 %, ne
inhibiraju polimerizaciju hemozoina (-); izmedu 50 i 75 %, umjereno
inhibiraju polimerizaciju hemozoina (+); > 75 %, snazno inhibiraju
polimerizaciju hemozoina (++).

Nadalje, harmikinima je ispitan mogu¢i mehanizam djelovanja. Buduéi da su derivati
CQ-a, postoji mogucnost da inhibiraju polimerizaciju hema u hemozoin. Kao model za
proucavanje tvorbe hemozoina koristen je B-hematin, sintetski oblik hemozoina, koji se in vitro
moze prirediti iz hemina u kiseloj sredini. Rezultati ispitivanja inhibicije polimerizacije hema
u hemozoina dani su u Tablici 45. Vidljivo je da sposobnost inhibicije polimerizacije
hemozoina ne slijedi rezultate antimalarijskog djelovanja na eritrocitnu fazu zivotnog ciklusa
plazmodija zbog cega se moze zakljuciti da se djelovanje spojeva temelji 1 na drugim

mehanizmima, vjerojatno inhibiciji PfHsp90.
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4.3.2.1.2. Harmiceni i harmicini

Harmiceni su pokazali umjereno djelovanje na eritrocitnu fazu Zivotnog ciklusa

od 18 spojeva djelovalo je na Pf3D7 u submikromolarnim koncentracijama, dok su samo 2 od
18 spojeva djelovala na PfDd2 u tom rasponu koncentracija. Harmiceni su na Pf3D7 djelovali
snaznije ili usporedljivo s harminom, osim derivata 69 i 76 koji su bili neaktivni pri najvisoj
ispitivanoj koncentraciji, ali slabije od CQ. Na ovaj soj najsnaznije je djelovao O-7-supstituirani
triazol 74 (ICs0 = 0,15 £ 0,05 uM). Treba istaci da su harmiceni, osim derivata 69 i 76, djelovali
na PfDd2 snaznije od harmina koji je bio nedjelotvoran prema ovom soju. Najucinkovitiji je
bio O-7-supstituirani amid 78 (ICso = 0,66 + 0,01 uM).

Nadalje, SAR analiza otkriva da polozaj supstitucije na [-karbolinskom prstenu ima
znacajniji utjecaj na antimalarijsko djelovanje od vrste i strukture poveznice. Optimalan polozaj
za supstituciju na B-karbolinskom prstenu je O-7. Svi O-7-supstituirani harmiceni, osim
derivata 69, ostvarili su djelovanje u submikromolarnim koncentracijama, dok je O-7-
supstituirani triazol 74 ostvario najjace djelovanje u ovoj seriji spojeva. Takoder, kod harmicena
TT pogodno mjesto supstitucije je O-6, dok je kod harmicena AT to polozaj N-9. Nazalost,
priprava O-6-supstituiranih amida nije uspjela te nije ispitano kako taj polozaj kod amida utjece

na antimalarijsko djelovanje.
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Tablica 46. In vitro antiplazmodijsko djelovanje harmicina i harmicena na eritrocitnu fazu
zivotnog ciklusa plazmodija

ICso® (uM) ICso® (uM)

Spoj S/pa Spoj S/pa

Pf3D7 PfDd2 Pf3D7 PfDd2
47a > 27,8 > 20,3 66 Cc-uT 3,6t1,1 4,4+1,8
47b >17,3 > 20,1 67 C-3IT 2,6+0,3 4+0,6
47c c-uT > 13,2 >19,1 68 O-6/T 0,31 +0,01 1,1+ 0,005
47d > 55,6 > 55,6 69 o-7IT > 55,56 > 55,56
47e >55,6 39,2+0,3 70 N-9/T 2,1+£0.,8 2,9+0,1
48a > 20 > 27,8 71 C-uT 9,2+2 112+22
48b > 27,8 > 27,8 72 C-3IT 7,1+ 0,4 6,1+1,4
48c C-3IT 164+34 111428 73 O-6/T 0,35+0,2 0,89+ 0,01
48d 21,4+273 > 27,8 74 o-7IT 0,15+0,05 1+0,5
48e > 27,8 > 27,8 75 N-9/T 1,4+0,3 2,3+0,3
49a 0,61+0,09 2,12+0,40 76 C-1/A > 55,56 14 +1,95
49b 0,55+0,08 2,28+0,33 77 C-3/A 13,2+8,5 8+0,2
49c O-6/T 0,26=+0,17 0,73+0,40 78 O-7/A 0,3+0,09 0,66+ 0,01
49d 0,57+ 0,06 0,95+0,16 79 N-9/A 0,4+0,18 2+03
49e 0,60+0,03 1,81+0,04 80 C-1/A 1,3+0,1 1,1 +£0,01
50a >27,8 >19,8 81 C-3/A 7,9+22 13+£5,9
50c 6,3+1 18,4+2.4 82 O-7/A 0,42 £0,02 1,5+0,1
sod 0 199 5236 83 N-OA 0834022 1.8+0,4
50e 18,2 >16,9 cQ° 0,003 + 0,002 0,2+0,1

HAR? 8,3+2.38 > 27,7

3S/P — polozaj supstitucije na B-karbolinskom/tip poveznice (T — triazol, A — amid); ® ICso — koncentracija
spoja koja inhibira rast plazmodija za 50 %; ¢ CQ — klorokin; ¢ HAR — harmin.

Strukturna raznolikost harmicina omogucila je analizu utjecaja poloZaja supstituenta na
B-karbolinskom prstenu te vrste i polozaja supstituenta na benzenskom prstenu DCK-a na
antimalarijsko djelovanje. Uoceno je da je polozaj O-6 B-karbolinskog prstena najpogodniji za
supstituciju te da vrsta i1 polozaj supstituenta na fenilnom prstenu DCK-1 nema znacajnijeg
utjecaja na antimalarijsko djelovanje hibrida. O-6-supstituirani derivati 49 pokazali su
umjereno antimalarijsko djelovanje (ICso vrijednosti u submikromolarnom podrucju), dok su
C-1-, C-3- i N-9-supstituirani harmicini djelovali vrlo slabo ili su bili neaktivni pri najvisim

ispitivanim koncentracijama. Derivati 49 snaznije su djelovali na Pf3D7 nego na PfDd2. Njihov
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antimalarijski ucinak bio je jedan red veli¢ine snazniji od harmina, ali dva reda veli¢ine slabiji
od CQ-a. Najbolje djelovanje ostvario je m-Br-supstituirani hibrid 49¢c (1Cso = 0,26 £ 0,17 uM).

C-1- i C-3-supstituirani harmicini (47 i 48) u poveznici, uz triazol, sadrze i estersku
skupinu. Vjerovatno je u in vitro uvjetima doslo do hidrolize estera i razgradnje harmicina §to
je rezultiralo slabijim antimalarijskim djelovanjem. Medutim, trebalo bi sintetizirati analogne
spojeve bez esterske poveznice i ispitati njihovo antimalarijsko djelovanje kako bi se potvrdila
ova hipoteza.

Zanimljiva je usporedba djelovanja N-9-supstituiranih harmicina 50 sintetiziranih u
okviru ovog doktorskog rada i onih koje su pripravili Raji¢ i suradnici (Slika 62).
Novosintetizirani harmicini 50 sadrze hidroksimetilnu skupinu u polozaju C-3, nemaju metoksi
skupinu u polozaju O-7 i opéenito su neaktivni, dok prije objavljeni harmicini sadrze metoksi
skupinu u polozaju O-7, nesupstituirani su u polozaju C-3 te ostvaruju antiplazmodijsko
djelovanje u submikromolarnim koncentracijama. Moze se zakljuciti da je uvodenje alkoholne
skupine u polozaju C-3 i gubitak metoksi supstituenta u polozaju O-7 rezultiralo gubitkom

antimalarijskog djelovanja.

Slika 62. Usporedba strukturnih znacajki dvije serije N-supstituiranih harmicina
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4.3.2.1.3. Selektivnost antimalarijskog djelovanja hibridnih derivata p-karbolina

Kako bi se odredila selektivnost novosintetiziranih spojeva prema plazmodiju izra¢unati
su indeksi selektivnosti (SI) izrazeni kao omjer ICsg vrijednosti za HepG2 i ICsp vrijednosti za
Pf3D7. Rezultati su prikazani u Tablici 47.

Tablica 47. Indeksi selektivnosti za harmicine, harmikine i harmicene

Spoj Sl? Spoj Si Spoj Si
47a >18 50e >27 68 >54,8
47b >29 51 >1,8 69 >0,9
47c >3,8 52 > 4.6 70 23,8
47d >0,9 53 7,5 71 4.8
47e >0,9 54 104,4 72 >7
48a >25 55 42,5 73 24
48b >1,8 56 346,4 74 63,3
48c >3 57 73,3 75 > 35,7
48d >23 58 1663,8 76 >0,9
48e >18 59 2541 77 >38
49a 19,8 60 1246,2 78 52
49b 26,5 61 164,8 79 >125
49c 58,8 62 74,2 80 > 38,5
49d 25 63 10500 81 >6,3
49e 25,1 64 780 82 >17,6
50a >18 65 959,5 83 33,7
50c 2,5 66 >13,9

50d >25 67 > 47

2 Sl — indeks selektivnosti izrazen kao omjer 1Csoza HepG2 i 1Cso za Pf3D7.

Izmedu ostalih serija hibrida, harmikini su pokazali najve¢u selektivnost prema
plazmodiju u odnosu na humane stanice. Citotoksi¢ni ucinak ispoljili su u mikromolarnim
koncentracijma, dok su antimalarijsko djelovanje ostvarili u niskim nanomolarnim
koncentracijama $to je rezultiralo visokim indeksima selektivnosti (Tablica 47). Derivati 54,
56, 59, 61, 64 i 65 djelovali su na plazmodij za tri reda veli¢ine snaznije u odnosu na humane

stanice, spojevi 58 i 60 za Cetiri reda veli¢ine snaznije, dok spoj 63 djelovao ¢ak pet redova
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veli¢ine snaznije. Visoki indeksi selektivnosti harmikina potvrduju da njihovo antimalarijsko
djelovanje nije isklju¢ivo posljedica citotoksi¢nosti ve¢ ciljanog antimalarijskog djelovanja. U
seriji harmicina umjerenu selektivnost prema plazmodiju pokazali su derivati 49, dok su u seriji

harmicena dobru selektivnost ostvarili derivati 68, 74, 75, 79, 80 i 83.
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4.3.2.2. Djelovanje na hepatocitnu fazu Zivotnog ciklusa plazmodija

Djelovanje novosintetiziranih hibrida na hepatocitnu fazu zivotnog ciklusa plazmodija
ispitano je na Huh7 stani¢noj liniji inficiranoj s P. berghei. Preliminarno, djelovanje hibrida
ispitano je pri dvije koncentracije (1 i 10 uM) kako bi se dobio uvid u odnos antimalarijskog
djelovanja i toksi¢nosti prema Huh7. Odredena je koli¢ina parazita (izrazena kao postotak
infekcije) koja govori o ucinku ispitivanih spojeva te vijabilnost stanica (izrazena kao
konfluentnost) koja daje uvid u citotoksi¢nost spojeva prema Huh7. Kao pozitivna kontrola
koristeni su PQ (referentni lijek s djelovanjem na hepatocitnu fazu Zivotnog ciklusa plazmodija)
i harmin, a kao negativna kontrola DMSO. Preliminarnim ispitivanjem identificirani su spojevi
koji pokazuju dobro djelovanje na hepatocitnu fazu, a nisu previse citotoksi¢ni na Huh7, zbog
Cega predstavljaju kandidate za odredivanje ICso vrijednosti.

Harmicini su na hepatocitnu fazu zivotnog ciklusa plazmodija djelovali umjereno,

uglavnom slabije od PQ-a (Slike 63a i 63Db).
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Slika 63. In vitro djelovanje harmicina 47 i 48 (a) te 49 i 50 (b) na hepatocitnu fazu zivotnog
ciklusa plazmodija. Ukupna koli¢ina parazita predstavljena je kao postotak infekcije (stupci),
a vijabilnost stanica kao konfluentnost (tocke).

HAR — harmin, PQ — primakin.

Svi harmikini su pri 10 uM znacajno inhibirali infekciju Huh7 s P. berghei (Slika 64). Pri
nizoj koncentraciji znacajnije inhibitorno djelovanje na plazmodij pokazali su harmikini 53 i
54. S obzirom da je pri viSoj koncentraciji bio manje citotoksican, za odredivanje ICso
vrijednosti odabran je O-7 harmikin TT 53. Njegovo djelovanje (ICso = 0,548 + 0,051 uM) bilo
je 15,3 puta jace u odnosu na PQ (ICso= 8,4 + 3,4 uM).
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Slika 64. In vitro djelovanje harmikina 51-65 na hepatocitnu fazu Zivotnog ciklusa
plazmodija. Ukupna koli¢ina parazita predstavljena je kao postotak infekcije (stupci), a
vijabilnost stanica kao konfluentnost (tocke). PQ — primakin.

Harmiceni, osim spojeva 66 i 75, su pri viSoj ispitivanoj koncentraciji djelovali snaznije
od PQ-a na hepatocitnu fazu zivotnog ciklusa plazmodija. Spoj 68 je pri toj koncentraciji
ispoljio snazno citotoksi¢no djelovanje na Huh7 Sto je moglo interferirati s rezultatima
antimalarijskog djelovanja. Pri nizoj koncentraciji spojevi 68-71, 76, 80 i 81 djelovali su
usporedivo ili snaznije od PQ-a, dok su spojevi 66, 67, 72 i 75 djelovali slabije od
referentnog lijeka. Najsnaznije djelovanje na hepatocitnu fazu ostvario je spoj 80 (ICso <
1 uM), uz izostanak citotoksi¢nog djelovanja na Huh7. Spojevi 66 i 75 pokazali su
najslabije djelovanje na hepatocitnu fazu (pri obje koncentracije djelovali su slabije od
PQ-a). Rezultati su prikazani na Slici 65.
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Slika 65. In vitro djelovanje harmicena na hepatocitnu fazu zivotnog ciklusa
plazmodija. Ukupna koli¢ina parazita predstavljena je kao postotak infekcije (stupci), a

vijabilnost stanica kao konfluentnost (tocke). PQ — primakin.
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5. ZAKLJUCCI
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U ovom doktorskom radu sintetizirane su 3 nove serije hibridnih spojeva harmina:
harmicini 47-50, harmikini 51-65 i harmiceni 66-83, te njihovi prekursori:

a) B-karbolinski alkini 4, 13, 15, 19, 241 28, azidi 6, 11, 22, 27 i 31, amini 7, 12, 21, 26 i 30
te karboksilna kiselina 33,

b) propargilni esteri DCK-a 34, azidi DCK-a 37,

c) klorkinolinski azidi 38 i 40, alkin 42, karboksilna kiselina 43, amini 44 i 45,

d) azidometilferocen 46.

Hibridni spojevi TT pripravljeni su klik-reakcijom. Harmicini 47 i 48 pripravljeni su Klik-
reakcijom propargilnih estera DCK-a 34 i 3-karbolinskih azida 6, odnosno 11. S druge strane,
harmicini 49 i 50 pripravljeni su klik-reakcijom azida DCK-a 37 i B-karbolinskih alkina 13,
odnosno 19. Nadalje, harmikini TT pripravljeni su klik-reakcijom alkina 42 i B-karbolinskih
azida 6 i 11 (spojevi 51 i 52), odnosno Kklik-reakcijom azida 38 i 40 i alkina 19, 24 i 28 (spojevi
53-58). Konac¢no, harmiceni TT 66-70 pripravljeni su klik-reakcijom azidometilferocena i
alkina 4, 15, 19, 24 i 28. S druge strane, triazoli 71-75 dobiveni su klik-reakcijom etinil-ferocena
i azida 6, 11, 22, 27 i 31.

Hibridni spojevi AT pripravljeni su reakcijama povezivanja. Harmikini AT 59-63
dobiveni su reakcijom karboksilne kiseline 43 i amina 7, 12, 21, 26 i 30, dok su amidi 64 i 65
pripravljeni reakcijom karboksilne Kiseline 33 i amina 44 i 45. Harmiceni AT 76-83 pripravljeni
su reakcijom povezivanja ferocenkarboksilne, odnosno ferocenoctene kiseline s aminima 7, 12,
21,261 30.

Ispitano je biolosko djelovanje sintetiziranih hibridnih spojeva: antiproliferativno
djelovanje na humane stani¢ne linije (Cetiri tumorske i jedna netumorska stani¢na linija) i
antimalarijsko djelovanje na eritrocitnu i hepatocitnu fazu zivotnog ciklusa plazmodija.

Harmiceni su pokazali snazno i selektivno djelovanje na humane tumorske stanice. U
ovoj seriji hibrida, najjace antiproliferativno djelovanje prema svim ispitivanim stani¢nim
linijama ostvarili su spojevi 73 1 82. Spojevi 66, 69 i 70 pokazali su selektivno djelovanje prema
HCT116, dok su spojevi 76 i 77 bili selektivni prema MCF-7. Harmikini su pokazali snazno,
ali uglavnom neselektivno antiproliferativno djelovanje. O-7-supstituirani derivati 54 i 57
ostvarili su najjace djelovanje (ICso < 10 uM), dok je spoj 51 bio selektivan prema HCT116.
Izmedu harmicina, najbolje antiproliferativno djelovanje pokazali su O-6-supstituirani derivati
49, posebno prema MCF-7 i HCT116 stani¢nim linijama. Harmicin 49c pokazao je selektivno
djelovanje prema MCF-7. Pokus lokalizacije spojeva u stanici otkrio je da harmicen 69, za

razliku od harmicina 49c, ulazi u stani¢nu jezgru
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Najsnaznije antimalarijsko djelovanje na eritrocitnu fazu zivotnog ciklusa plazmodija
pokazali su harmikini, koji su bili u¢inkoviti protiv Pf3D7 (ICso vrijednosti 9 od 15 spojeva <
100 nM), ali i protiv rezistentnih sojeva P. falciparum. Najbolje djelovanje na Pf3D7 ostvarili
su derivati 58 (1Cso = 11,6 + 3,8 nM), 60 (ICso = 13 + 3,1 nM) i 63 (ICs0 =2 £ 0,3 nM), ¢ije je
djelovanje bilo 5,5 puta snaznije u odnosu na CQ. Spoj 65 snaznije je djelovao na rezistentne
sojeve nego na Pf3D7 (ICso (PfDd2) = 15,5+ 0,9 nM, ICso (PfK1) = 20,2 + 5,2 nM, ICso (Pf7G8)
= 6,0 = 0,3 nM). Harmiceni i harmicini djelovali su na eritrocitnu fazu djelovali umjereno.
Izmedu harmicena, najbolje djelovanje pokazao je spoj 74 (ICso = 0,15 + 0,05 uM), dok su u
seriji harmicina najbolje antimalarijsko djelovanje pokazali hibridi 49 (O-6-supstituirani
spojevi) s ICsp vrijednostima u submikromolarnom podruéju. Na hepatocitnu fazu Zivotnog
ciklusa plazmodija dobro djelovanje pokazali su harmikini (1Cs0(53) = 0,548 + 0,051 uM) i
harmiceni (ICs0(80) < 1 uM).

Harmikini su pokazali najselektivnije antimalarijsko djelovanje u usporedbi s
djelovanjem na humane stanice. Najselektivniji je bio derivat 63 (SI = 10500). Izrazito snazno
i selektivno antimalarijsko djelovanje ¢ini ih dobrim spojevima uzorima za razvoj novih
potencijalnih antimalarika. S druge strane, harmicini i harmiceni, osim nekoliko iznimki, bili
su manje selektivni prema plazmodiju. S obzirom da su pojedini spojevi iz ovih serija pokazali
snazno 1 selektivno antiproliferativno djelovanje na tumorske stanice, mogli bi posluziti kao

spojevi uzori za razvoj novih citostatika.
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PRILOG A



Prilog sadrzi IR, NMR i MS spektre harmicina, harmikina i harmicena opisanih u ovom

doktorskom radu.
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ABSTRACT

The rise of the resistance of the malaria parasite to the currently approved therapy urges the discovery
and development of new efficient agents. Previously we have demonstrated that harmicines, hybrid
compounds composed from B-carboline alkaloid harmine and cinnamic acid derivatives, linked via either
triazole or amide bond, exert significant antiplasmodial activity. In this paper, we report synthesis,
antiplasmodial activity and cytotoxicity of expanded series of novel triazole- and amide-type harmicines.
Structure-activity relationship analysis revealed that amide-type harmicines 27, prepared at N-9 of the -
carboline core, exhibit superior potency against both erythrocytic stage of P. falciparum and hepatic
stages of P. berghei. Notably, harmicine 27a, m-(trifluoromethyl)cinnamic acid derivative, exhibited the
most favourable selectivity index (SI = 1105). Molecular dynamics simulations revealed the ATP binding
site of P. falciparum heat shock protein 90 as a druggable binding location, confirmed the usefulness of
the harmine's N-9 substitution and identified favourable N—H ... 7 interactions involving Lys45 and the
aromatic phenyl unit in the attached cinnamic acid fragment as crucial for the enhanced biological ac-
tivity. Thus, those compounds were identified as promising and valuable leads for further derivatization
in the search of novel, more efficient antiplasmodial agents.

P. falciparum

© 2021 Elsevier Masson SAS. All rights reserved.

1. Introduction

Malaria is the deadliest human protozoan infectious disease
widely spread in the tropical and subtropical areas of the world.
Five identified species of the parasite responsible for causing hu-
man malaria are Plasmodium falciparum, P. vivax, P. ovale, P. malariae
and P. knowlesi. Of these, P. falciparum and P. vivax are responsible
for more than 95% of malaria cases in the world [1—3]. Despite years
of continuous efforts, it is still a major cause of morbidity and
mortality (229 million cases and 409 000 deaths in 2019), espe-
cially among young children and pregnant women [3]. As existing

* Corresponding author.
E-mail address: zrajic@pharma.hr (Z. Rajic).
1 Both authors contributed equally to this work.

https://doi.org/10.1016/j.ejmech.2021.113687
0223-5234/© 2021 Elsevier Masson SAS. All rights reserved.

antimalarial drugs are becoming less effective due to the emer-
gence of resistant strains of P. falciparum, there is an urgent need for
novel and effective agents to combat malaria [2].

One of the widely employed approaches to find novel antima-
larial chemotherapeutic agents is the design of hybrid molecules
[4—8]. Hybrids represent chemical entities in which at least two
pharmacological agents, acting on the same disease, are covalently
linked in a single molecule. Ideally, the novel molecule should have
greater activity than the sum of its parts and reduce the risk of drug
resistance, drug-drug interactions and adverse effects. In the anti-
malarial field, hybrids comprised of agents belonging to the most of
the known antimalarial drug classes have shown enhanced activity
in vitro and in vivo [5]. Among those compounds, conjugates with
cinnamic acid and its derivatives (CADs) have been extensively
explored by us and others [9—13] and recently reviewed by Gomes
and co-workers [14].
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In our previous work, we presented harmicines, hybrid com-
pounds derived from harmine, a B-carboline alkaloid with anti-
plasmodial properties, and CADs [10,15]. The reported harmicines
differ in 1) the type of the linker between two moieties, which is
either a triazole ring or an amide bond, 2) the position of the
substitution on the harmine's B-carboline core, which is either O-7
or N-9, and 3) type of CAD. Harmicines exerted remarkable anti-
plasmodial activity against erythrocytic and hepatic stages of the
Plasmodium infection, while molecular dynamics (MD) simulations
confirmed binding of the most active compounds within the ATP
binding site of P. falciparum heat shock protein 90 (PfHsp90), crucial
for the intraerythrocytic development of Plasmodium [16,17].

To further extend our knowledge of the harmicines structure-
activity relationship, we decided to derivatize the harmine scaf-
fold at C-1, C-3, 0-6 and N-9 of the B-carboline core and combine it
with different CADs (Fig. 1). Both triazole-type (TT) and amide-type
(AT) harmicines were prepared. As a continuation of our research,
we investigated their antiplasmodial activity against both eryth-
rocytic and hepatic stages of the Plasmodium parasite, as well as
cytotoxicity against human liver hepatocellular carcinoma cell line
(HepG2). We also report computational analysis of their binding to
PfHsp90 using MD simulations.

2. Results and discussion
2.1. Chemistry

The synthetic part of this work could be divided into two parts:
1) synthesis of TT harmicines and 2) synthesis of AT harmicines,
with a general synthetic scheme shown in Fig. 2, while the detailed
reactions and conditions are given in Schemes 1—4.

TT harmicines (5a-e, 14a-e, 15a-e, 20a-e) were prepared by Cu(I)
catalysed azide-alkyne cycloaddition (CuAAC). Different reagents
and reaction conditions were used depending on the position of the
B-carboline ring functionalization. Harmine-based azides 3 or 10
and CAD-based alkynes 4a-e served as building blocks for the
synthesis of TT harmicines at C-1 (5a-e) or C-3 (15a-e), respectively.

N

S

N
H

N

o
= R
=N i YA
5a-e =
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CuAAC was performed with CuSO4 x 5H>0 in the presence of so-
dium ascorbate, as a source of Cu(l) ions, in t-BuOH/H,0 1:1
mixture. On the contrary, the starting compounds for the synthesis
of TT harmicines at O-6 (20a-e) and N-9 (14a-e) were harmine-
based alkynes 12 or 19 and cinnamyl azides 13a-e. In this case,
the reaction was carried out in MeOH, with Cu(Il) acetate (MeOH
acts as a reducing agent to generate Cu(I)).

To obtain the required starting compounds for CUAAC, synthetic
routes to alkynes and azides were developed. Harmine-based
azides 3 and 10 were generated in several steps: 1) synthesis of
substituted B-carbolines 1 and 8 at positions 1 and 3 [18,19], 2)
synthesis of the corresponding alcohols 2 and 9 [20], and 3) con-
version of alcohols to azides 3 and 10 via 2-azido-1,3-
dimethylimidazolinium hexafluorophosphate (ADMP) and 1,8-
diazabicyclo(5.4.0)undec-7-ene (DBU) [21]. Alcohol 9 was also
alkylated at N-9 with propargyl bromide in the presence of Cs;COs,
to obtain alkyne 12. Next, we have prepared B-carboline 17,
substituted with a methoxy group at C-6, a starting compound for
harmicines 20a-e and 23a-h. Subsequent demethylation yielded
phenol 18, which was further propargylated to yield alkyne 19.
CADs were efficiently transformed to CAD-based alkynes 4a-e and
cinnamyl azides 13a-e. Alkynes 4a-e were successfully prepared by
the reaction of CAD with propargyl bromide, in the presence of
K,CO3, while the synthesis of cinnamyl azides 13a-e involved
several steps: esterification of CADs, reduction to the correspond-
ing alcohols, and conversion to azides via ADMP/DBU, as described
previously [10].

On the other hand, synthesis of AT harmicines (7a-h, 16a-h, 23a-
h, 27a,b) was straightforward and involved two steps: 1) synthesis
of harmine-based primary amines 6, 11, 22 and 26 and 2) coupling
reactions with different CADs. The above listed primary amines
were obtained by either the reduction of azides 3 and 10 by cata-
lytic hydrogenation or the O-6 alkylation of phenol 18/N-9 alkyl-
ation of harmine with 2-(Boc-amino)ethyl bromide, followed by
the removal of the Boc-protecting group under acidic conditions
[15]. Coupling reactions were efficiently performed by activating
CADs with 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo

23a-h \ N
Va i
H
o) / = R
mw
= \ N 16a-h

— =\ R
N NH

7a-h

Fig. 1. Novel harmicines.
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HARMICINES

/

Triazole-type

/ \

Substitution of B-carboline: C-1, C-3

Harmine-based azides (3, 10) + CAD-based alkynes (4a-e)
CuSO0; x HO/Na-ascorbate, +-BuOH/H,0

N-9 propargylation of alcohol 9
0-6 propargylation of phenol 18

Propargylation of CADs to
obtain alkynes 4a-e

Substitution of B-carboline: 0-6, N-9

Harmine-based alkynes (12, 19) +
cinnamyl azides (13a-e)
Cu(ll) acetate, MeOH

\

Amide-type

kY

Substitution of B-carboline: C-1, C-3, 0-6, N-9

Harmine-based amines (6, 11, 22, 26) + CAD
HATU, DIEA, DCM

1. Esterification of CADs
2. Reduction to cinnamyl alcohols

3. Conversion to cinnamyl azides 13a-e

Fig. 2. Synthesis of triazole-type (TT) and amide-type (AT) harmicines.
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a b ¢ d e f ] h
H m-F m-Br m-CF3 p-F p-Cl p-OCHj3 p-CF3

Scheme 1. Synthesis of TT harmicines 5a-e and AT harmicines 7a-h.

[4,5-b]pyridinium-3-oxide hexafluorophosphate (HATU), in the
presence of N,N-diisopropylethylamine (DIEA), followed by the
addition of an appropriate harmine-based amine. The reactions
proceeded smoothly, in dichloromethane at room temperature for
1h.

Altogether, we have obtained 45 new compounds in high purity,
as determined by HPLC-ESI/MS analysis (>95%) or CHN analysis
(values for C, H, and N within 0.4% of the calculated values for the
proposed formula). Spectroscopic and spectrometric methods ('H
and 3C NMR, IR, MS) were used to confirm the proposed structures.
The data obtained are provided in short in the Materials and
Methods section, and in detail in the Supplementary Material. The
evaluation of the drug-like properties, i.e. relevant physicochemical
parameters included in the Lipinski's rule and Gelovani's rules,
using Chemicalize.org software [22] disclosed that both TT and AT
harmicines are in complete agreement with both sets of rules,
respectively (Table S15).

2.2. Biological evaluations

2.2.1. In vitro antiplasmodial activity and SAR analysis

The ability of novel harmicines to inhibit the erythrocytic stage
of P. falciparum infection (chloroquine-sensitive (Pf3D7) and
chloroquine-resistant (PfDd2) strains), as well as infection of the
human hepatoma cell line (Huh7) by P. berghei parasites, was
evaluated as described previously [23—27]. The diversity of the
harmicines allowed us to explore the significance of certain struc-
tural features for the activity: 1) position of the substitution at the
B-carboline ring, 2) linker between B-carboline and CAD, and 3)
position and the type of substituent on the phenyl ring in CAD.

The results of the in vitro screening of blood schizonticidal ac-
tivity indicated significant differences in antiplasmodial activities
between harmicines prepared at the different positions of the f-
carboline ring (Table 1). In general, the activity decreased according
to the pattern: N-9 > 0-6 > C-3 > C-1, except for TT harmicines 14
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Scheme 3. Synthesis of TT harm

(substitution at N-9),
compounds.

The most active compounds, AT harmicines 27a,b, hybrids
comprised of harmine-based amine at N-9 (compound 26) and m-
or p-(trifluoromethyl)cinnamic acid, displayed at least two orders
of magnitude stronger activities than the parent compound, har-
mine, in nanomolar (Pf3D7) and submicromolar concentrations
(PfDd2). These results are in agreement with ICsg values obtained
previously for the series of AT harmicines, in which the derivative
with p-chloro substituent (trifluoromethyl isostere) in the cinnamic
scaffold exerted the highest activity [15]. Interestingly, harmicines
14, also hybrids at N-9, with triazole linker and an additional
hydroxymethyl substituent at C-3, exerted lower activity than
harmine, with the exception of compound 14¢, m-bromocinnamic
acid derivative. It is noteworthy that the analogues TT harmicines
reported by Perkovic et al., without C-3 hydroxymethyl substituent,

which were among the least active

icines 20a-e and AT harmicines 23a-h.

exhibited activities in submicromolar concentrations, suggesting
that such substitution results in the loss of activity [10].

Harmicines 20 and 23, both bearing substituents at O-6, showed
similar activities in submicromolar and micromolar concentrations,
regardless of the type of the linker. Comparison of the anti-
plasmodial activities within the series of TT harmicines 20 showed
that the substituent R! on cinnamic moiety had a minor effect on
the activity. Compound 20c, a m-bromocinnamic acid derivative,
exerted on average 2.2-fold higher activity than the other com-
pounds. Among the AT harmicines, compounds 23d and 23h, m-
and p-(trifluoromethyl)cinnamic acid derivatives, exhibited the
highest antiplasmodial activities, which were still 2 to 3-fold lower
than the activities of analogous compounds 27a and 27b.

On the other hand, considering the antiplasmodial activities of
the AT and TT harmicines 16 and 15, hybrids at C-3, two conclusions
could be drawn. First, the IC5g values were in the micromolar range.
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Scheme 4. Synthesis of harmicines 27.

Table 1
In vitro antiplasmodial activity of harmicines 5, 7, 14—16, 20, 23 and 27 against the erythrocytic stage of P. falciparum (Pf3D7 and PfDd2 strains).
TT harmicines B-carboline substitution 1C50" (M) AT harmicines ICs50 (LM)
Pf3D7 PfDd2 Pf3D7 PfDd2
5a C-1 >27.78° >20.25 7a >27.99 >55.56
5b >17.32 >20.07 7b >27.78 >27.78
5¢c >13.24 >19.07 7c >27.78 >27.78
7d >27.78 >27.78
7e >13.89 >13.89
5d >55.56 >55.56 7f >27.78 >27.78
5e >55.56 39.20 + 0.25 7g >27.78 >27.78
7h >55.56 >55.56
15a C3 >20.04 >27.78 16a 5.78 + 1.05 10.18 + 1.68
15b >27.78 >27.78 16b 5.74 + 0.33 12.71 + 1.76
15¢ 16.41 + 3.35 11.14 + 2.76 16¢ 3.23+0.32 1.48 + 035
16d 2.01 + 0.09 7.40 + 0.74
16e 4.13 £ 0.61 13.30 + 7.41
15d 2144 +2.27 >27.78 16f 292 +0.03 8.38 +3.16
15e >27.78 >27.78 16g 6.50 + 0.29 10.72 + 3.18
16h 2.30 + 041 597 +1.33
20a 0-6 0.61 + 0.09 2.12 + 0.40 23a 1.55 + 0.45 247 +£0.25
20b 0.55 + 0.08 228 +0.33 23b 1.11 + 0.14 1.30 + 0.09
20c 0.26 + 0.17 0.73 + 0.40 23c 0.19 + 0.02 0.63 +0.22
23d 0.12 + 0.02 0.32 + 0.08
23e 0.95 + 0.06 1.67 + 0.06
20d 0.57 + 0.06 0.95 +0.16 23f 0.36 + 0.02 0.92 + 0.06
20e 0.60 + 0.03 1.81 + 0.04 23g 1.17 +£ 0.03 2.86 + 0.52
23h 0.12 + 0.02 0.35 + 0.06
14a N-9 >27.78 >19.78
14c 6.28 + 1.04 18.41 + 242
14d >19.92 >23.60
14e 18.19 >16.93
27a 0.06 + 0.02 0.33 + 0.06
27b 0.04 + 0.003 0.17 + 0.01
cQ! 0.003 + 0.002 0.20 + 0.10 HAR® 8.25 +2.83 >27.7

€ Results represent mean + SD, n > 2.

2 ICsp, the concentration of the tested compound necessary for 50% growth inhibition.
b The exact ICso could not be obtained, as activity could only be detected at the highest tested concentration.

4 CQ, chloroquine;® HAR, harmine.

This result, together with those obtained for harmicines 14, indicate
that the position 3 of the B-carboline ring is not optimal for sub-
stitution. Secondly, there is a marked difference in the anti-
plasmodial activities of harmicines 15 and 16. AT harmicines 16
were significantly more potent than their triazole-linker counter-
parts, compounds 15. Comparison of the activities of the homolo-
gous compounds from the series 16 and 15 revealed at least a 3.5-
fold (16a vs 15a) increase in the activity. The most pronounced
effect was observed for harmicines 16g and 15d (a 7.3-fold increase

in the activity). Remarkably, the comparison of IC5q values of AT and
TT harmicines, hybrids at N-9 of the B-carboline, reported earlier,
revealed the same tendency [10,15].

Harmicines 5 and 7, prepared at C-1of the B-carboline core, were
inactive against the erythrocytic stage of P. falciparum, at the
highest concentration tested, regardless of the type of the linker
and CAD used for conjugation.

As a continuation of our research, screening of in vitro activities
of harmicines 5, 7, 14,15, 16, 20, 23 and 27 against the hepatic stages
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of Plasmodium parasite was performed. Both AT and TT harmicines
were initially tested at two concentrations, 1 and 10 pM. The results
obtained have shown that the potency of harmicines against the
hepatic stages followed a similar pattern as against the erythrocytic
stage of Plasmodium infection (Fig. 3). The most pronounced ac-
tivity was observed for harmicines 27 and 14, prepared at N-9 of the
B-carboline ring, followed by 20 and 23 (0-6), 15 and 16 (C-3) and
finally harmicines 5 and 7 (C-1), which were mostly inactive. In
general, AT harmicines exhibited better activity, i.e. 27 > 14, 23 > 20,
16 > 15. In view of those results, compound 27a, m-(tri-
fluoromethyl)cinnamic acid derivative, was selected as the most
promising for ICsp determination (Fig. S1). The obtained IC5g value
was 4.3-fold lower than ICsg of the reference drug primaquine
(1.94 + 0.68 UM vs 8.4 + 3.4 uM) [28].

European Journal of Medicinal Chemistry 224 (2021) 113687

2.2.2. In vitro cytotoxicity screening and selectivity

Cytotoxicity of the harmicines active against the erythrocytic
stage of P. falciparum was evaluated against HepG2, as described
previously [29] (Table 2). In addition, the selectivity index (SI) for
each harmicine was calculated as the fractional ratio between the
IC50s for HepG2 and P. falciparum Pf3D7 strain (Table 2).

To our delight, the most active compounds against Pf3D7, 27a,b,
exhibited favourable SIs. Remarkably, the most selective compound
of all prepared harmicines was 27a (SI = 1105). A comparison of the
ICsg values obtained for harmicines prepared at 0-6 revealed that,
in general, TT harmicines 20 were more cytotoxic to HepG2 cells
than AT harmicines 23 (ICs9 < 10 uM, with the exception of the
compound 20e). It is worth mentioning that harmicines 23e-g were
not cytotoxic at all at the highest concentration tested.
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Fig. 3. In vitro activity of harmicines against P. berghei liver stages: a) 5a-e and 7a-h, b) 15a-e and 16a-h, c) 20a-e and 23a-h and d) 14a,c-d and 27a,b at 1 and 10 uM concentrations.
Total parasite load (infection scale, bars) and cell viability (cell confluency scale, dots) are shown. Results were normalized to the negative control, DMSO, and are represented as

mean + SD, n = 1 (PQ, primaquine; HAR, harmine).
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Cytotoxicity of other tested harmicines did not differ much from
their antiplasmodial activities against erythrocytic stages (in most
cases their SI was below 7). Therefore, those compounds can't be
considered for future development as antimalarial agents. How-
ever, those results open the window for their repurposing as
anticancer agents, which will be explored in our future
investigations.

2.3. Molecular dynamics simulations

Given a very large number of compounds evaluated in this work,
we utilized MD simulations on a representative set of systems,
selected to feature the most potent derivative 27b, together with
7b, 16a and 23h, which should provide enough structural and
electronic information to discriminate among various substitution
patterns and their biological activities, while offering guidelines
how to focus subsequent synthetic efforts towards even more
effective analogues based on the employed organic framework.

The calculated binding free energies (AGgnp) for the studied
systems are given in Table 3, together with their decomposition
into contributions from individual residues. The residues consid-
ered for the analysis include those identified as responsible for the
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Table 2

In vitro cytotoxicity screening of harmicines against HepG2 and calculated selectivity
indices.

Compd.  ICsp? (M) SI® Compd. ICs0” (M) SI®
14c >125°¢ 19.90 20d 3.95 +0.83 6.93
15¢ 110.19 + 56.92 6.71 20e 88.01 + 50.81 146.68
15d 70.50 + 25.64 3.29 23a 12.02 + 4.95 7.75
16a 7.05 +0.11 1.29 23b 37.57 £ 3.10 33.85
16b 15.83 £3.23 2.76 23c 7.57 + 2.56 39.84
16¢ 9.64 + 4.71 2.98 23d 6.14 £ 0.11 51.17
16d 9.37 + 4.90 4.66 23e >250 263.16
16e 12.46 + 5.26 2.99 23f >250 694.44
16f 11.33 £ 0.65 3.88 23g >250 213.68
16g 1038 +4.15 1.60 23h 3.59 + 1.26 29.92
16h 33.26 + 1.66 14.46 27a 66.32 + 3.79 1105.33
20a 10.13 + 3.50 16.61 27b 5.84 + 1.67 146
20b 10.51 £ 5.39 19.11 HAR? >250 30
20c 6.13 + 2.71 23.58

2 ICso, the concentration of the tested compound necessary for 50% growth
inhibition.

b ], selectivity index, the ratio between ICsq (HepG2) and ICsq (Pf3D7).

¢ The exact ICsq could not be obtained, as activity could only be detected at the
highest tested concentration.

4 HAR, harmine.
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Table 3
Total binding free energies (AGgnp) and their decomposition on a per-residue basis
following the MM-GBSA analysis of the obtained molecular dynamics trajectories.”.

System 7b 16a 23h 27b HARP
Total AGginp 213 -258 -229 -30.0 -7.5
Lys44 -0.13 -1.41 -0.51 -1.89 0.00
Arg98 -1.63 0.04 -1.71 -1.67 0.00
Asn37 -2.25 -2.17 -1.80 ~1.40 0.00
Met84 -0.89 -1.63 ~2.06 -1.26 0.00
Ala41 -0.58 -1.51 -1.59 -1.02 0.00
Tyr47 0.01 —0.02 0.01 —0.68 0.00
Phe124 -0.78 -0.73 -0.74 -0.68 0.00
1le82 -0.10 -0.98 -1.30 —0.64 0.00
Asp40 0.14 —-0.79 —0.48 —0.63 0.00
Leu93 -0.61 ~0.61 -0.58 -0.47 0.00
lle173 -0.21 -0.66 -0.56 -0.43 -0.01
Thr171 —-0.37 -1.03 —-0.75 -0.37 0.00
Leu34 -0.13 —-0.48 -0.19 —-0.31 0.00
Ala3s -0.15 -0.82 -0.69 -0.23 0.00
Lys102 0.01 0.01 0.01 0.03 -0.34
Asp52 0.01 0.01 0.01 0.04 0.00
Thr95 0.02 0.03 0.03 0.04 0.00
Arg167 0.03 0.04 0.02 0.05 0.00
Glu4s 0.03 0.06 0.08 0.13 0.00
Asp43 0.05 0.04 0.04 0.20 0.00
Asp79 023 1.51 1.62 0.31 0.00

2 Residues are selected to list those belonging to the ATP binding pocket (Asn37,
Asp79, Arg98, Phe124, in bold) and all of those with contributions higher than —0.20
and lower than 0.03 kcal mol~" for the most potent 27b. All values are in kcal mol .

> HAR, harmine.

binding of ATP within the ATP binding pocket of PfHsp90 (Asn37,
Asp79, Arg98, Phe124) [30,31] and all those with contributions
higher than —0.20 and lower than 0.03 kcal mol~! for the most
potent 27b.

It turns out that all compounds are associated with negative
AGgnp Vvalues, implying that their binding is exergonic and
favourable. All four systems are clearly positioned within the ATP
binding site of PfHsp90 (Fig. 4), as they form significant interactions
with residues that define that site, which underlines the impor-
tance of this structural element as a druggable target. Still, their
orientations and specific ligand-protein interactions are largely
different, thus resulting in diverse affinities.

The binding of 27b is the most exergonic,
AGgnp(27b) = —30.0 kcal mol~!, thus confirming its highest bio-
logical activity measured here. Its harmine fragment enters deeper
within the binding site, where it uses its aromatic framework to
interact with Asn37 (N—H ... 7 interactions) and Met84 (C—H ...
interactions), evidenced in their significant individual contributions

=/
=

)l
N
BN
A

SR
x';\ﬁ_i

7b

16a

European Journal of Medicinal Chemistry 224 (2021) 113687

Phel24

. Asp79

Fig. 5. Specific interactions governing the binding of the most potent 27b within the
ATP binding site of the PfHsp90 protein.

Lys44

of —1.40 and —1.26 kcal mol~!, respectively (Fig. 5), or its attached
—OMe group to form C—H ... w interactions with Phel24
(—0.68 kcal mol~'). The mentioned three residues already
contribute around 11% of the total binding energy, which is signifi-
cant. In addition, the introduced N-9 amide functionality further
promotes the binding, first by allowing Arg98 to stack above the
amide linker (—1.67 kcal mol~'), and second, even more signifi-
cantly, to facilitate positive N—H ... 7 contacts between the cationic
Lys44 residue and the terminal p-CF3-phenyl unit, being persistent
during simulations (Fig. S2). The latter promotes Lys44 as the most
dominant PfHsp90 residue in binding 27b, related with the indi-
vidual contribution of —1.89 kcal mol~. Taken together, indicated
five residues already account for 23% of the total binding energy,
suggesting that 27b is rather well positioned within the binding site.
All of this clearly confirms the suitability of the N-9 substitution as a
useful strategy in designing effective compounds and justifies
placing an aromatic unit at an appropriate distance from the har-
mine N-9 site to benefit the binding, where the amide linker seems
to be optimal and well-tuned for the purpose. In addition, knowing
that the p-CF3 group exerts an electron-withdrawing effect on the
attached phenyl ring, which likely diminishes the mentioned N—H
... T interactions with Lys44, it would be useful to consider replac-
ing p-CF; with different electron-donating groups, which will be
tackled in the subsequent synthetic work. Having said that, among
others, p-OMe does not appear suitable as such a derivative pos-
sesses reduced activity [15], albeit lower toxicity, so other sub-
stituents would have to be evaluated.

The effect of the anionic Asp79 is also interesting and worth dis-
cussing. This is a significant residue, since it is also identified as part of
the ATP binding motif, yet its interactions with 27b are strongly
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kﬂJ ’Q:: ‘ ‘\\‘ 5
L,j\/;i’@' ' 'l

(?0
L "4

23h

Fig. 4. Position of the investigated ligands within the ATP binding site of the PfHsp90 protein.
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disfavouring the binding, as Asp79 is associated with a positive
contribution of +0.31 kcal mol~!, being the highest endergonic
among all residues. The underlying reason is that Asp79 is located in
the vicinity of the harmine's pyridine unit without any notable
favourable contacts that could counterbalance a negative steric and
electronic interference from the anionic carboxylate. This suggests
that despite its mostly optimal design, 27b could further benefit from
modifying its pyridine unit with something that could revert this
fragment into a favourable pairing with Asp79. Yet, this is not ach-
ieved in 16a, as the binding affinity of this C-3 derivative is reduced by
4.2 kcal mol~! to AGgnp(16a) = —25.8 kcal mol !, suggesting that the
introduced amide-linked cinnamic acid moiety is likely too large for
this purpose. There, the unfavourable interaction with Asp79 is even
enhanced (Fig. S3), as its individual contribution rises from +0.31 in
27b to +1.51 kcal mol ™. Such structural modification even changes
the binding orientation so that, for example, the entire positive
contribution from Arg98, observed in 27b, is lost here, which leads to
a reduced affinity, being in line with experiments. An even less
favourable outcome is seen in 7b, where an analogous structural
modification occurs on the other part of the pyridine ring, the C-1
atom, where the resulting binding affinity is further reduced to
AGginp(7b) = —21.3 kcal mol ™!, being the lowest among considered
systems, thus confirming its low activity observed experimentally.
Even though 7b seems to be able to compensate the unfavourable
contribution from Asp79 down to +0.23 kcal mol~}, its position
within the ATP binding site disfavours favourable contributions from
several significant residues, including Lys44, which is diminished to
only —0.13 kcal mol~!, despite, for example, improving the contri-
bution of Asn37 up to —2.25 kcal mol~! due to positive N—H ...
interactions.

In general, all considered systems, selected to correspond to
different substitution patterns, show much more exergonic binding
affinities than the parent harmine, which justifies the utilized syn-
thetic strategy. The calculated value of AGgnp(harmine) =
—7.5 kecal mol~!, demonstrates its poor binding features, being
consistent withits elevated ICsg value of 8.25 uM (Table 1).In addition,
although the relationship between ICs5y and AGgnp values is not so
straightforward in absolute terms, their relative ratio is connected
through the Cheng-Prusoff equation [32]. In this context, harmine's
ICsp value roughly translates to the binding energy of —6.9 kcal mol~,
thus placing our calculations in close agreement with experiments,
and confirming the validity of the employed computational setup.
Harmine seems like a good reference, since it was identified as a se-
lective inhibitor of PfHsp90, which is essential for the erythrocytic
development of Plasmodium [16,33] and our calculations show it
predominantly binds outside the ATP binding site (Table 3). Hence,
the approach to structurally modify harmine is likely to lead to more
efficient compounds, although, in some cases evaluated here, the
introduced amide/triazole-linked cinnamic acid unit, despite being
placed at right positions on the harmine's scaffold, appears as too
bulky or electronically less optimized to maximize the effect. Never-
theless, computations confirm the substitution at the N-9 position as
the most promising route in this respect, which likely opens the door
towards further improvements in the desired biological activities.

3. Conclusions

In conclusion, we have successfully prepared and characterized
45 novel harmicines of the triazole- and amide-type in the posi-
tions 1, 3, 6 and 9 of the B-carboline ring. Further, we evaluated
their antiplasmodial activities against erythrocytic and hepatic
stages of the Plasmodium infection and cytotoxicity against HepG2.
The results clearly showed remarkable blood shizontocidal activity
in nanomolar concentrations, as well as selectivity of amide-type
harmicines 27, in comparison to other compounds. Harmicines 27
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were also the most active against hepatic stages of P. berghei (4.3-
fold more active than the reference drug primaquine). Molecular
dynamics simulations revealed that all investigated compounds
bind within the ATP binding site and confirmed 27b as the most
potent derivative. In addition, Lys44 was identified as crucial for the
enhanced activity, evident in favourable N—H ... 7 contacts with
the phenyl ring within the attached cinnamic acid unit, particularly
when the latter is introduced at the harmine's N-9 position, being
in line with the experiments. Lastly, computations underlined the
unfavourable contribution from the ATP binding site residue Asp79,
seen in the steric and electronic interference with the bound li-
gands, which defines a promising route to advance the developed
synthetic methodology towards even more efficient compounds
based on the employed organic framework. Taken together with
previously obtained results, this study revealed amide-type har-
micines at N-9 of the B-carboline ring as the best performers
against Plasmodium. Our ongoing work focuses on establishing a
reliable quantitative structure-activity relationship model, with the
final goal of identifying lead compounds for further development.

4. Materials and Methods
4.1. Chemistry

4.1.1. General information

Melting points were determined on a Stuart Melting Point
Apparatus (Barloworld Scientific, UK) in open capillaries and were
uncorrected. FTIR-ATR spectra were recorded using a Fourier-
Transform Infrared Attenuated Total Reflection UATR Two spec-
trometer (PerkinElmer, Waltham, MA, USA) in the range from 450
to 4000 cm~ . 'H and 3C NMR spectra were recorded on a Bruker
Avance III HD operating at 300, 400 or 600 MHz for the 'H and 75,
101 or 151 MHz for the '3C nuclei (Bruker, Billerica, MA, USA).
Samples were measured in DMSO-dg solutions at 20 °C in 5 mm
NMR tubes. Chemical shifts (¢) are reported in parts per million
(ppm) using tetramethylsilane (TMS) as a reference in the 'H and
DMSO residual peak as a reference in the 3C spectra (39.52 ppm).
Coupling constants (J) are reported in hertz (Hz). Mass spectra were
recorded on Agilent 1200 Series HPLC coupled with Agilent 6410
Triple Quad (Agilent Technologies, St. Clara, CA, USA). The mobile
phase consisted of Milli Q water as component A and MeOH (HPLC
grade, ]. T. Baker) as component B, and as the stationary phase,
Zorbax XDC C18 column (4.6 x 75 mm, 3.5 pm) was used. Gradient
elution was used at a flow rate of 0.5 mL/min, and 5 pL of analyte
solution was injected per analysis. The starting conditions and
gradient steepness were adjusted according to the analyte polarity.
Diode array detector was utilized, while the data were presented as
a total wavelength chromatogram (TWC). Mass spectrometry con-
ditions were as follows: electrospray ionization (ESI) in positive and
negative mode was used. Capillary voltage and current were set to
4.0 kV and 20 nA, respectively. Nebulizer pressure was set to 15 psi,
while the drying gas (nitrogen) temperature and flow were 300 °C
and 11 L/min. For the MS data analysis, Agilent MassHunter soft-
ware (Agilent Technologies, St. Clara, CA, USA) was used. Elemental
analyses were performed on a CHNS LECO analyser (LECO Corpo-
ration, St. Joseph, MI, USA). Analyses indicated by the symbols of
the elements were within +0.4% of their theoretical values.
Microwave-assisted reactions were performed in a microwave
reactor CEM Discover (CEM, USA) in a glass reaction vessel. All
compounds were routinely checked by TLC with silica gel 60F-254
glass plates (Merck, Germany) using DCM/MeOH 8:1, 85:15, 95:5,
97:3, cyclohexane/EtOAc/MeOH 1:1:0.5 and cyclohexane/EtOAc
2:1, 9:1 as the solvent systems. Spots were visualized by UV light
(A =254 nm; 365 nm) and iodine vapour. Column chromatography
was performed on silica gel 0.063—0.200 mm (Sigma-Aldrich, USA)
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with the same eluents used for TLC, with an additional Al;O3 layer
to remove Cu-salts (compounds 5a-e, 14a,c-d, 15a-e, 20a-e). All
chemicals and solvents were of analytical grade and purchased
from commercial sources. CADs were purchased as predominantly
trans stereoisomers (>99%).

Harmine, acetic acid, hydrochloric acid, cinnamic acid, m-fluo-
rocinnamic acid, p-fluorocinnamic acid, p-methoxycinnamic acid,
p-chlorocinnamic acid, m-(trifluoromethyl)cinnamic acid, p-(tri-
fluoromethyl)cinnamic acid, t-BuOH, acetaldehyde dimethyl acetal,
2,2-dimethoxyacetaldehyde, DBU, lithium aluminium hydride,
toluene, lithium carbonate, 10% palladium on activated charcoal
were purchased from Sigma-Aldrich (USA). Caesium carbonate, 2-
(tert-butoxycarbonylamino)ethyl ~ bromide, tryptamine, 5-
methoxytryptamine, L-tryptophan methyl ester hydrochloride,
tetrabutylammonium hydrogensulfate, ADMP, HATU, m-bromo-
cinnamic acid, propargyl bromide and DMF were purchased from
TCI Chemicals (Japan). Hydrobromic acid (47%), dry tetrahydrofuran
and aluminium oxide were purchased from Merck (Germany),
DIEA, copper(Il) acetate and TEA from Alfa Aesar (USA), 1 M hy-
drochloric acid in EtOAc, trifluoroacetic acid, DCM and dry diethyl
ether from Thermo Fischer Scientific (USA), diethyl ether from ITW
Reagents (Germany), cyclohexane, EtOAc, MeOH, absolute EtOH
and petroleum ether from Honeywell (USA), acetonitrile from
CARLO ERBA Reagents (France), DMF, sodium hydroxide, sodium
bicarbonate and potassium carbonate from Kemika (Croatia),
anhydrous sodium sulphate, potassium permanganate, ammonium
chloride and sodium chloride from Gram-Mol (Croatia), thionyl
chloride from Fluka (Switzerland), sodium ascorbate from Acros
Organics (Belgium), copper(ll) sulphate pentahydrate from Zorka
Sabac (Serbia).

B-carbolines 1, 8, 17 and alcohol 9 were prepared according to
the literature procedures [18—20,34]. Alcohol 2 is a known com-
pound, but prepared by alternative methods [35,36]. Phenol 18 was
prepared according to the modified literature procedure from f-
carboline 17 using HBr/glacial acetic acid mixture, under the MW
irradiation [37]. Among alkynes 4, only 4c is a new compound.
Nevertheless, the established synthetic method for their prepara-
tion differs from the one described in the literature [38]. Although
amine 6 is commercially available, we have included its synthesis
and characterization, since those data are not available. Cinnamyl
azides 13a-e, as well as compounds 25 and 26 were prepared ac-
cording to our published methods [10,15].

4.1.2. Synthesis of (9H-pyrido [3,4]-b]indol-1-yl)methanol (2)

A solution of B-carboline 1 (0.700 g, 2.889 mmol), AcOH
(3.63 mL) and H;0 (5.45 mL) was refluxed for 1 h at 100 °C. After
cooling to rt, pH was adjusted to 9 with 5% NaOH and the reaction
mixture extracted with EtOAc (3 x 50 mL). The collected organic
layers were filtered through phase separator and solvent evapo-
rated under the reduced pressure. Obtained yellow crude (0.453 g,
2.309 mmol) was suspended in dry THF (6 mL). Afterwards LiAlH4
(0175 g, 4.618 mmol) was added in small portions, and the reaction
mixture was stirred under argon atmosphere for 1 h at rt. The re-
action was quenched with H,0 (20 mL), pH adjusted to 8 with 1%
HCI, and the resulting solution extracted with EtOAc (4 x 50 mL).
The collected organic layers were filtered through phase separator
and solvent evaporated under the reduced pressure. The crude
product was triturated with diethyl ether, to obtain alcohol 2. Yield:
0.417 g (91%).

4.1.3. General procedure for the synthesis of azides 3 and 10

To a solution of 2 or 9 (1.447 mmol) in dry THF (5 mL), ADMP
(1.032 g, 3.618 mmol) and DBU (0.584 mL, 3.907 mmol) were added
at 0 °C. The reaction was stirred at 0 °C for 0.5 h, diluted with
saturated NH4Cl solution (40 mL) and extracted with DCM

10
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(2 x 30 mL). Organic layers were collected and extracted with brine
(2 x 30 mL) and Hy0 (1 x 20 mL), filtered through phase separator
and solvent evaporated under the reduced pressure. The crude
product (brownish oil) was purified by column chromatography
(cyclohexane/EtOAc/MeOH 1:1:0.5).

4.1.3.1. 1-(azidomethyl)-9H-pyrido[3,4-bjindole  (3). Alcohol 2:
0.287 g. Yield: 0.236 g (73%); oil; IR (ATR, »/cm™ 1) 3663, 3451, 3288,
3059, 2937, 2855, 2105, 1730, 1631, 1566, 1493, 1428, 1371, 1321,
1248,1118, 1052, 971,938, 873, 824, 751, 718, 620, 579, 432; 'H NMR
(DMSO-dg) 6 11.78 (s, 1H), 8.36 (d, 1H, ] = 5.2 Hz), 8.29-8.23 (m, 1H),
8.13 (d, 1H, J = 5.2 Hz), 7.64 (dt, 1H, J = 8.3, 0.9 Hz), 7.60-7.57 (m,
1H), 7.29-7.26 (m, 1H), 4.89 (s, 2H); 13C NMR (DMSO-ds) 6 140.58,
139.19, 137.75, 133.86, 128.50, 128.44, 121.87, 120.74, 119.57, 114.77,
112.02, 51.59.

4.1.3.2. 3-(azidomethyl)-1-methyl-9H-pyrido[3,4-bJindole (10).
Alcohol 9: 0.307 g. Yield: 0.261 g (76%); oil; IR (ATR, vjem™') 3671,
3451, 3239, 3051, 2937, 2863, 2447, 2325, 2104, 1689, 1631, 1566,
1509, 1452, 1403, 1354, 1264, 1085, 1036, 971, 848, 759, 718, 644,
579, 431; '"H NMR (DMSO-ds) 6 11.66 (s, 1H), 8.20 (d, 1H, J = 7.9 Hz),
8.00 (s, 1H), 7.62-7.60 (m, 1H), 7.57-7.53 (m, 1H), 7.26-7.23 (m, 1H),
457 (s, 2H), 2.78 (s, 3H); 13C NMR (DMSO-dg) 0 143.23, 142.12,
140.74, 133.94, 128.02, 127.56, 121.74, 121.01, 119.39, 112.07, 111.72,
55.30, 20.41.

4.1.4. General procedure for the synthesis of alkynes 4a-e

An appropriate CAD (3.375 mmol) and K,COs; (0.653 g,
4.725 mmol) were suspended in dry DMF (5 mL). Under the argon
atmosphere, propargyl bromide (0.601 mL, 5.4 mmol, 80% solution
in toluene) was added dropwise, and the reaction was stirred at rt
for 48 h. Upon completion, the reaction mixture was diluted with
H,0 (50 mL) and extracted with EtOAc (3 x 40 mL). The collected
organic layers were washed with H,O (2 x 100 mL), dried over
anhydrous sodium sulphate and solvent evaporated under the
reduced pressure. The crude product (oil) was purified by column
chromatography (cyclohexane/EtOAc/MeOH 1:1:0.5).

4.14.1. Prop-2-yn-1-yl cinnamate (4a). CAD: 0.500 g of trans-cin-
namic acid; yield: 0.584 g (93%).

4.1.4.2. Prop-2-yn-1-yl (E)-3-(3-fluorophenyl)acrylate (4b).
CAD: 0.561 g of m-fluorocinnamic acid; yield: 0.648 g (94%).
4.1.4.3. Prop-2-yn-1-yl (E)-3-(3-bromophenyl)acrylate (4c).

CAD: 0.766 g of m-bromocinnamic acid; yield: 0.779 g (87%); mp
79.0-81.0 °C; IR (ATR, v/cm 1) 3416, 3279, 3060, 3042, 2940, 2132,
1716, 1637, 1561, 1479, 1419, 1360, 1295, 1201, 1169, 1073, 991, 965,
851, 780, 754, 696, 665, 632, 554; 'H NMR (DMSO-dg) 6 8.02 (t, 1H,
J=1.8Hz),7.78 (dt, 1H,J = 7.7,1.4 Hz), 7.69 (d, 1H, = 16.1 Hz), 7.64-
7.62 (m,1H), 739 (t, 1H,J = 79 Hz), 6.79 (d, 1H, ] = 16.1 Hz), 4.84 (d,
2H,] = 2.4 Hz), 3.59 (t, 1H, ] = 2.5 Hz); '3C NMR (DMSO-dg) 6 165.21,
143.81, 136.38, 133.17, 130.99, 130.97, 127.45, 122.32, 118.90, 77.80,
51.93; ESI-MS: decomposition.

4.1.4.4. Prop-2-yn-1-yl (E)-3-(4-chlorophenyl)acrylate (44d).
CAD: 0.616 g of p-chlorocinnamic acid; yield: 0.7 g, (94%).
4.14.5. Prop-2-yn-1-yl  (E)-3-(4-methoxyphenyl)acrylate  (4e).

CAD: 0.601 g of p-methoxycinnamic acid; yield: 0.540 g, (74%).

4.1.5. General procedure for the synthesis of harmicines 5a-e

Azide 3 (0.04 g, 0.179 mmol) and a corresponding alkyne 4a-e
(0.197 mmol) were suspended in 5 mL of a 1:1H,0/t-BuOH mixture.
Sodium ascorbate (0.2 mmol, 200 pL of freshly prepared 1 M
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solution in H>0) was added, followed by CuSO4 x 5H,0 (0.02 mmol,
20 pL of 1 M solution in Hy0). The mixture was stirred at rt for 0.5 h,
diluted with 5 mL of ice-cold H,O and filtered. A yellow precipitate
was washed with H,0 (3 x 2 mL), dried under vacuum, purified by
column chromatography (mobile phase DCM/MeOH 95:5). The
crude product was triturated with diethyl ether/petroleum ether
mixture/recrystallized from EtOH.

4.1.5.1. (1-((9H-pyrido[3,4-bJindol-1-yl)methyl)-1H-1,2,3-triazol-4-
yl)methyl cinnamate (5a). Alkyne 4a: 0.037 g; purification: tritu-
ration with diethyl ether/petroleum ether mixture; yield: 0.036 g
(49%); mp 181.5—183.5 °C; IR (ATR, v/cm™~1) 3220, 3168, 3093, 3059,
3029, 2994, 2961, 2898, 2877, 2798, 2776, 1713, 1637, 1567, 1505,
1452, 1432, 1402, 1370, 1346, 1325, 1307, 1281, 1243, 1203, 1167,
1066, 1038, 1003, 972, 859, 820, 804, 764, 739, 707, 682, 641, 605,
593, 573, 547, 525, 483; 'H NMR (DMSO-dg) 6 11.98 (s, 1H), 8.32 (s,
1H), 8.30 (d, 1H, J = 5.2 Hz), 8.27 (d, 1H, J = 7.9 Hz), 8.13 (d, 1H,
J = 5.2 Hz), 7.73-7.66 (m, 4H), 7.62-7.58 (m, 1H), 7.44-7.38 (m, 3H),
7.31-7.26 (m, 1H), 6.66 (d, 1H, J = 16.0 Hz), 6.11 (s, 2H), 5.28 (s, 2H);
13C NMR (DMSO-dg) 6 165.93, 145.03, 141.79, 140.70, 137.98, 137.88,
133.92,133.84,130.57,128.91, 128.74, 128.57,128.42,125.73, 121.92,
120.74,119.66, 117.65, 114.87,112.07, 57.29, 51.21; ESI-MS: m/z 410.1
(M+1)"; Anal. Calcd. for Co4H19N505: C, 70.40; H, 4.68; N, 17.10;
found: C, 70.27; H, 4.47; N, 17.35.

4.15.2. (1-((9H-pyrido[3,4-b]indol-1-yl)methyl)-1H-1,2,3-triazol-4-
yl)methyl (E)-3-(3-fluorophenyl)acrylate (5b). Alkyne 4b: 0.040 g;
purification: trituration with diethyl ether/petroleum ether
mixture; yield: 0.043 g (56%); mp 185.5—187.5 °C; IR (ATR, r/cm™!)
3311, 3230, 3198, 3147, 3105, 3063, 3019, 2998, 2973, 1715, 1639,
1585, 1569, 1502, 1485, 1472, 1449, 1429, 1403, 1390, 1349, 1323,
1272, 1234, 1190, 1168, 1147, 1122, 1075, 1060, 1035, 983, 954, 939,
874, 858, 837, 819, 780, 728, 671, 643, 605, 582, 562, 534, 521; 'H
NMR (DMSO-dg) 6 11.98 (s, 1H), 8.32 (s, 1H), 8.30 (d, 1H, J = 5.2 Hz),
8.27 (d, 1H, | = 7.9 Hz), 8.13 (d, 1H, J = 5.2 Hz), 7.69-7.63 (m, 3H),
7.61-7.59 (m, 1H), 7.56 (dt, 1H, J = 7.8, 1.2 Hz), 7.47-7.43 (m, 1H),
7.30-7.24 (m, 2H), 6.75 (d, 1H, ] = 16.1 Hz), 6.1 (s, 2H), 5.28 (s, 2H);
13C NMR (DMSO-dg) 6 165.75, 162.40 (d, ] = 243.8 Hz), 143.66,
141.71,140.71,137.99,137.89,136.49 (d, ] = 8.1 Hz), 133.85,130.87 (d,
J = 8.4 Hz), 128.75, 128.59, 125.78, 124.94 (d, ] = 2.5 Hz), 121.94,
120.75, 119.68, 119.30, 117.26 (d, ] = 21.4 Hz), 114.89, 114.58 (d,
J =221 Hz), 112.08, 57.40, 51.22; ESI-MS: m/z 428.1 (M+1)"; Anal.
Calcd. for Co4H1gFN50,: C, 67.44; H, 4.24; N, 16.38; found: C, 67.40;
H, 4.49; N, 16.21.

4.1.5.3. (1-((9H-pyrido[3,4-bJindol-1-yl)methyl)-1H-1,2,3-triazol-4-
yl)methyl (E)-3-(3-bromophenyl)acrylate (5c). Alkyne 4c: 0.052 g;
purification: recrystallisation from EtOH; yield: 0.032 g (37%); mp
184.0—186.0 °C; IR (ATR, »/cm™") 3311, 3223, 3194, 3147, 3102, 3060,
2997, 2971, 1715, 1640, 1607, 1564, 1501, 1472, 1457, 1428, 1404,
1389, 1347,1308, 1276, 1234, 1189, 1168, 1122, 1090, 1060, 1036, 984,
860, 830, 812, 777, 735, 670, 643, 605, 578, 542; 'H NMR (DMSO-dg)
6 11.97 (s, 1H), 8.32 (s, 1H), 8.30 (d, 1H, J = 5.2 Hz), 8.26 (d, 1H,
J=7.8Hz),813(d,1H,J=5.2 Hz), 798 (t,1H, ] = 1.8 Hz), 7.73 (dt, 1H,
J = 7.8,1.3 Hz), 7.69-7.57 (m, 4H), 7.36 (t, 1H, ] = 7.9 Hz), 7.31-7.27
(m, 1H), 6.75 (d, 1H, J = 16.0 Hz), 6.11 (s, 2H), 5.28 (s, 2H); '°C NMR
(DMSO-ds) 6 165.68, 143.33, 141.71, 140.69, 137.97, 137.87, 136.45,
133.83,133.03,130.93, 128.74,128.57, 127.32, 125.74,122.28,121.92,
120.73,119.66, 119.37,114.87, 112.07, 57.40, 51.21; ESI-MS: m/z 488.0
(M+1)", 489.9 (M+1)"; Anal. Calcd. for Co4H1gBrNs05: C, 59.03; H,
3.72; N, 14.34; found: C, 59.19; H, 3.94; N, 14.52.

4.1.5.4. (1-((9H-pyrido[3,4-bJindol-1-yl)methyl)-1H-1,2,3-triazol-4-
yl)methyl (E)-3-(4-chlorophenyl)acrylate (5d). Alkyne 4d: 0.043 g;
purification: trituration with diethyl ether/petroleum ether
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mixture; yield: 0.02 g (25%); mp 201.0—203.5 °C; IR (ATR, v/cm™!)
3227, 3192, 3096, 3061, 2993, 2965, 2926, 2894, 2872, 1713, 1642,
1594, 1568, 1503, 1490, 1468, 1453, 1431, 1404, 1370, 1346, 1308,
1271, 1242, 1201, 1171, 1148, 1087, 1068, 1038, 1012, 972, 868, 818,
775, 737, 695, 683, 669, 637, 593, 560, 547, 529, 491, 455; 'H NMR
(DMSO-dg) 6 11.97 (s, 1H), 8.31 (s, 1H), 8.30 (d, 1H, ] = 5.3 Hz), 8.27
(d, 1H, J = 7.9 Hz), 8.13 (d, 1H, J = 5.2 Hz), 7.77-7.74 (m, 2H), 7.70-
7.64 (m, 2H), 7.62-7.58 (m, 1H), 7.50-7.45 (m, 2H), 7.31-7.26 (m, 1H),
6.69 (d, 1H, J = 161 Hz), 6.11 (s, 2H), 5.28 (s, 2H); 3C NMR
(DMSO-dg) ¢ 165.79, 143.60, 141.74, 140.69, 137.97, 137.87, 135.08,
133.83,132.91, 130.15, 128.94, 128.74,128.57,125.73, 121.92, 120.73,
119.66, 118.49, 114.87, 112.07, 57.35, 51.21; ESI-MS: m/z 444.0
(M+1)"; Anal. Calcd. for C24H18CIN505: C, 64.94; H, 4.09; N, 15.78;
found: C, 64.75; H, 4.27; N, 15.93.

4.15.5. (1-((9H-pyrido[3,4-b]indol-1-yl)methyl)-1H-1,2,3-triazol-4-
yl)methyl (E)-3-(4-methoxyphenyl)acrylate (5e). Alkyne 4e: 0.043 g;
purification: trituration with diethyl ether/petroleum ether
mixture; yield: 0.032 g (41%); mp 155.0—157.5 °C; IR (ATR, v/cm™ 1)
3223, 3170, 3131, 3094, 3082, 2996, 2965, 2934, 2900, 2837, 1712,
1636, 1607, 1573, 1513, 1455, 1429, 1402, 1375, 1322, 1308, 1287,
1258, 1240, 1202, 1163, 1065, 1037, 1002, 971, 867, 852, 824, 774,
734,592, 547,527, 513; 'H NMR (DMSO-dg) 6 11.98 (s, 1H), 8.32-8.29
(m, 2H), 8.27 (d, 1H,J = 7.9 Hz), 8.12 (d, 1H, ] = 5.2 Hz), 7.69-7.59 (m,
5H), 7.28 (t, 1H, ] = 7.5 Hz), 6.96 (d, 2H, J] = 8.4 Hz), 6.50 (d, 1H,
J = 16.0 Hz), 6.11 (s, 2H), 5.25 (s, 2H), 3.79 (s, 3H); >C NMR
(DMSO-dg) 6 166.22, 161.24, 144.85, 141.92, 140.71, 138.01, 137.88,
133.85,130.26, 128.74,128.58, 126.56, 125.70, 121.94, 120.75, 119.67,
114.88, 114.38, 112.09, 57.11, 55.34, 51.21; ESI-MS: m/z 440.1
(M+1)"; Anal. Calcd. for Co5sH»1Ns03: C, 68.33; H, 4.82; N, 15.94;
found: C, 68.27; H, 4.99; N, 15.68.

4.1.6. General procedure for the synthesis of amines 6 and 11

A suspension of 3 or 10 (0.856 mmol) and 10% Pd/C (0.041 g) in
MeOH (5 mL) was stirred at rt under hydrogen atmosphere for 18 h
(compound 6) or 2 h (compound 11). Upon completion, the reaction
mixture was filtered through celite, and the solvent was removed
under the reduced pressure. The crude product was triturated with
diethyl ether/petroleum ether mixture.

4.1.6.1. (9H-pyrido[3,4-bjindol-1-yl)methanamine (6). Azide 3:
0.191 g; yield: 0.120 g (71%); IR (ATR, »/cm™1) 3347, 3282, 3120,
3051, 2955, 2856, 2776, 1625, 1600, 1562, 1501, 1477, 1460, 1430,
1355, 1327, 1316, 1240, 1212, 1163, 1127, 1108, 1071, 960, 896, 848,
829, 772, 747, 671, 595, 564, 516; 'H NMR (DMSO-dg) 6 8.26 (d, 1H,
J=5.2Hz),8.21(dt,1H,] = 7.8,1.0 Hz), 7.97 (d, 1H, ] = 5.2 Hz), 7.63-
7.62 (m, 1H), 7.55-7.52 (m, 1H), 7.24-7.22 (m, 1H), 4.19 (s, 2H); 1°C
NMR (DMSO-dg) 6 146.51, 140.35, 137.18, 133.23, 127.82, 127.42,
121.60, 120.88, 119.15, 113.19, 112.01, 44.59; ESI-MS: m/z 196.0
(M—-1)".

4.1.6.2. (1-methyl-9H-pyrido[3,4-bJindol-3-yl)methanamine  (11).
Azide 10: 0.203 g; yield: 0.110 g (61%); IR (ATR, y/cm™~ ') 3338, 3239,
3130, 3057, 2978, 2940, 2914, 2882, 2850, 2783, 2737, 2690, 2637,
1626, 1606, 1566, 1503, 1453, 1401, 1374, 1344, 1317, 1284, 1250,
1176, 1147, 1103, 1083, 1009, 970, 945, 891, 838, 813, 775, 734, 643,
588, 545; 'H NMR (DMSO-dg) 6 11.42 (s, 1H), 8.14 (d, 1H, ] = 7.6 Hz),
791 (s, 1H), 7.57-7.47 (m, 2H), 7.20 (t, 1H, ] = 6.9 Hz), 3.89 (s, 2H),
2.73 (s, 3H); 13C NMR (DMSO-dg) 6 151.13, 140.89, 140.74, 133.29,
127.76, 127.62, 121.53, 121.19, 118.98, 111.89, 109.01, 47.59, 20.38;
ESI-MS: m/z 210.0 (M — 1)

4.1.7. General procedure for the synthesis of harmicines 7a-h
A solution of a corresponding CAD (0.212 mmol), DIEA
(0.073 mL, 0.424 mmol) and HATU (0.081 g, 0.212 mmol) in DCM
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(4 mL) was stirred at rt for 20 min, followed by the addition of
amine 6 (0.038 g, 0.193 mmol). The reaction mixture was stirred at
rt for 1 h. The formed precipitate was filtered off. After purification
by column chromatography (DCM/MeOH 8:1) and trituration with
diethyl ether, compounds 7a-h were obtained.

4.1.7.1. N-((9H-pyrido[3,4-b]indol-1-yl)methyl)cinnamamide (7a).
CAD: 0.031 g of trans-cinnamic acid; yield: 0.033 g (52%); mp
225.0—-227.0 °C; IR (ATR, v/cm~!) 3375, 3328, 3226, 3195, 3101,
3060, 2901, 1661, 1623, 1576, 1514, 1435, 1404, 1325, 1243, 1205, 994,
914, 811, 767, 731, 718, 706, 620, 565, 490, 478; '"H NMR (DMSO-dg)
011.64 (s,1H), 8.79 (t,1H, ] = 5.4 Hz), 8.33 (d, 1H, ] = 5.2 Hz), 8.25 (d,
1H, ] = 79 Hz), 8.08 (d, 1H, J = 5.3 Hz), 7.67-7.64 (m, 1H), 7.61-7.50
(m, 4H), 7.46-7.35 (m, 3H), 7.29-7.24 (m, 1H), 6.88 (d, 1H,
J =15.8 Hz), 4.92 (d, 2H, ] = 5.3 Hz); 3C NMR (DMSO0-dg) 6 165.43,
141.41,140.45, 139.04, 137.34, 134.92, 133.52, 129.49, 128.94, 128.17,
127.82, 127.58, 122.10, 121.76, 120.87, 119.45, 113.96, 112.08, 41.65;
ESI-MS: m/z 328.1 (M+1)"; HPLC purity > 99.5%.

4.1.7.2. (E)-N-((9H-pyrido[3,4-b]indol-1-yl)methyl)-3-(3-
fluorophenyl)acrylamide (7b). CAD: 0.035 g of m-fluorocinnamic
acid; yield: 0.034 g (51%); mp 224.5-225.5 °C; IR (ATR, v/cm™})
3350, 3217, 3149, 3080, 2995, 2905, 2814, 1672, 1627, 1586, 1516,
1448, 1409, 1325, 1273, 1239, 1225, 1146, 1011, 968, 878, 851, 807,
784, 728, 611, 564, 521; 'H NMR (DMSO0-dg) 6 11.63 (s, 1H), 8.78 (¢,
1H, ] = 5.4 Hz), 8.32 (d, 1H, ] = 5.2 Hz), 8.24 (d, 1H, ] = 7.8 Hz), 8.07
(d,1H,] = 5.2 Hz), 7.64 (d, 1H, ] = 8.2 Hz), 7.57 (t, 1H, ] = 7.6 Hz), 7.52
(d, 1H, J = 15.8 Hz), 7.49-7.43 (m, 3H), 7.26 (t, 1H, ] = 7.4 Hz), 7.23-
7.20 (m, 1H), 6.94 (d, 1H, J = 15.8 Hz), 4.92 (d, 2H, ] = 5.3 Hz); 13C
NMR (DMSO-dg) ¢ 165.08, 162.46 (d, ] = 244.0 Hz), 141.26, 140.45,
137.71 (d, ] = 2.4 Hz), 137.58 (d, ] = 7.8 Hz), 137.37, 133.48, 130.90 (d,
J = 8.4 Hz), 128.16, 127.80, 123.75 (d, J = 2.5 Hz), 123.70, 121.76,
120.87,119.44, 116.14 (d, ] = 21.2 Hz), 113.96 (d, ] = 21.8 Hz), 112.07,
41.65; ESI-MS: m/z 346.1 (M+1)"; HPLC purity 98.2%.

4.1.7.3. (E)-N-((9H-pyrido[3,4-b]indol-1-yl)methyl)-3-(3-
bromophenyl)acrylamide (7c). CAD: 0.048 g of m-bromocinnamic
acid; yield: 0.056 g (72%); mp 236.5—239.0 °C; IR (ATR, v/cm™1)
3191, 3016, 1671, 1626, 1564, 1497,1471,1437,1392, 1328, 1222, 1128,
1078, 971, 929, 820, 778, 722, 667, 584; 'H NMR (DMSO-dg) 6 11.62
(s, 1H), 8.74 (t, 1H, ] = 5.4 Hz), 8.31 (d, 1H, J = 5.2 Hz), 8.23 (d, 1H,
J=7.8Hz),8.06(d,1H,] = 5.2 Hz), 7.80 (t, 1H, ] = 1.9 Hz), 7.63 (d, 1H,
J =82 Hz), 7.59 (d, 1H, J = 7.8 Hz), 7.57-7.54 (m, 2H), 7.47 (d, 1H,
J=15.8Hz),7.37 (t,1H,] = 7.9 Hz), 7.25 (t, 1H, ] = 7.4 Hz), 6.94 (d, 1H,
J = 15.8 Hz), 4.91 (d, 2H, J = 5.3 Hz); 3C NMR (DMSO-dg) ¢ 165.01,
141.20, 140.46, 137.53, 137.34, 137.30, 133.46, 131.98, 131.02, 130.06,
128.17,127.82,126.49, 123.82, 122.26, 121.76, 120.85, 119.44, 113.96,
112.06, 41.62; ESI-MS: m/z 405.9 (M+1)", 407.9 (M-+1)"; HPLC
purity 99.4%.

4.1.7.4. (E)-N-((9H-pyrido[3,4-b]indol-1-yl)methyl)-3-(3-(tri-
fluoromethyl)phenyl)acrylamide (7d). CAD: 0.046 g of m-(tri-
fluoromethyl)cinnamic acid; yield: 0.040 g (52%); mp
225.5-226.5 °C; IR (ATR, v/cm™1) 3197, 3014, 1669, 1628, 1560, 1498,
1438,1329, 1226, 1177,1167,1109, 1077, 972, 885, 804, 742, 721, 691,
581; 'H NMR (DMSO-dg) 6 11.65 (s, 1H), 8.78 (t, 1H, ] = 5.3 Hz), 8.33
(d, 1H, J = 5.2 Hz), 8.24 (dt, 1H, J = 7.9, 1.0 Hz), 8.07 (d, 1H,
J=5.2Hz),7.96 (t,1H,] = 2.0Hz), 790 (d, 1H, ] = 7.8 Hz), 7.73 (d, 1H,
J=7.8Hz),7.67-7.63 (m, 2H), 7.60 (d, 1H, ] = 15.8 Hz), 7.58-7.55 (m,
1H), 7.28-7.25 (m, 1H), 7.06 (d, 1H, J = 15.9 Hz), 4.93 (d, 2H,
J = 5.3 Hz); 3C NMR (DMSO-dg) 6 164.96, 141.19, 140.47, 137.35,
137.26, 136.19, 133.47, 131.37,130.05, 129.74 (q, ] = 31.7 Hz), 128.15,
127.80,125.72(q,J = 2.7 Hz), 124.33,124.06 (q, ] = 273.3 Hz), 123.92
(q,J = 3.6 Hz), 121.75, 120.87, 119.44, 113.96, 112.07, 41.67; ESI-MS:
m/z 396.1 (M+1)"; HPLC purity 97.3%.
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4.1.7.5. (E)-N-((9H-pyrido[3,4-b]indol-1-yl)methyl)-3-(4-
fluorophenyl)acrylamide (7e). CAD: 0.035 g of p-fluorocinnamic
acid; yield: 0.045 g (67%); mp 231.5—233.0 °C; IR (ATR, v/cm™})
3380, 3244, 3147, 3075, 2989, 2900, 1655, 1616, 1599, 1556, 1505,
1430, 1426, 1413, 1354, 1325, 1239, 1220, 1161, 1128, 1098, 1010, 977,
828, 755, 734, 628, 508; 'H NMR (DMSO-dg) 6 11.62 (s, 1H), 8.75 (t,
1H,J = 5.4 Hz), 8.32 (d, 1H, ] = 5.2 Hz), 8.24 (d, 1H, ] = 7.8 Hz), 8.06
(d, 1H,J = 5.2 Hz), 7.66-7.63 (m, 3H), 7.56 (t, 1H, ] = 7.6 Hz), 7.51 (d,
1H, J = 15.8 Hz), 7.27-7.24 (m, 3H), 6.83 (d, 1H, J = 15.8 Hz), 4.91 (d,
2H, J = 53 Hz); 3C NMR (DMSO-dg) & 165.31, 162.69 (d,
J = 247.0 Hz), 141.39, 140.42, 137.80, 137.35, 133.49, 131.56 (d,
J = 3.0 Hz), 129.71 (d, J = 8.4 Hz), 128.12, 127.77, 122.00 (d,
J = 17 Hz), 121.73, 120.86, 119.41, 115.89 (d, ] = 21.8 Hz), 113.92,
112.05, 41.64; ESI-MS: m/z 346.1 (M+1)"; Anal. Calcd. for
C21H16FN30: C, 73.03; H, 4.67; N, 12.17; found: C, 73.15; H, 4.81; N,
12.29.

4.1.7.6. (E)-N-((9H-pyrido[3,4-b]indol-1-yl)methyl)-3-(4-
chlorophenyl)acrylamide (7f). CAD: 0.039 g of p-chlorocinnamic
acid; yield: 0.036 g (52%); mp 241.0—243.5 °C (decomp.); IR (ATR, v/
cm~1) 3384, 3275, 3053, 1671, 1627, 1532, 1505, 1494, 1457, 1435,
1405, 1323, 1237, 1219, 1094, 1028, 1013, 972, 819, 732, 609, 589,
573, 495; 'H NMR (DMSO-dg) 6 11.62 (s, 1H), 8.79 (t, 1H, ] = 5.4 Hz),
8.32 (d, 1H, J = 5.2 Hz), 8.24 (d, 1H, J] = 7.8 Hz), 8.06 (d, 1H,
J=5.2 Hz), 7.65-7.61 (m, 3H), 7.58-7.55 (m, 1H), 7.52-7.48 (m, 3H),
7.26 (t, 1H, ] = 7.4 Hz), 6.89 (d, 1H, J = 15.8 Hz), 4.91 (d, 2H,
J = 5.4 Hz); 3C NMR (DMSO-dg) ¢ 165.20, 141.35, 140.45, 137.67,
137.38, 133.92, 133.51, 129.29, 128.99, 128.16, 127.80, 122.93, 121.77,
120.88, 119.45, 113.96, 112.08, 41.66; ESI-MS: m/z 362.1 (M+1)";
Anal. Calcd. for C31H16CIN3O: C, 69.71; H, 4.46; N, 11.61; found: C,
69.95; H, 4.31; N, 11.99.

4.1.7.7. (E)-N-((9H-pyrido[3,4-b]indol-1-yl)methyl)-3-(4-
methoxyphenyl)acrylamide (7g). CAD: 0.038 g of p-methoxycin-
namic acid; yield: 0.034 g (49%); mp 230.5—232.0 °C; IR (ATR, v/
cm™ 1) 3350, 3173, 3097, 3006, 1662, 1624, 1603, 1511, 1432, 1366,
1325, 1254, 1240, 1174, 1029, 981, 914, 818, 791, 733, 596, 528, 506;
TH NMR (DMSO-dg) 6 11.58 (s, 1H), 8.66 (t, 1H, J = 5.5 Hz), 8.29 (d,
1H,J = 5.3 Hz), 8.22 (d, 1H, ] = 7.8 Hz), 8.04 (d, 1H, ] = 4.7 Hz), 7.62
(d,1H,J = 8.2 Hz), 7.56-7.51 (m, 3H), 7.44 (d, 1H, ] = 15.7 Hz), 7.24 (¢,
1H,J = 7.5Hz),6.96 (d, 2H, ] = 8.2 Hz), 6.69 (d, 1H, ] = 15.7 Hz), 4.88
(d, 2H,J = 5.5 Hz), 3.77 (s, 3H); 13C NMR (DMSO-dg) 6 165.82, 160.39,
141.57, 140.46, 138.83, 137.34, 133.54, 129.20, 128.20, 127.85, 127.49,
121.78, 120.90, 119.57, 119.48, 114.42, 113.98, 112.10, 55.28, 41.67;
ESI-MS: m/z 358.1 (M+1)"; HPLC purity 99.0%.

4.1.7.8. (E)-N-((9H-pyrido[3,4-bJindol-1-yl)methyl)-3-(4-(tri-
fluoromethyl)phenyl)acrylamide (7h). CAD: 0.046 g of p-(tri-
fluoromethyl)cinnamic acid; yield: 0.050 g (65%); mp
262.5-265.0 °C; IR (ATR, v/cm~!) 3341, 3236, 1664, 1622, 1504,
1436, 1416, 1323, 1239, 1217, 1155, 1116, 1068, 1013, 988, 826, 755,
740, 572, 532, 494; 'H NMR (DMSO-dg) 6 11.65 (s, 1H), 8.87 (t, 1H,
J=5.4Hz),833(d, 1H,]J = 5.3 Hz), 8.25(d, 1H, ] = 7.9 Hz), 8.08 (d,
1H, J = 5.3 Hz), 7.83-7.76 (m, 4H), 7.66-7.54 (m, 3H), 7.29-7.24 (m,
1H), 7.03 (d, 1H, J = 15.8 Hz), 4.94 (d, 2H, J = 5.3 Hz); °C NMR
(DMSO-dg) 6 164.89, 141.23, 140.46, 139.04, 137.38, 137.32, 133.49,
129.21 (q,J = 32.3 Hz), 128.20, 128.16, 127.81, 125.81 (q, ] = 3.0 Hz),
124.95,124.12(q,] = 272.7 Hz),121.76,120.87,119.44, 113.96, 112.07,
41.66; ESI-MS: m/z 396.1 (M+1)"; HPLC purity 99.4%.

4.1.8. Synthesis of (1-methyl-9-(prop-2-yn-1-yl)-9H-pyrido[3,4-b]
indol-3-yl)methanol (12)

Alcohol 9 (0.200 g, 0.942 mmol) was dissolved in dry DMF
(5 mL). Under argon atmosphere caesium carbonate (0.430 g,
1319 mmol) was added, followed by dropwise addition of
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propargyl bromide (0.126 mL, 1.130 mmol, 80% solution in toluene).
The reaction mixture was stirred at rt for 5 h. Upon completion, the
reaction mixture was diluted with H,0O (50 mL) and extracted with
EtOAc (3 x 40 mL). The collected organic layers were washed with
H,0 (2 x 100 mL), dried over anhydrous sodium sulphate and the
solvent evaporated under the reduced pressure. After purification
by column chromatography (DCM/MeOH 95:5) and trituration with
diethyl ether, alkyne 12 was obtained as a white solid.

Yield: 0.170 g (72%); mp 225.0—230.0 °C (decomp.); IR (ATR, »/
cm™1) 3154, 2929, 2823, 2109, 1621, 1561, 1475, 1453, 1360, 1333,
1283, 1206, 1139, 1063, 1040, 965, 933, 877, 744, 724, 641, 578; 'H
NMR (DMSO-dg) 6 8.25 (d, 1H, J = 7.8 Hz), 8.03 (s, 1H), 7.78 (d, 1H,
J = 8.3 Hz), 7.63-7.58 (m, 1H), 7.29 (t, 1H, ] = 7.4 Hz), 5.45 (d, 2H,
J=2.4Hz),5.35 (t,1H,] = 5.8 Hz), 4.68 (d, 2H, ] = 5.8 Hz), 3.35 (t, 1H,
J=2.4Hz),3.04 (s, 3H); 3C NMR (DMSO-dg) 6 150.83,141.27,140.52,
133.22, 129.53, 128.23, 121.52, 121.05, 120.04, 110.37, 109.11, 75.50,
64.34, 34.19, 22.45; ESI-MS: m/z 251.1 (M+1)".

4.1.9. General procedure for the synthesis of harmicines 14a-e

To a solution of alkyne 12 (0.040 g, 0.160 mmol) and the cor-
responding cinnamyl azide 13a-e (0.176 mmol) in MeOH (5 mL), a
catalytic amount of Cu(OAc); was added. The reaction mixture was
stirred at rt for 24 h. Upon completion of the reaction, the solvent
was removed under the reduced pressure. The residue was purified
by column chromatography with DCM/MeOH, cyclohexane/EtOAc/
MeOH or EtOAc/MeOH as a mobile phase. The crude product was
triturated with diethyl ether/petroleum ether to obtain harmicines
14a-e. Compound 14b was obtained, but decomposed quickly
at —20 °C.

4.1.9.1. (9-((1-cinnamyl-1H-1,2,3-triazol-4-yl)methyl)-1-methyl-9H-
pyrido[3,4-bJindol-3-yl)methanol (14a). 13a: 0.028 g; mobile phase:
cyclohexane/EtOAc/MeOH 3:1:0.5; yield: 0.032 g (49%); mp
197.0-200.0 °C; IR (ATR, v/cm™') 3113, 3060, 2966, 2917, 2859,
1657, 1619, 1560, 1512, 1445, 1402, 1362, 1337, 1290, 1252, 1220,
1190, 1156, 1136, 1122, 1062, 1043, 962, 934, 860, 842, 813, 780, 748,
691, 638, 620, 577, 530, 511, 477, 463; 'H NMR (DMSO-dg) 6 8.23 (d,
1H,J = 7.7 Hz), 8.02 (s, 1H), 7.98 (s, 1H), 7.82 (d, 1H, | = 8.3 Hz), 7.59-
7.55 (m, 1H), 7.40-7.24 (m, 6H), 6.51 (d, 1H, ] = 15.9 Hz), 6.47-6.35
(m, 1H), 5.90 (s, 2H), 5.33 (t, 1H, ] = 5.7 Hz), 5.07 (d, 2H, ] = 6.0 Hz),
4.67 (d, 2H, ] = 5.7 Hz), 3.05 (s, 3H); >°C NMR (DMSO-dg) 6 150.27,
144.17, 141.35, 140.55, 135.63, 133.45, 133.41, 129.10, 128.66, 128.10,
128.06, 126.51, 123.66, 122.72, 121.41, 120.99, 119.71, 110.61, 109.07,
64.35, 51.27, 39.73, 23.15; ESI-MS: m/z 410.3 (M+1)"; Anal. Calcd.
for C;5H,3N50: C, 73.33; H, 5.66; N, 17.10; found: C, 73.19; H, 5.39; N,
17.34.

4.1.9.2. (E)-(9-((1-(3-(3-bromophenyl)allyl)-1H-1,2,3-triazol-4-yl)
methyl)-1-methyl-9H-pyrido[3,4-b]indol-3-yl)methanol (14c).
13c: 0.042 g; mobile phase: DCM/MeOH 95:5; yield: 0.031 g, (39%);
mp 164.5—167.5 °C; IR (ATR, »/cm™ ') 3117, 3060, 2959, 2922, 2861,
1619, 1592, 1560, 1471, 1460, 1445, 1380, 1358, 1336, 1290, 1252,
1222, 1199, 1154, 1120, 1095, 1062, 1044, 995, 965, 934, 875, 861,
829, 786, 747, 719, 685, 668, 636, 621, 577, 534, 492, 463; 'H NMR
(DMSO-dg) 6 8.23 (d, 1H, ] = 7.7 Hz), 8.02 (s, 1H), 7.97 (s, 1H), 7.82 (d,
1H, J = 8.3 Hz), 7.70 (t, 1H, J = 2.2 Hz), 7.57 (t, 1H, ] = 8.0 Hz), 7.47-
7.42 (m, 2H), 7.30-7.24 (m, 2H), 6.67-6.60 (m, 2H), 5.93 (s, 2H), 5.32
(t, 1H, J = 5.7 Hz), 5.07 (d, 2H, ] = 5.1 Hz), 4.67 (d, 2H, ] = 5.6 Hz),
3.08 (s, 3H); 13C NMR (DMSO-dg) 6 150.26, 144.16, 141.34, 140.54,
138.20,133.45,131.73,130.74,130.69, 129.09, 129.00, 128.04, 125.64,
125.56, 122.78, 122.12, 121.40, 120.99, 119.71, 110.60, 109.06, 64.34,
51.11, 39.72, 23.13; ESI-MS: m/z 488.1 (M+1)", 490.1 (M+1)"; Anal.
Calcd. for C35H22BrNsO: C, 61.48; H, 4.54; N, 14.34; found: C, 61.78;
H, 4.59; N, 14.62.
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4.1.9.3. (E)-(9-((1-(3-(4-chlorophenyl)allyl)-1H-1,2,3-triazol-4-yl)
methyl)-1-methyl-9H-pyrido[3,4-bJindol-3-yl)methanol (14d).
13d: 0.034 g; mobile phase: EtOAc/MeOH 10:0.5; yield: 0.029 g,
(41%); mp 183.0—186.5 °C; IR (ATR, /cm 1) 3111, 3064, 2971, 2918,
2858, 2822, 1727, 1658, 1619, 1592, 1559, 1489, 1471, 1447, 1405,
1361, 1336, 1292, 1254, 1221, 1192, 1158, 1121, 1085, 1041, 1014, 964,
938, 861, 837, 819, 799, 779, 748, 719, 685, 637, 577, 537, 502, 462;
TH NMR (DMSO-dg) 6 8.23 (d, 1H, ] = 7.8 Hz), 8.02 (s, 1H), 7.97 (s, 1H),
7.82(d, 1H,J = 8.3 Hz), 7.57 (t, 1H, ] = 7.5 Hz), 7.43-7.35 (m, 4H), 7.27
(t, 1H, J = 74 Hz), 6.52-6.41 (m, 2H), 5.90 (s, 2H), 5.32 (t, 1H,
J=5.7Hz),5.07 (d, 2H, ] = 5.1 Hz), 4.67 (d, 2H, ] = 5.7 Hz), 3.05 (s,
3H); 13C NMR (DMSO-dg) 6 150.27, 144.18, 141.35, 140.55, 134.61,
133.44,132.47,132.05,129.10, 128.64, 128.24, 128.06, 124.71, 122.76,
121.41,120.99, 119.72, 110.60, 109.06, 64.35, 51.17, 39.73, 23.15; ESI-
MS: m/z 444.2 (M+1)"; Anal. Calcd. for C35H»,CIN5O: C, 67.64; H,
5.00; N, 15.78; found: C, 67.34; H, 5.16; N, 15.63.

4.1.94. (E)-(9-((1-(3-(4-methoxyphenyl)allyl)-1H-1,2,3-triazol-4-yl)
methyl)-1-methyl-9H-pyrido[3,4-b]indol-3-yl)methanol (14e).
13e: 0.033 g; mobile phase: DCM/MeOH 95:5; yield: 0.030 g, (43%);
mp 202.0—205.0 °C; IR (ATR, v/ecm~') 3180, 3119, 3067, 3024, 3002,
2945, 2923, 2869, 1622, 1563, 1488, 1462, 1441, 1379, 1364, 1333,
1298, 1254, 1222, 1203, 1160, 1135, 1122, 1067, 1037, 1003, 965, 915,
857,771, 745, 696, 636, 582, 533, 509, 471, 454; 'H NMR (DMSO-ds)
0 823 (d, 1H, J = 7.8 Hz), 8.02 (s, 1H), 7.96 (s, 1H), 7.82 (d, 1H,
J = 8.3 Hz), 7.57 (t, 1H, ] = 7.5 Hz), 7.34-7.30 (m, 2H), 7.26 (t, 1H,
J=7.5Hz), 6.89-6.85 (m, 2H), 6.47 (d, 1H, ] = 15.8 Hz), 6.25 (dt, 1H,
J=15.8, 6.5 Hz), 5.90 (s, 2H), 5.33 (t, 1H, J = 5.7 Hz), 5.03 (d, 2H,
J=7.2Hz),4.67(d, 2H,J = 5.7 Hz), 3.74 (s, 3H), 3.05 (s, 3H); 3C NMR
(DMSO-dg) 6 159.20, 150.26, 144.14, 141.35, 140.56, 133.45, 133.19,
129.09, 128.24, 128.05, 127.86, 122.61, 121.40, 121.05, 120.98, 119.71,
114.06, 110.60, 109.07, 64.35, 55.11, 51.41, 39.73, 23.15; ESI-MS: m/z
440.3 (M+1)"; Anal. Calcd. for CogHa5N505: C, 71.05; H, 5.73; N,
15.93; found: C, 71.27; H, 5.79; N, 15.72.

4.1.10. General procedure for the synthesis of harmicines 15a-e

To a suspension of azide 10 (0.04 g, 0.169 mmol) and a corre-
sponding alkyne 4a-e (0.186 mmol) in 5 mL of a 1:1H,0/t-BuOH
mixture, sodium ascorbate (0.2 mmol, 200 pL of freshly prepared
1 M solution in H,0) and CuSO4 x 5H,0 (0.02 mmol, 20 puL of 1 M
solution in H,0) were added. The mixture was stirred at rt for 0.5 h,
diluted with 5 mL of ice-cold H,0 and filtered. A yellow precipitate
was washed with H,O (3 x 2 mL) and dried under vacuum. After
purification by column chromatography (mobile phase DCM/MeOH
95:5) and trituration with diethyl ether/petroleum ether mixture,
compounds 15a-e were obtained as white solids.

4.1.10.1. (1-((1-methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)-1H-1,2,3-
triazol-4-yl)methyl cinnamate (15a). Alkyne 4a: 0.035 g; yield:
0.026 g (36%); mp 194.5—195.5 °C; IR (ATR, »/cm~!) 3220, 3194,
3175, 3145, 3101, 3060, 3030, 2989, 2945, 1712, 1694, 1644, 1626,
1605, 1565, 1503, 1451, 1392, 1376, 1356, 1329, 1312, 1271, 1254,
1223,1202,1170,1116,1059, 1037, 1002, 972, 934, 898, 859, 843, 827,
804, 765, 752, 738, 708, 681, 642, 611, 587, 524, 480; 'H NMR
(DMSO-dg) 6 11.67 (s, 1H), 8.26 (s, 1H), 8.17 (d, 1H, ] = 7.9 Hz), 7.99 (s,
1H), 7.72-7.70 (m, 2H), 7.67 (d, 1H, ] = 16.0 Hz), 7.60 (dt, 1H, ] = 8.2,
1.0 Hz), 7.55-7.53 (m, 1H), 7.44-7.39 (m, 3H), 7.24-7.21 (m, 1H), 6.65
(d, 1H, J = 16.1 Hz), 5.77 (s, 2H), 5.27 (s, 2H), 2.75 (s, 3H); 13C NMR
(DMSO-dg) 6 165.94, 145.02, 142.54, 142.16, 141.92, 140.78, 134.00,
133.93, 130.58, 128.91, 128.42, 128.10, 127.60, 125.13, 121.72, 120.91,
119.46, 117.66, 112.10, 112.05, 57.34, 55.25, 20.40; ESI-MS: m/z 424.0
(M+1)"; Anal. Calcd. for Co5sH»1Ns05: C, 70.91; H, 5.00; N, 16.54;
found: C, 70.83; H, 5.17; N, 16.69.
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4.1.10.2. (1-((1-methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)-1H-
1,2,3-triazol-4-yl)methyl ~ (E)-3-(3-fluorophenyl)acrylate ~ (15b).
Alkyne 4b: 0.038 g, yield: 0.045 g (60%); mp 197.0—198.5 °C; IR
(ATR, »/cm~1) 3223, 3198, 3166, 3104, 3067, 3043, 3012, 2970, 2895,
1707, 1627, 1608, 1583, 1568, 1506, 1483, 1449, 1387, 1355, 1320,
1271, 1252, 1213, 1151, 1115, 1084, 1057, 1036, 1008, 980, 942, 911,
898, 864, 832, 788, 766, 738, 693, 675, 649, 609, 586, 555, 537, 520,
480; 'H NMR (DMSO-dg) 6 11.67 (s, 1H), 8.26 (s, 1H), 8.18 (d, 1H,
J = 7.9 Hz), 8.00 (s, 1H), 7.67 (d, 1H, J = 16.1 Hz), 7.65-7.62 (m, 1H),
7.61-7.59 (m, 1H), 7.56-7.53 (m, 2H), 7.46-7.43 (m, 1H), 7.27-7.22 (m,
2H), 6.74 (d, 1H, ] = 16.0 Hz), 5.77 (s, 2H), 5.28 (s, 2H), 2.75 (s, 3H);
13C NMR (DMSO-dg) 6 165.73, 162.39 (d, J = 243.8 Hz), 143.61,
142.52, 142.16, 141.83, 140.77, 136.47 (d, ] = 8.1 Hz), 134.00, 130.84
(d,J = 8.4 Hz), 128.09, 127.60, 125.14,124.91 (d, ] = 2.5 Hz), 121.71,
120.90, 119.44,119.29, 117.23 (d, ] = 21.3 Hz), 114.56 (d, ] = 22.1 Hz),
112.09,112.06, 57.43, 55.25, 20.40; ESI-MS: m/z 442.1 (M+1)"; HPLC
purity 97.6%.

4.1.10.3. (1-((1-methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)-1H-
1,2,3-triazol-4-yl)methyl ~ (E)-3-(3-bromophenyl)acrylate  (15c).
Alkyne 4c: 0.049 g; yield: 0.045 g (53%); mp 204.5—205.5 °C; IR
(ATR, V/cm’1) 3347, 3281, 3170, 3080, 3054, 3023, 2970, 2950, 1708,
1684, 1638, 1592, 1569, 1498, 1474, 1455, 1423, 1383, 1354, 1341,
1313,1290,1272,1247,1231, 1188, 1146, 1110, 1073, 1053, 1032, 1009,
980, 928, 899, 872, 829, 791, 766, 731, 697, 666, 649, 623, 586, 563,
549, 527; "H NMR (DMSO-dg) 6 11.67 (s, 1H), 8.26 (s, 1H), 8.17 (d, 1H,
J=7.9Hz),7.99 (s, 1H), 7.97 (t, 1H, ] = 1.8 Hz), 7.75-7.71 (m, 1H), 7.64
(d, 1H, J = 16.0 Hz), 7.62-7.58 (m, 2H), 7.56-7.52 (m, 1H), 7.36 (t, 1H,
J =79 Hz), 7.25-7.21 (m, 1H), 6.74 (d, 1H, J = 16.1 Hz), 5.77 (s, 2H),
5.28 (s, 2H), 2.75 (s, 3H); 3C NMR (DMSO-dg) 6 165.67, 143.31,
142.52,142.14, 141.84, 140.77, 136.44, 133.99, 133.01, 130.91, 128.08,
127.59, 127.29, 125.11, 122.27, 121.70, 120.90, 119.43, 119.38, 112.08,
112.03, 57.44, 55.24, 20.39; ESI-MS: m/z 501.9 (M+1)", 503.9
(M+1)*"; HPLC purity 97.4%.

4.1.10.4. (1-((1-methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)-1H-
1,2,3-triazol-4-yl)methyl ~ (E)-3-(4-chlorophenyl)acrylate  (15d).
Alkyne 4d: 0.041 g; yield: 0.044 g (57%); mp 209.0—211.0 °C; IR
(ATR, v/cm’1) 3250, 3157, 3103, 3086, 3067, 3052, 1703, 1633, 1592,
1566, 1493, 1475, 1456, 1428, 1408, 1388, 1356, 1305, 1278, 1251,
1222, 1204, 1182, 1160, 1117, 1089, 1058, 1036, 1004, 964, 899, 865,
840, 823, 805, 753, 739, 719, 702, 646, 605, 586, 550, 524, 501, 456;
'"H NMR (DMSO-dg) 6 11.67 (s, 1H), 8.26 (s, 1H), 8.18 (d, 1H,
J = 7.9 Hz), 8.00 (s, 1H), 7.76-7.73 (m, 2H), 7.66 (d, 1H, ] = 16.0 Hz),
7.60 (dt, 1H, J = 8.3, 1.0 Hz), 7.56-7.53 (m, 1H), 7.48-7.45 (m, 2H),
7.24-7.22 (m, 1H), 6.68 (d, 1H, ] = 16.1 Hz), 5.77 (s, 2H), 5.28 (s, 2H),
2.75 (s, 3H); 13C NMR (DMSO-dg) 6 165.80, 143.60, 142.53, 142.17,
141.88, 140.78, 135.09, 134.01, 132.92, 130.15, 128.94, 128.11, 127.61,
125.13, 121.72, 120.91, 119.46, 118.51, 112.10, 112.07, 57.40, 55.26,
20.41; ESI-MS: m/z 458.0 (M+1)*; HPLC purity 98.3%.

4.1.10.5. (1-((1-methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)-1H-
1,2,3-triazol-4-yl)methyl  (E)-3-(4-methoxyphenyl)acrylate (15e).
Alkyne 4e: 0.040 g; yield: 0.048 g (62%); mp 240.5—243.0 °C; IR
(ATR, V/cm’l ) 3236, 3201, 3165, 3103, 3068, 3036, 3007, 2965, 2940,
2911, 2839,1699, 1626, 1601, 1574, 1514, 1456, 1426, 1389, 1357,1307,
1290, 1252, 1223, 1207, 1179, 1155, 1115, 1056, 1023, 1009, 992, 971,
937, 898, 868, 830, 810, 776, 751, 735, 710, 693, 663, 652, 637, 608,
586, 555, 521; '"H NMR (DMSO-dg) & 11.67 (s, 1H), 8.25 (s, 1H), 8.18
(d, 1H,J = 7.9 Hz), 7.99 (s, 1H), 7.68-7.64 (m, 2H), 7.64-7.59 (m, 2H),
7.55-7.53 (m, 1H), 7.24-7.22 (m, 1H), 6.97-6.94 (m, 2H), 6.49 (d, 1H,
J = 16.0 Hz), 5.77 (s, 2H), 5.25 (s, 2H), 3.79 (s, 3H), 2.75 (s, 3H); 1>C
NMR (DMSO-dg) ¢ 166.19, 161.20, 144.80, 142.53, 142.14, 142.03,
140.76,133.99,130.22,128.08,127.59, 126.54, 125.05, 121.70, 120.90,
119.44,114.88, 114.35,112.08, 112.04, 57.14, 55.32, 55.23, 20.39; ESI-

14

European Journal of Medicinal Chemistry 224 (2021) 113687
MS: m/z 454.1 (M+1)*; HPLC purity 98.6%.

4.1.11. General procedure for the synthesis of harmicines 16a-h

A solution of a corresponding CAD (0.162 mmol), DIEA
(0.056 mL, 0.324 mmol) and HATU (0.062 g, 0.162 mmol) in DCM
(4 mL) was stirred at rt for 20 min, followed by the addition of
amine 11 (0.031 g, 0.147 mmol). The resulting solution was stirred
at rt for 1 h. Purification was performed by either Method A or
Method B.

Method A: The resulting precipitate was filtered off, purified by
column chromatography (DCM/MeOH 8:1) and triturated with
diethyl ether/petroleum ether mixture.

Method B: After completion of the reaction, the solvent was
evaporated and EtOAc (10 mL) was added. The formed precipitate
was filtered off, purified by column chromatography (DCM/MeOH
8:1) and triturated with diethyl ether/petroleum ether mixture.

4.1.11.1. N-((1-methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)cinnama-
mide (16a). CAD: 0.024 g of trans-cinnamic acid; purification:
Method A; yield: 0.032 g (64%); mp 207.0—208.0; IR (ATR, y/cm™!)
3352, 3284, 3089, 3048, 2896, 2851, 1659, 1621, 1568, 1510, 1451,
1388, 1354, 1319, 1284, 1246, 1206, 1176, 1075, 1015, 973, 899, 871,
741, 714, 643, 612, 587, 557, 487; 'H NMR (DMSO-dg) 6 11.54 (s, 1H),
8.69 (t,1H,J = 5.7 Hz), 819 (d, 1H, ] = 7.8 Hz), 7.88 (s, 1H), 7.60-7.58
(m, 3H), 7.53-7.49 (m, 2H), 7.44-7.41 (m, 2H), 7.39-7.37 (m, 1H), 7.21
(t, 1H, ] = 7.4 Hz), 6.81 (d, 1H, J = 15.8 Hz), 4.62 (d, 2H, ] = 5.8 Hz),
2.78 (s, 3H); '3C NMR (DMSO-dg) 6 164.89, 146.07, 141.27, 140.79,
138.77,134.98, 133.55, 129.41, 128.92, 127.86, 127.79, 127.52, 122.38,
121.70, 120.99, 119.17, 111.93, 110.08, 44.64, 20.26; ESI-MS: m/z
342.4 (M+1)"; HPLC purity 97.1%.

4.1.11.2. (E)-3-(3-fluorophenyl)-N-((1-methyl-9H-pyrido[3,4-b]
indol-3-yl)methyl)acrylamide (16b). CAD: 0.027 g of m-fluorocin-
namic acid; purification: Method A; yield: 0.022 g (41%); mp
118.0—119.0 °C; IR (ATR, V/cm’1) 3242, 3080, 2972, 2907, 2783,
1658, 1620, 1571, 1501, 1451, 1420, 1341, 1247, 1144, 1032, 983, 899,
859, 779, 740, 632, 561, 517; 'H NMR (DMSO-dg) 6 11.52 (s, 1H), 8.69
(t,1H,J = 5.5 Hz), 8.18 (d, 1H, ] = 7.4 Hz), 7.87 (s, 1H), 7.59-7.42 (m,
6H), 7.24-719 (m, 2H), 6.85 (d, 1H, J = 15.7 Hz), 4.61 (d, 2H,
J =43 Hz), 2.77 (s, 3H); *C NMR (DMSO-dg) 6 164.59, 162.46 (d,
J = 243.9 Hz), 146.03, 141.35, 140.75, 137.63 (d, ] = 7.9 Hz), 13747,
133.57,130.89 (d, ] = 8.3 Hz), 127.83, 127.73, 123.97, 123.67, 121.68,
121.00, 119.15,116.07 (d, J = 21.4 Hz), 113.92 (d, ] = 21.8 Hz), 111.94,
110.07, 44.73, 20.34; ESI-MS: m/z 360.3 (M+1)*; Anal. Calcd. for
CyoH1gFN30: C, 73.52; H, 5.05; N, 11.69; found: C, 73.35; H, 5.27; N,
11.83.

4.1.11.3. (E)-3-(3-bromophenyl)-N-((1-methyl-9H-pyrido[3,4-b]
indol-3-yl)methyl)acrylamide (16c). CAD: 0.037 g of m-bromocin-
namic acid; purification: Method A; yield: 0.018 g (28%); mp
121.5—123.5 °C; IR (ATR, V/crn’l) 3243, 3082, 1743, 1725, 1655, 1617,
1562, 1501, 1452, 1419, 1470, 1396, 1340, 1248, 1234, 1150, 1069,
1029, 984, 899, 863, 779, 741, 697, 666, 638, 609, 561; 'H NMR
(DMSO-dg) 6 11.54 (s, 1H), 8.68 (t, 1H, J = 5.8 Hz), 8.18 (d, 1H,
J=79Hz),7.87 (s, 1H), 7.80 (t, 1H, ] = 1.8 Hz), 7.61-7.56 (m, 3H), 7.52
(t,1H,] = 7.4 Hz), 747 (d, 1H, ] = 15.8 Hz), 7.39 (t, 1H, ] = 7.9 Hz), 7.21
(t,1H, J = 7.4 Hz), 6.87 (d, 1H, ] = 15.8 Hz), 4.62 (d, 2H, J = 5.8 Hz),
2.78 (s, 3H); C NMR (DMSO-dg) & 164.53, 146.00, 141.36, 140.76,
137.60, 137.12, 133.58, 131.93, 131.03, 130.03, 127.83, 127.73, 126.42,
124.09, 122.26, 121.68, 121.00, 119.15, 111.94, 110.06, 44.73, 20.34;
ESI-MS: m/z 420.0 (M+1)*, 422.0 (M+1)"; HPLC purity 98.3%.

4.1.11.4. (E)-N-((1-methyl-9H-pyrido[3,4-bJindol-3-yl)methyl)-3-(3-
(trifluoromethyl)phenyl)acrylamide (16d). CAD: 0.035 g of m-(tri-
fluoromethyl)cinnamic acid; purification: Method B; yield: 0.023 g
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(39%); mp 235.5—237.0 °C (decomp.); IR (ATR, V/cm’l) 3339, 3251,
3084, 2992, 2950, 2893, 2855, 2786, 1664, 1622, 1570, 1517, 1470,
1451, 1396, 1331, 1284, 1249, 1229, 1165, 1122, 1095, 1072, 1020, 969,
937, 899, 864, 803, 777, 738, 695, 657, 596, 559, 524, 507; 'H NMR
(DMSO-dg) 6 11.53 (s, 1H), 8.70 (t, 1H, J = 5.8 Hz), 8.18 (d, 1H,
J=79Hz),7.95 (t,1H,J = 2.0 Hz), 7.90 (d, 1H, J = 7.8 Hz), 7.88 (s, 1H),
7.74(d, 1H, ] = 7.8 Hz), 7.67 (t, 1H, ] = 7.8 Hz), 7.61-7.58 (m, 2H), 7.54-
7.51 (m, 1H), 7.22-7.20 (m, 1H), 6.96 (d, 1H, J = 15.9 Hz), 4.63 (d, 2H,
J=5.8Hz),2.78 (s, 3H); >°C NMR (DMSO-dg) 6 164.49, 145.97, 141.37,
140.77,137.06, 136.23, 133.58, 131.31, 130.07, 129.73 (q, ] = 31.7 Hz),
127.85,127.75,125.69 (q, ] = 3.5 Hz), 124.06 (q, | = 272.8 Hz), 124.56,
123.88 (q, J = 3.5 Hz), 121.69, 121.01, 119.16, 111.95, 110.07, 44.74,
20.34; ESI-MS: m/z 410.1 (M+1)"; HPLC purity 98.4%.

4.1.11.5. E)-3-(4-fluorophenyl)-N-((1-methyl-9H-pyrido[3,4-b]indol-
3-yl)methyl)acrylamide (16e). CAD: 0.027 g of p-fluorocinnamic
acid; purification: Method A; yield: 0.018 g (34%); mp
217.5—219.5 °C (decomp.); IR (ATR, »/cm~1) 3243, 3077, 2993, 2950,
2913, 2890, 2851, 2785, 1655, 1620, 1597, 1571, 1553, 1507, 1451,
1416,1394, 1341, 1318, 1282, 1249, 1226, 1156, 1124, 1094, 1033, 1011,
984, 933, 899, 859, 830, 788, 739, 693, 643, 608, 591, 565, 506, 462;
'H NMR (DMSO-dg) 6 11.52 (s, 1H), 8.67 (t, 1H,J = 5.1 Hz), 8.18 (d, 1H,
J = 7.8 Hz), 7.87 (s, 1H), 7.67-7.63 (m, 2H), 7.59-7.48 (m, 3H), 7.26 (t,
2H,J = 8.7 Hz), 7.20 (t, 1H, ] = 7.4 Hz), 6.75 (d, 1H, J = 15.8 Hz), 4.61
(d, 2H,J = 5.5 Hz), 2.77 (s, 3H); 13C NMR (DMSO-ds) 6 164.81,162.66
(d, J = 246.9 Hz), 146.14, 141.32, 140.75, 137.57, 133.56, 131.62 (d,
J = 3.2 Hz), 129.66 (d, ] = 8.4 Hz), 127.82, 127.72, 122.28, 121.68,
121.00, 119.14, 115.90 (d, ] = 21.7 Hz), 111.93, 110.04, 44.70, 20.33;
ESI-MS: m/z 360.1 (M+-1)"; HPLC purity 98.8%.

4.1.11.6. (E)-3-(4-chlorophenyl)-N-((1-methyl-9H-pyrido[3,4-b]
indol-3-yl)methyl)acrylamide (16f). CAD: 0.030 g of p-chlorocin-
namic acid; purification: Method A; yield: 0.012 g (21%); mp
255.0—257.5 °C (decomp.); IR (ATR, v/cm ™) 3649, 3239, 3055, 2918,
2874, 2798, 1982, 1925, 1897, 1662, 1624, 1551, 1502, 1454, 1404,
1318, 1283, 1251, 1220, 1176, 1088, 1044, 1011, 976, 902, 867, 815,
735, 646, 590, 550, 497; 'H NMR (DMSO-dg) 6 11.53 (s, 1H), 8.70 (t,
1H,J=5.8 Hz), 8.18 (d, 1H,] = 7.9 Hz), 7.87 (s, 1H), 7.63-7.56 (m, 3H),
7.54-7.46 (m, 4H), 7.23-7.18 (m, 1H), 6.81 (d, 1H, ] = 15.8 Hz), 4.61 (d,
2H, J = 5.7 Hz), 2.77 (s, 3H); >C NMR (DMSO-ds) 6 164.67, 146.08,
141.33, 140.75, 137.41, 133.96, 133.82, 133.56, 129.22, 128.97, 127.82,
127.72, 123.19, 121.68, 121.00, 119.14, 111.93, 110.06, 44.72, 20.33;
ESI-MS: m/z 374.0 (M — 1)~; Anal. Calcd. for C;3H1gCIN30: C, 70.30;
H, 4.83; N, 11.18; found: C, 70.39; H, 4.65; N, 11.37.

4.1.11.7. (E)-3-(4-methoxyphenyl)-N-((1-methyl-9H-pyrido[3,4-b]
indol-3-yl)methyl)acrylamide (16g). CAD: 0.029 g of p-methox-
ycinnamic acid; purification: Method A; yield: 0.028 g (51%); mp
263.0-264.0 °C (decomp.); IR (ATR, vjcm™!) 3249, 3162, 3079,
2964, 2910, 2835, 2787, 2684, 1652, 1603, 1555, 1512, 1454, 1419,
1345, 1287, 1251, 1175, 1109, 1026, 987, 932, 900, 873, 827, 778, 744,
592, 549, 520; 'H NMR (DMSO-dg) 6 11.54 (s, 1H), 8.59 (t, 1H,
J=5.6 Hz), 8.18 (d, 1H, J = 7.9 Hz), 7.87 (s, 1H), 7.59-7.50 (m, 4H),
745 (d, 1H, J = 15.8 Hz), 7.20 (t, 1H, J] = 7.5 Hz), 6.98 (d, 2H,
J=82Hz),6.66 (d,1H,J = 15.8 Hz), 4.61 (d, 2H, ] = 5.9 Hz), 3.79 (s,
3H), 2.78 (s, 3H); '3C NMR (DMSO-dg) 6 165.20, 160.29, 146.31,
141.29, 140.75, 138.47, 133.54, 129.09, 127.81, 127.73, 127.55, 121.68,
121.01,119.89, 119.14,114.38, 111.93,109.98, 55.25, 44.66, 20.33; ESI-
MS: m/z 372.3 (M+1)*; Anal. Calcd. for Co3H1N30;: C, 74.37; H,
5.70; N, 11.31; found: C, 74.19; H, 5.93; N, 11.54.

4.1.11.8. (E)-N-((1-methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)-3-(4-
(trifluoromethyl)phenyl)acrylamide (16h). CAD: 0.035 g of p-(tri-
fluoromethyl)cinnamic acid; purification: Method A; yield: 0.026 g
(43%); mp 264.5—266.5 °C; IR (ATR, v/cm™') 3339, 3263, 3058,
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2920, 1666, 1626, 1575, 1496, 1452, 1413, 1324, 1248, 1164, 1120,
1065, 1012, 972, 900, 858, 822, 778, 737, 702, 586, 522, 491; 'H NMR
(DMSO-dg) 6 1154 (s, 1H), 8.79 (t, 1H, J = 5.8 Hz), 8.18 (d, 1H,
J = 7.9 Hz), 7.88 (s, 1H), 7.82-7.76 (m, 4H), 7.59-7.49 (m, 3H), 7.23-
7.18 (m, 1H), 6.94 (d, 1H, ] = 15.8 Hz), 4.63 (d, 2H, ] = 5.7 Hz), 2.77 (s,
3H); 13C NMR (DMSO-dg) 6 164.43, 145.97, 141.38, 140.77, 139.09,
137.12, 133.59, 129.17 (q, ] = 31.8 Hz), 128.16, 127.84, 127.74, 125.81
(q,J = 3.9 Hz), 125.20, 124.13 (q,] = 272.0 Hz), 121.70, 121.01, 119.16,
111.95, 11014, 44.78, 20.34; ESI-MS: m/z 410.1 (M+1)"; HPLC purity
97.3%.

4.1.12. Synthesis of 1-methyl-6-(prop-2-yn-1-yloxy)-9H-pyrido
[3,4-b]indole (19)

To a solution of compound 18 (0.200 g, 1.009 mmol) in dry DMF
(5 mL), under argon atmosphere caesium carbonate (0.460 g,
1.413 mmol) was added, followed by the dropwise addition of
propargyl bromide (0.135 mL, 1.211 mmol, 80% solution in toluene).
The reaction mixture was stirred at rt for 6 h. Upon completion,
reaction mixture was diluted with H,0 (50 mL) and extracted with
EtOAc (3 x 40 mL). The collected organic layers were washed with
H,0 (2 x 100 mL), dried over anhydrous sodium sulphate and the
solvent was evaporated under the reduced pressure. After purifi-
cation by column chromatography (DCM/MeOH = 97:3 — 95:5)
and trituration with diethyl ether, 19 was obtained as a white solid.
Yield: 0.122 g (51%); mp 175.5—177.5 °C; IR (ATR, »/cm™!) 3292,
3122, 3054, 2950, 2860, 2766, 2716, 2366, 2330, 2128, 2058, 1866,
1764, 1736, 1606, 1570, 1506, 1476, 1448, 1412, 1380, 1334, 1292,
1260, 1200, 1120, 1068, 1030, 986, 944, 914, 886, 818, 758, 646, 524;
'H NMR (DMSO-dg) 6 11.42 (s, 1H), 8.17 (d, 1H, J = 5.4 Hz), 7.88 (d,
1H,J = 5.3 Hz), 7.81 (d, 1H,J = 2.5 Hz), 7.53 (d, 1H, ] = 8.9 Hz), 7.23
(dd, 1H, J = 8.8, 2.5 Hz), 4.88 (d, 2H, J = 2.4 Hz), 3.56 (t, 1H,
J=2.4Hz),2.75 (s, 3H); 13C NMR (DMSO-ds) 6 151.09, 142.26, 137.03,
135.67, 135.12, 126.63, 121.27, 118.34, 112.72, 112.62, 105.62, 78.04,
56.26, 20.40; ESI-MS: m/z 237.1 (M+1)".

4.1.13. General procedure for the synthesis of harmicines 20a-e

To a solution of alkyne 19 (0.050 g, 0.212 mmol) and the cor-
responding cinnamyl azide 13a-e (0.254 mmol) in MeOH (5 mL),
catalytic amount of Cu(OAc); was added. The reaction mixture was
stirred at rt for 24 h. Upon completion of the reaction, the solvent
was removed under the reduced pressure. The residue was purified
by column chromatography with DCM/MeOH or cyclohexane/
EtOAc/MeOH as a mobile phase. The crude product was triturated
with diethyl ether/petroleum ether mixture to obtain harmicines
20a-e.

4.1.13.1. 6-((1-Cinnamyl-1H-1,2,3-triazol-4-yl)methoxy )-1-methyl-
9H-pyrido[3,4-bJindole (20a). 13a:0.040 g; mobile phase: DCM/
MeOH 8:1; yield: 0.059 g (70%); mp 205.0—206.5 °C; IR (ATR, v/
cm™1) 3136, 3120, 3030, 2945, 2856, 2760, 2693, 2676, 1632, 1604,
1579, 1565, 1504, 1481, 1460, 1412, 1389, 1361, 1335, 1289, 1237,
1202, 1123, 1054, 1034, 1002, 967, 888, 858, 817, 780, 755, 725, 705,
694, 625, 584, 520, 502; 'H NMR (DMSO-dg) 6 11.39 (s, 1H), 8.30 (s,
1H), 8.16 (d, 1H,J = 5.3 Hz), 7.91-7.89 (m, 2H), 7.51 (d, 1H, ] = 8.8 Hz),
7.45-7.22 (m, 6H), 6.65-6.49 (m, 2H), 5.26 (s, 2H), 5.21 (d, 2H,
J=6.3Hz),2.74 (s, 3H); 3C NMR (DMSO-dg) 6 151.94, 143.26,142.22,
136.98,135.70,135.42,135.10, 133.62, 128.68, 128.14, 126.70, 126.56,
124.43, 123.72, 121.36, 118.35, 112.76, 112.69, 105.12, 61.89, 51.34,
20.42; ESI-MS: m/z 396.3 (M+1)"; Anal. Calcd. for Ca4H21NsO: C,
72.89; H, 5.35; N, 17.71; found: C, 72.74; H, 5.52; N, 17.56.

4.1.13.2. (E)-6-((1-(3-(3-fluorophenyl)allyl)-1H-1,2,3-triazol-4-yl)
methoxy)-1-methyl-9H-pyrido[3,4-bJindole (20b). 13b: 0.045 g;
mobile phase: cyclohexane/EtOAc/MeOH 1:1:0.5 and DCM/MeOH
9:1; yield: 0.039 g (44%); mp 145.0—147.0 °C; IR (ATR, v/cm™~1) 3357,
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3293, 3166, 3071, 3052, 2975, 2937, 2900, 2866, 1601, 1583, 1568,
1493, 1473, 1459, 1404, 1379, 1365, 1330, 1286, 1262, 1207, 1149,
1120, 1067, 1054, 1039, 976, 938, 884, 847, 812, 792, 776, 752, 736,
715, 675, 641, 620, 593, 561, 528, 493, 456; 'H NMR (DMSO-dg)
61141 (s, 1H), 8.31 (s, 1H), 8.17 (d, 1H, ] = 5.4 Hz), 7.91-7.89 (m, 2H),
752 (d, 1H, ] = 8.8 Hz), 7.39-7.32 (m, 2H), 7.27-7.23 (m, 2H), 7.13-
7.08 (m, 1H), 6.64-6.62 (m, 2H), 5.26 (s, 2H), 5.23-5.21 (m, 2H), 2.75
(s, 3H); 3C NMR (DMSO-dg) 6 162.49 (d, ] = 243.3 Hz), 151.97,
143.26, 142.16,138.36 (d, ] = 7.9 Hz), 136.80, 135.48, 135.07, 132.34,
130.58 (d, J = 8.5 Hz), 126.78, 125.50, 124.47, 130.00 (d, ] = 1.7 Hz),
121.34,118.42, 114.81 (d, ] = 21.3 Hz), 112.80 (d, ] = 17.4 Hz), 112.77,
112.67, 105.11, 61.89, 51.16, 20.32; ESI-MS: m/z 414.2 (M+1)"; Anal.
Calcd. for Co4Hy0FN50: C, 69.72; H, 4.88; N, 16.94; found: C, 69.47;
H, 4.61; N, 17.15.

4.1.13.3. (E)-6-((1-(3-(3-bromophenyl)allyl)-1H-1,2,3-triazol-4-yl)
methoxy)-1-methyl-9H-pyrido[3,4-b]indole (20c). 13c: 0.060 g;
mobile phase: cyclohexane/EtOAc/MeOH 3:1:0.75; yield: 0.051 g
(50%); mp 181.5—183.0 °C; IR (ATR, »/cm™!) 3252, 3198, 3151, 3089,
3064, 3039, 3015, 2965, 2945, 2916, 2892, 1601, 1584, 1566, 1495,
1475, 1422, 1400, 1373, 1350, 1337, 1289, 1256, 1233, 1217, 1199,
1129, 1095, 1066, 1052, 1033, 1008, 977, 944, 882, 857, 807, 782, 738,
707, 674, 620, 589, 563, 542, 479; 'H NMR (DMSO0-dg) 6 11.40 (s, 1H),
8.31 (s, 1H), 8.16 (d, 1H, J = 5.4 Hz), 7.92-7.89 (m, 2H), 7.71 (t, 1H,
J = 2.0 Hz), 7.51 (d, 1H, J = 8.8 Hz), 7.48-7.43 (m, 2H), 7.30 (t, 1H,
J=78Hz), 724 (dd, 1H, J = 8.8, 2.5 Hz), 6.68-6.58 (m, 2H), 5.26 (s,
2H), 5.21 (d, 2H, J = 4.6 Hz), 2.74 (s, 3H); 3C NMR (DMSO-dg)
6 151.98, 143.28, 142.20, 138.30, 136.89, 135.46, 135.09, 132.03,
130.77,129.05, 126.75, 125.67, 124.47, 122.17, 121.36, 118.40, 112.78,
112.71,105.10, 61.91, 51.20, 20.37; ESI-MS: m/z 474.2 (M+1)", 476.2
(M+1)*. Anal. Calcd. for C4H50BrNs0: C, 60.77; H, 4.25; N, 14.76; C,
60.92; H, 4.43; N, 14.56.

4.1.13.4. (E)-6-((1-(3-(4-chlorophenyl)allyl)-1H-1,2,3-triazol-4-yl)
methoxy)-1-methyl-9H-pyrido[3,4-bJindole (20d). 13d: 0.049 g;
mobile phase: cyclohexane/EtOAc/MeOH 1:1:0.5; yield: 0.046 g
(51%); mp 195.0—196.5 °C; IR (ATR, v/cm ™) 3208, 3136, 3089, 3069,
2969, 2923, 2893, 2870, 2802, 1602, 1582, 1567, 1494, 1480, 1459,
1405, 1385, 1340, 1289, 1257, 1237, 1207, 1163, 1127, 1094, 1054,
1033,1015, 987, 971, 950, 884, 857, 843, 818, 742, 702, 687, 662, 623,
583, 563, 533, 487; 'H NMR (DMSO-dg) ¢ 11.39 (s, 1H), 8.30 (s, 1H),
8.16 (d, 1H, ] = 5.4 Hz), 7.91-7.89 (m, 2H), 7.51 (d, 1H, ] = 8.8 Hz),
7.47-7.44 (m, 2H), 7.39-7.36 (m, 2H), 7.23 (dd, 1H, J = 8.9, 2.5 Hz),
6.62-6.51 (m, 2H), 5.26 (s, 2H), 5.21 (d, 2H, ] = 5.1 Hz), 2.74 (s, 3H);
13C NMR (DMSO-dg) 6 151.93, 143.27, 142.22, 136.98, 135.44, 135.10,
134.68,132.51,132.23,128.65, 128.28, 126.71, 124.77,124.48, 121.36,
118.38, 112.76, 112.69, 105.15, 61.89, 51.23, 20.41; ESI-MS: m/z 430.4
(M+1)"; Anal. Calcd. for Co4H,0CIN5O: C, 67.05; H, 4.69; N, 16.29;
found: C, 67.22; H, 4.78; N, 16.31.

4.1.13.5. (E)-6-((1-(3-(4-methoxyphenyl)allyl)-1H-1,2,3-triazol-4-yl)
methoxy)-1-methyl-9H-pyrido[3,4-b]indole (20e). 13e: 0.048 g;
mobile phase: cyclohexane/EtOAc/MeOH 1:1:0.5; yield: 0.069 g
(77%); mp 200.0—203.0 °C; IR (ATR, »/cm™!) 3208, 3138, 3069,
2953, 2929, 2894, 2873, 2836, 2802, 1743, 1607, 1582, 1567, 1513,
1498, 1480, 1460, 1441, 1405, 1386, 1337, 1289, 1257, 1238, 1207,
1175, 1127, 1109, 1054, 1032, 1015, 987, 968, 884, 856, 819, 760, 741,
703, 666, 624, 582, 563, 529, 498, 477; 'H NMR (DMSO- dg) 6 11.39
(s,1H), 8.28 (s,1H), 8.16 (d, 1H,J = 5.4 Hz), 7.92-7.89 (m, 2H), 7.51 (d,
1H, J = 8.8 Hz), 7.37 (d, 2H, ] = 8.2 Hz), 7.23 (d, 1H, ] = 8.9 Hz), 6.88
(d, 2H,] = 8.2 Hz), 6.58 (d, 1H, J = 15.8 Hz), 6.39-6.32 (m, 1H), 5.25
(s, 2H), 5.16 (d, 2H, J = 6.5 Hz), 3.75 (s, 3H), 2.74 (s, 3H); >°C NMR
(DMSO-dg) 6 159.22, 151.94, 143.23, 142.21, 136.98, 135.42, 135.09,
133.36, 128.30, 127.89, 126.70, 124.31, 121.36, 121.11, 118.34, 114.06,
112.75, 112.68, 105.12, 61.89, 55.11, 51.46, 20.41; ESI-MS: m/z 426.3

16

European Journal of Medicinal Chemistry 224 (2021) 113687

(M+1)*; Anal. Calcd. for Cy5H23N50;: C, 70.57; H, 5.45; N, 16.46;
found: C, 70.72; H, 5.63; N, 16.65.

4.1.14. Tert-butyl (2-((1-methyl-9H-pyrido[3,4-bJindol-6-yl)oxy)
ethyl)carbamate (21)

To a stirred solution of 18 (0.647 g, 3.264 mmol) in dry DMF
(6 mL), under argon atmosphere, caesium carbonate (2.978 g,
9.139 mmol) and tetrabutylammonium hydrogensulphate (0.887 g,
2.611 mmol) was added. The resulting suspension was stirred at rt
for 20 min, followed by the addition of 2-(tert-butox-
ycarbonylamino)ethyl bromide (2.926 g, 13.056 mmol). The reac-
tion mixture was stirred at rt for 24 h, poured into H,O (50 mL) and
extracted with EtOAc (3 x 50 mL). The collected organic layers were
washed with H,0, filtered through phase separator and evaporated
under the reduced pressure. After purification by column chro-
matography (DCM/MeOH 8:1) and trituration with diethyl ether/
petroleum ether mixture, compound 21 was obtained. Yield:
0.624 g (56%); 'H NMR (DMSO-dg) 6 11.42 (s, 1H), 8.16 (d, 1H,
J=5.3Hz),7.92(d, 1H,J = 5.3 Hz), 7.77 (d, 1H,] = 1.7 Hz), 7.51 (d, 1H,
J=8.8Hz),7.18 (dd, 1H,J = 8.8, 2.3 Hz), 7.06 (t, 1H, J = 5.0 Hz), 4.05
(t, 2H, ] = 5.8 Hz), 3.39-3.34 (m, 2H), 2.75 (s, 3H), 1.40 (s, 9H); 13C
NMR (DMSO-dg) 6 155.73, 152.39, 142.04, 136.57, 135.41, 135.03,
126.88, 121.35, 118.42, 112.78, 112.75, 104.68, 77.76, 67.19, 39.61,
28.24, 20.23; ESI-MS: m/z 342.4 (M+1)*.

4.1.15. 2-((1-Methyl-9H-pyrido[3,4-b]indol-6-yl)oxy ethan-1-
amine (22)

A solution of the 21 (0.642 g, 1.880 mmol) and 4.7 mL 4 M HCl
(18.80 mmol) in EtOAc (6 mL) was stirred at 50 °C for 18 h. Upon
completion, solvent was removed under the reduced pressure. The
residue was dissolved in H,O (20 mL), basified to pH 11 with 5%
NaOH. The resulting precipitate was filtered off. After trituration
with diethyl ether, 0.313 g, (69%) of 22 was obtained; mp
170.5—172.0 °C; IR (ATR, v/cm™') 3645, 3359, 3241, 3065, 2925,
2869, 1605, 1581, 1566, 1500, 1478, 1458, 1401, 1288, 1234, 1211,
1126,1071,1059, 992, 905, 884, 847, 825, 816, 741, 703, 632; 'TH NMR
(DMSO-dg) 6 11.36 (s, 1H), 8.15 (d, 1H, J = 5.3 Hz), 7.90 (d, 1H,
J=53Hz),774(d, 1H, ] = 2.3 Hz), 7.50 (d, 1H, ] = 8.8 Hz), 7.19 (dd,
1H, J = 8.8, 2.5 Hz), 4.02 (t, 2H, ] = 5.8 Hz), 2.94 (t, 2H, ] = 5.7 Hz),
2.74 (s, 3H); 13C NMR (DMSO-dg) 6 152.47, 141.87, 136.70, 135.19,
134.93, 126.54, 121.29, 117.98, 112.34, 112.18, 104.86, 71.06, 40.87,
19.97; ESI-MS: m/z 242.2 (M+1)*.

4.1.16. General procedure for the synthesis of harmicines 23a-h

A solution of a corresponding CAD (0.249 mmol), DIEA
(0.086 mL, 0.498 mmol) and HATU (0.095 g, 0.249 mmol) in DCM
(4 mL) was stirred at rt for 20 min, followed by the addition of
amine 22 (0.050 g, 0.208 mmol). The resulting solution was stirred
at rt for 1 h. The formed precipitate was filtered off. After purifi-
cation by column chromatography (DCM/MeOH 8:1) and tritura-
tion with diethyl ether/petroleum ether mixture compounds 23a-h
were obtained.

4.1.16.1. N-(2-((1-methyl-9H-pyrido[3,4-b]indol-6-yl)oxy )ethyl)cin-
namamide (23a). CAD: 0.037 g of trans-cinnamic acid; yield:
0.045 g (58%); mp 128.0—129.5 °C; IR (ATR, v/cm™') 3640, 3220,
3062, 2986, 2938, 2811, 2609, 1871, 1665, 1622, 1545, 1502, 1458,
1422,1343,1286, 1209, 1121, 1074, 970, 897, 808, 766, 714, 659, 630,
574, 512, 483; 'H NMR (DMSO-dg) 6 11.39 (s, 1H), 8.45 (t, 1H,
J=5.6Hz),8.16(d, 1H,J = 5.3 Hz), 7.91 (d, 1H,] = 5.3 Hz), 7.81 (d, 1H,
J=2.5Hz),7.57 (d, 2H, ] = 7.3 Hz), 7.53-7.46 (m, 2H), 7.44-7.36 (m,
3H),7.22 (dd, 1H, ] = 8.9, 2.6 Hz), 6.73 (d, 1H, ] = 15.9 Hz), 4.17 (t, 2H,
J=5.6Hz),3.64(q, 2H,J = 5.6 Hz), 2.74 (s, 3H); 13C NMR (DMSO-dg)
0 165.27, 152.37, 142.04, 138.83, 136.54, 135.46, 135.03, 134.89,
129.45,128.93, 127.52, 126.90, 122.07, 121.37, 118.43, 112.79, 112.77,
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104.73, 67.12, 38.67, 20.20; ESI-MS: m/z 372.0 (M+1)*; HPLC
purity > 99.5%.

4.1.16.2. (E)-3-(3-fluorophenyl)-N-(2-((1-methyl-9H-pyrido[3,4-b]
indol-6-yl)oxy Jethyl)acrylamide (23b). CAD: 0.041 g of m-fluo-
rocinnamic acid; yield: 0.062 g (76%); mp 225.0—226.0 °C; IR (ATR,
vjem~") 3658, 3236, 3068, 2974, 2936, 2882, 2822, 2608, 1871, 1666,
1625, 1585, 1551, 1501, 1448, 1344, 1286, 1248, 1207, 1146, 1075,
1037, 974, 902, 856, 807, 738, 666, 630, 573, 519, 467; 'H NMR
(DMSO-dg) 6 11.38 (s, 1H), 8.46 (t, 1H, J = 5.5 Hz), 8.16 (d, 1H
J=5.4Hz),7.91(d, 1H,J = 5.3 Hz), 7.80 (d, 1H, ] = 2.4 Hz), 7.51 (d, 1H,
J = 8.9 Hz), 7.50-7.40 (m, 4H), 7.24-7.19 (m, 2H), 6.77 (d, 1H,
J=15.8 Hz), 417 (t, 2H, ] = 5.5 Hz), 3.64 (q, 2H, ] = 5.5 Hz), 2.74 (s,
3H); 1>C NMR (DMSO-dg) 6 164.99, 162.45 (d, ] = 243.8 Hz), 152.32,
142.15, 137.54, 137.49, 136.83, 135.37, 135.07, 130.89 (d, ] = 8.4 Hz),
126.76, 123.65, 121.40, 118.29, 116.11 (d, J = 21.2 Hz), 113.93 (d,
J =218 Hz), 112.74,112.72, 104.73, 67.07, 38.71, 20.34; ESI-MS: m/z
390.4 (M+1)*; HPLC purity > 99.5%.

4.1.16.3. (E)-3-(3-bromophenyl)-N-(2-((1-methyl-9H-pyrido[3,4-b]
indol-6-yl)oxy Jethyl))acrylamide (23c). CAD: 0.057 g of m-bromo-
cinnamic acid; yield: 0.062 g (77%); mp 230.5—232.5 °C; IR (ATR, »/
cm™1) 3646, 3171, 3062, 2975, 2939, 2879, 2792, 2613, 1664, 1620,
1566, 1501, 1460, 1384, 1345, 1287, 1199, 1110, 1072, 970, 856, 811,
781, 736, 667, 631, 561; 'H NMR (DMSO-dg) 6 11.40 (s, 1H), 8.43 (t,
1H, J = 5.5 Hz), 8.16 (d, 1H, J = 5.4 Hz), 7.92 (d, 1H, ] = 5.4 Hz), 7.81
(d, 1H,J = 2.3 Hz), 7.79 (t, 1H, ] = 1.8 Hz), 7.59-7.56 (m, 2H), 7.52 (d,
1H, ] = 8.8 Hz), 745 (d, 1H, ] = 15.8 Hz), 7.38 (t, 1H, ] = 7.9 Hz), 7.22
(dd, 1H, J = 8.8, 2.4 Hz), 6.78 (d, 1H, J = 15.8 Hz), 4.17 (t, 2H,
J=5.5Hz),3.64(q, 2H,J = 5.4 Hz), 2.75 (s, 3H); 13C NMR (DMSO-ds)
0 164.92, 152.33, 142.09, 137.50, 137.19, 136.68, 135.42, 135.05,
131.97, 131.02, 130.04, 126.83, 126.40, 123.76, 122.25, 121.38, 118.37,
112.76,104.74, 67.08, 38.71, 20.27; ESI-MS: m/z 450.3 (M+1)*, 452.3
(M+1)*; HPLC purity > 99.5%.

4.1.16.4. (E)-N-(2-((1-methyl-9H-pyrido[3,4-b]indol-6-yl)oxy Jethyl)-
3-(3-(trifluoromethyl)phenyl)acrylamide (23d). CAD: 0.054 g of p-
(trifluoromethyl)cinnamic acid; vyield: 0.058 g (64%); mp
216.5-218.0 °C; IR (ATR, v/cm™!) 3676, 3222, 3100, 3067, 2988,
2937, 2881, 2820, 2611, 1665, 1624, 1545, 1501, 1440, 1331, 1286,
1200, 1167, 1117, 1073, 1031, 971, 863, 805, 738, 691, 658, 630, 574,
465; "H NMR (DMSO-ds) 6 11.41 (s, 1H), 8.46 (t, 1H, ] = 5.6 Hz), 8.16
(d, 1H,] = 5.4 Hz), 7.93-7.88 (m, 3H), 7.81 (d, 1H, ] = 2.6 Hz), 7.73 (d,
1H, ] = 7.8 Hz), 7.66 (t, 1H, ] = 7.8 Hz), 7.57 (d, 1H, ] = 15.8 Hz), 7.52
(d, 1H, J = 8.8 Hz), 7.22 (dd, 1H, J = 8.8, 2.5 Hz), 6.88 (d, 1H,
J=15.9 Hz), 418 (t, 2H, ] = 5.5 Hz), 3.65 (q, 2H, ] = 5.6 Hz), 2.75 (s,
3H); 3C NMR (DMSO-dg) 6 164.88, 152.34, 142.10, 137.14, 136.69,
136.13,135.43,135.06, 131.30, 130.06, 129.73 (q, ] = 32.3 Hz), 126.83,
125.73 (q, ] = 3.0 Hz), 124.23, 124.04 (q, ] = 273.7 Hz), 123.88 (q,
J = 3.0 Hz), 121.38, 118.37, 112.76, 104.74, 67.09, 38.74, 20.27; ESI-
MS: m/z 440.1 (M+1)"; Anal. Calcd. for Co4Hp0F3N30;: C, 65.60;
H, 4.59; N, 9.56; found C, 65.80; H, 4.37; N, 9.71.

4.1.16.5. (E)-3-(4-fluorophenyl)-N-(2-((1-methyl-9H-pyrido[3,4-b]
indol-6-yl)oxy Jethyl)acrylamide (23e). CAD: 0.041 g of p-fluorocin-
namic acid; yield: 0.065 g (80%); mp 226.5—227.5 °C; IR (ATR, »/
cm™ 1) 3659, 3311, 3225, 3099, 3045, 2990, 2938, 2165, 1870, 1667,
1625, 1542, 1502, 1422, 1347, 1286, 1208, 1160, 1122, 1074, 976, 897,
824, 740, 630, 576, 501, 459; 'H NMR (DMSO-ds) 6 11.40 (s, 1H), 8.43
(t,1H,J = 5.4 Hz), 8.16 (d, 1H,J = 5.4 Hz), 7.92 (d, 1H,J = 5.3 Hz), 7.81
(d,1H,J = 2.2 Hz), 7.66-7.62 (m, 2H), 7.53-7.46 (m, 2H), 7.28-7.21 (m,
3H), 6.68 (d, 1H, J = 15.8 Hz), 4.17 (t, 2H, ] = 5.5 Hz), 3.64 (q, 2H,
J = 5.4 Hz), 2.75 (s, 3H); 3C NMR (DMSO-dg) 6 165.21, 162.68 (d,
J=247.0Hz),152.35,142.10, 137.65, 136.71, 135.41, 135.05, 131.53 (d,
J = 2.6 Hz), 129.68 (d, ] = 8.4 Hz), 126.82, 121.97, 121.39, 118.36,
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115.90 (d,J = 21.7 Hz), 112.76,104.72, 67.11, 38.68, 20.28; ESI-MS: m/
Z390.4 (M+1)"; HPLC purity > 99.5%.

4.1.16.6. (E)-3-(4-chlorophenyl)-N-(2-((1-methyl-9H-pyrido[3,4-b]
indol-6-yl)oxy Jethyl)acrylamide (23f). CAD: 0.045 g of p-chlor-
ocinnamic acid; yield: 0.071 g (84%); mp 228.5—229.5 °C; IR (ATR, »/
cm_1) 3642, 3231, 3066, 2989, 2939, 2164, 2113, 1872, 1665, 1621,
1548, 1502, 1406, 1342, 1288, 1208, 1075, 976, 938, 897, 809, 742,
630, 575, 490; 'H NMR (DMSO-dg) 6 11.40 (s, 1H), 8.46 (t, 1H,
J=5.3Hz),8.16(d, 1H, ] = 5.3 Hz), 7.91 (d, 1H, ] = 5.3 Hz), 7.80 (d, 1H,
J=2.0Hz),7.60 (d, 2H, ] = 8.4 Hz), 7.51 (d, 1H, ] = 8.9 Hz), 7.49-7.45
(m, 3H), 7.22 (dd, 1H, ] = 8.8, 2.3 Hz), 6.73 (d, 1H, ] = 15.8 Hz), 417 (t,
2H, J = 5.4 Hz), 3.64 (q, 2H, J = 5.3 Hz), 2.74 (s, 3H); 3C NMR
(DMSO-dg) 6 165.08, 152.33, 142.11, 137.49, 136.72, 135.41, 135.05,
133.87,129.22,128.97,126.81, 122.88, 121.39, 118.35, 112.76, 104.73,
67.09, 38.70, 20.29; ESI-MS: m/z 406.3 (M+1)"; Anal. Calcd. for
C23H20CIN302: C, 68.06; H, 4.97; N, 10.35; found C, 68.16; H, 4.78; N,
10.25.

4.1.16.7. (E)-3-(4-methoxyphenyl)-N-(2-((1-methyl-9H-pyrido[3,4-
blindol-6-yl)oxy Jethyl)acrylamide (23g). CAD: 0.044 g of p-
methoxycinnamic acid; yield: 0.063g (75%); mp 241.5—242.5 °C; IR
(ATR, v/cm’l) 3210, 3133, 3058, 2971, 2941, 2873, 2775, 2601, 2164,
1983, 1886, 1651, 1602, 1554, 1514, 1461, 1425, 1353, 1284, 1230,
1205, 1175, 1125, 1064, 1033, 983, 862, 827, 761, 699, 624, 555, 521;
TH NMR (DMSO-dg) 6 11.39 (s, 1H), 8.34 (t, 1H, ] = 5.5 Hz), 8.16 (d, 1H,
J=5.4Hz),791(d, 1H,J = 5.3 Hz), 7.80 (d, 1H, ] = 2.4 Hz), 7.53-7.50
(m, 3H), 743 (d, 1H, J = 15.8 Hz), 7.22 (dd, 1H, ] = 8.8, 2.5 Hz), 6.98
(d, 2H, J = 8.8 Hz), 6.58 (d, 1H, J = 15.8 Hz), 4.16 (t, 2H, ] = 5.6 Hz),
3.79(s, 3H), 3.63 (q, 2H, ] = 5.5 Hz), 2.74 (s, 3H); 13C NMR (DMSO-ds)
0 165.59, 160.32, 152.35, 142.13, 138.54, 136.80, 135.37, 135.06,
129.09, 127.45, 126.77, 121.40, 119.58, 118.30, 114.38, 112.74, 104.71,
67.16, 55.24, 38.63, 20.33; ESI-MS: m/z 402.4 (M+1)"; HPLC
purity > 99.5%.

4.1.16.8. (E)-N-(2-((1-methyl-9H-pyrido[3,4-b]indol-6-yl)oxy Jethyl)-
3-(4-(trifluoromethyl)phenyl)acrylamide (23h). CAD: 0.054 g of p-
(trifluoromethyl)cinnamic acid; yield: 0.057 g (62%); mp
231.5—-233.5 °C; IR (ATR, V/cm’l) 3645, 3269, 3061, 2932, 2875,
1667,1628,1559, 1501, 1461, 1417,1384, 1328, 1286, 1234, 1202, 1166,
1119, 1067, 1016, 976, 953, 882, 829, 814, 728, 708, 614, 591, 562,
522, 495; "H NMR (DMSO-dg) 6 11.41 (s, 1H), 8.54 (t, 1H, ] = 5.5 Hz),
8.16 (d, 1H, J = 5.3 Hz), 7.92 (d, 1H, J = 5.3 Hz), 7.81-7.76 (m, 5H),
7.57-7.51 (m, 2H), 7.22 (dd, 1H, J = 8.9, 2.5 Hz), 6.86 (d, 1H,
J = 15.8 Hz), 418 (t, 2H, ] = 5.5 Hz), 3.65 (q, 2H, ] = 5.4 Hz), 2.75 (s,
3H); 13C NMR (DMSO-dg) 6 164.82, 152.34, 142.09, 139.00, 137.19,
136.65, 135.44,135.05,129.20 (q,J = 32.3 Hz), 128.16, 126.85, 125.80
(q,J = 3.0 Hz), 124.87,124.11 (q, ] = 272.7 Hz), 121.38, 118.39, 112.78,
104.74, 67.06, 38.75, 20.25; MS: m/z 440.1 (M+1)"; Anal. Calcd. for
Co4Hy0F3N305: C, 65.60; H, 4.59; N, 9.56; found: C, 65.72; H, 4.37; N,
9.21.

4.1.17. General procedure for the synthesis of harmicines 27a,b

Harmicines 27a,b were prepared according to the published
procedure [26,27]. In short, a solution of a corresponding CAD
(0.182 mmol), DIEA (0.063 mL, 0.364 mmol) and HATU (0.069 g,
0.182 mmol) in DCM (4 mL) was stirred at rt for 20 min, followed by
the addition of amine 26 (0.042 g, 0.165 mmol). The resulting so-
lution was stirred at rt for 1 h. The formed precipitate was filtered
off. After purification by column chromatography (DCM/MeOH 8:1)
and trituration with diethyl ether/petroleum ether mixture com-
pounds 27a,b were obtained.

4.1.17.1. (E)-N-(2-(7-methoxy-1-methyl-9H-pyrido[3,4-b]indol-9-yl)
ethyl)-3-(3-(trifluoromethyl)phenyl)acrylamide (27a). CAD: 0.039 g



M. Marinovic, G. Poje, I. Perkovic et al.

of m-(trifluoromethyl)cinnamic acid; yield: 0.033 g (44%); mp
220.5-222.5 °C; IR (ATR, vjem™') 3177, 2978, 2930, 1679, 1623,
1570, 1500, 1450, 1409, 1377, 1343, 1328, 1281, 1270, 1253, 1221,
1199, 1185, 1169, 1139, 1114, 1096, 1079, 1043, 1018, 991, 981, 803,
694, 659, 556, 530; 'H NMR (DMSO-dg) 6 8.42 (t, 1H, ] = 6.0 Hz), 8.18
(d, 1H,J = 5.2 Hz), 8.09 (d, 1H, ] = 8.5 Hz), 7.91-7.87 (m, 3H), 7.74 (dd,
1H, J = 7.7,1.6 Hz), 7.66 (t, 1H, ] = 7.8 Hz), 7.54 (d, 1H, ] = 15.8 Hz),
7.27 (d, 1H, J = 2.2 Hz), 6.87 (dd, 1H, | = 8.6, 2.2 Hz), 6.68 (d, 1H,
J = 15.8 Hz), 4.68 (t, 2H, J = 7.0 Hz), 3.90 (s, 3H), 3.61 (q, 2H,
J = 6.6 Hz), 2.99 (s, 3H); 3C NMR (DMSO-dg) 6 165.35, 160.52,
142.92, 140.66, 137.87, 137.51, 135.98, 134.68, 131.26, 130.09, 129.76
(q,] = 31.7 Hz), 128.51, 125.86 (q, ] = 3.6 Hz), 124.06 (q, ] = 3.6 Hz),
124.04 (q,] = 272.5 Hz), 123.81,122.41, 114.33, 112.29,109.37, 93.57,
55.41, 43.37, 39.13, 23.10; ESI-MS: m/z 454.2 (M+1)"; HPLC purity
98.2%.

4.1.17.2. (E)-N-(2-(7-methoxy-1-methyl-9H-pyrido[3,4-bJindol-9-yl)
ethyl)-3-(4-(trifluoromethyl)phenyl)acrylamide (27b). CAD: 0.039 g
of p-(trifluoromethyl)cinnamic acid; yield: 0.034 g (45%); mp
252.0—254.5 °C; IR (ATR, v/cm™') 3188, 3005, 2962, 2844, 1680,
1633, 1569, 1445, 1412, 1321, 1253, 1199, 1165, 1108, 1066, 974, 831,
801, 597, 573; '"H NMR (DMSO-dg) 6 8.50 (t, 1H, J = 6.0 Hz), 8.18 (d,
1H,J=5.1Hz),8.09 (d, 1H,J = 8.6 Hz), 7.89 (d, 1H,J = 5.2 Hz), 7.78 (s,
4H), 7.53 (d, 1H, J = 15.8 Hz), 7.27 (d, 1H, ] = 2.2 Hz), 6.87 (dd, 1H,
J=28.6,2.2Hz),6.68(d,1H,J = 15.8 Hz), 4.68 (t, 2H,] = 6.9 Hz), 3.90
(s, 3H), 3.61 (q, 2H, J = 6.7 Hz), 3.00 (s, 3H); 3C NMR (DMSO-dg)
6 165.27, 160.52, 142.92, 140.62, 138.83, 137.83, 137.51, 134.64,
129.29 (q,] = 31.8 Hz), 128.52,128.21,125.81 (q, ] = 3.5 Hz), 124.44,
124.09 (q,J = 272.0 Hz), 122.40, 114.30, 112.28, 109.40, 93.51, 55.40,
43.32, 39.13, 23.06; ESI-MS: m/z 454.1 (M+1)"; HPLC purity 99.1%.

4.2. Invitro drug sensitivity assay against P. falciparum erythrocytic
stages

Antiplasmodial activity of harmicines 5, 7, 14—16, 20 and 23 was
evaluated against two laboratory P. falciparum strains (3D7, CQ-
sensitive strain, and Dd2, CQ-resistant strain), as previously
described, using the histidine-rich protein 2 (HRP2) assay [23,24].
Briefly, 96-well plates were pre-coated with the tested compounds
in a three-fold dilution before ring-stage parasites were added in
complete culture medium at a haematocrit of 1.5% and a para-
sitaemia of 0.05%. After three days of incubation at 37 °C, 5% CO;
and 5% oxygen, plates were frozen until analysed by HRP2-ELISA.
All compounds were evaluated in duplicate in at least two inde-
pendent experiments. The ICsg was determined by nonlinear
regression analysis of log concentration-response curves using the
drc-package v0.9.0 of R v2.6.1 [25].

4.3. In vitro activity against P. berghei hepatic stages

In vitro activity of harmicines 5, 7, 14—16, 20 and 23 against the
liver stage of P. berghei infection was assessed as previously
described [26,27]. Briefly, Huh7 cells were routinely cultured in
1640 Roswell Park Memorial Institute (RPMI) medium supple-
mented with 10% (v/v) fetal bovine serum, 1% (v/v) glutamine, 1% (v/
v) penicillin/streptomycin, 1% non-essential amino acids, and
10 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethane-1-sulphonic
acid (HEPES). For drug screening experiments, Huh7 cells were
seeded at 1 x 10 cell/well of a 96-well plate and incubated over-
night at 37 °C with 5% CO,. 10 mM stock solutions of test com-
pounds were prepared in DMSO and were serially diluted in
infection medium, i.e. culture medium supplemented with genta-
micin (50 pg/ml) and amphotericin B (0.8 pg/ml), to obtain the test
concentrations. On the day of the infection, the culture medium
was replaced by the serial dilutions of test compounds and
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incubated for 1 h at 37 °C with 5% CO,. Next, 1 x 10* firefly
luciferase-expressing P. berghei sporozoites, freshly isolated from
the salivary glands of female infected Anopheles stephensi mosqui-
toes, were added to the cultures, plates were centrifuged at 1800xg
for 5 min at room temperature and incubated at 37 °C with 5% CO».
To assess the effect of each compound concentration on cell
viability, cultures were incubated with Alamar Blue (Invitrogen,
UK) at 46 h post infection (hpi), according to the manufacturer's
recommendations. Parasite load was then assessed by a biolumi-
nescence assay (Biotium, Fremont, CA, USA), using a multi-plate
reader Infinite M200 (Tecan, Switzerland). Nonlinear regression
analysis was employed to fit the normalized results of the dose-
response curves, and ICsp values were determined using Graph-
Pad Prism 6.0 (GraphPad software, La Jolla, CA, USA).

4.4. In vitro cytotoxicity assay

Cytotoxicity against a human cell line (HepG2) was evaluated
using the neutral red assay [29]. In brief, human cells were seeded
to a 96 well plate in a complete culture medium, before on the
following day a serial dilution of the respective compound was
added. After one day incubation, cytotoxicity was evaluated by the
addition of Neutral Red, subsequent lysis of cells and measurement
of absorbance in a plate reader. The IC5¢ was determined as for the
in vitro drug assay against P. falciparum. To assess the safety of a
compound, SI was calculated as the fractional ratio between the
ICs50s for HepG2 and P. falciparum 3D7 strain.

4.5. Molecular dynamics simulations

MD simulations were performed on a PfHsp90 N-terminal
domain X-ray structure collected from the Protein Data Bank
(accession code 3K60). Ligands (ADP and SO5~) were removed from
the model and selected compounds were placed in the ATP binding
pocket, including harmine as a reference. Original crystal waters
were removed so that the water molecules from the bulk solvent
could diffuse into the protein during equilibration and production
MD runs. The investigated ligands were parameterized by per-
forming the geometry optimization and RESP charge calculations in
the Gaussian 16 program [39] at the HF/6—31G(d) level to be
consistent with the employed GAFF force field, while the PfHsp90
protein was modelled with the AMBER ff14SB force field. Such
protein complexes were solvated in a truncated octahedral box of
TIP3P water molecules (10 A-thick buffer), neutralized by Na™ ions
and submitted to geometry optimization in the AMBER 16 program
[39] by employing periodic boundary conditions in all directions.
Optimized systems were gradually heated from 0 to 300 K and
equilibrated during 30 ps using NVT conditions, followed by pro-
ductive and unconstrained MD simulations of 300 ns by employing
a time step of 2 fs at a constant pressure (1 atm) and temperature
(300 K), with the latter held constant using a Langevin thermostat
with a collision frequency of 1 ps—.. Bonds involving hydrogen
atoms were constrained using the SHAKE algorithm [40] while the
long-range electrostatic interactions were calculated employing
the Particle Mesh Ewald method [41] The nonbonded interactions
were truncated at 10.0 A.

The binding free energies, AGpnp, of each ligand within the
PfHsp90 ATP binding site were calculated using the established MM-
GBSA protocol [42,43] available in AmberTools16 [39], and in line
with our earlier reports [10,15,44,45]. For that purpose, 1000 snap-
shots collected from the last 30 ns of the corresponding MD trajec-
tories were utilized. The calculated MM-GBSA binding free energies
were decomposed into specific residue contributions on a per-
residue basis according to the established procedure [46,47]. This
protocol calculates contributions to AGgjnp arising from each amino
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acid residue and identifies the nature of the energy change in terms
of interaction and solvation energies or entropic contributions.
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Abbreviations

ADMP 2-azido-1,3-dimethylimidazolinium
hexafluorophosphate

AT amide-type

ATR attenuated total reflection

Boc tert-butyloxycarbonyl

CAD cinnamic acid derivative;

cQ chloroquine;

DBU 1,8-diazabicyclo(5.4.0)undec-7-ene

DCM dichloromethane

DIEA N,N-diisopropylethylamine;

DMF N,N-dimethylformamide;

ESI electrospray ionization

EtOAc ethyl acetate

EtOH ethanol

AGgiND binding free energies

HAR harmine

HATU 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo
[4,5-b]pyridinium-3-oxidhexafluorophosphate

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethane-1-
sulphonic acid; hpi, hours post infection

HRP2 histidine-rich protein 2

HepG2 human liver hepatocellular carcinoma cell line;

IC59 the concentration of the tested compound necessary for
50% growth inhibition

MD molecular dynamics

MeOH methanol

Pf3D7 chloroquine-sensitive strain of P. falciparum

PfDd2 chloroquine-resistant strain of P. falciparum

PfHsp90 P, falciparum heat shock protein 90

PQ primaquine

SI selectivity index

t-BuOH  t-buthanol

TEA triethylamine

TMS tetramethylsilane

T triazole-type

TWC total wavelength chromatogram

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ejmech.2021.113687.
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ARTICLE INFO ABSTRACT

Keywords: Malaria remains one of the major health problems worldwide. The lack of an effective vaccine and the increasing
Harmi“‘“‘_ resistance of Plasmodium to the approved antimalarial drugs demands the development of novel antiplasmodial
2';“]301“_“’ agents that can effectively prevent and/or treat this disease.

oroquine

Harmiquins represent hybrids that combine two moieties with different mechanisms of antiplasmodial activity
in one molecule, i.e., a chloroquine (CQ) scaffold, known to inhibit heme polymerization and a p-carboline ring
capable of binding to P. falciparum heat shock protein 90 (PfHsp90). Here we present their synthesis, evaluation
of biological activity and potential mechanism of action. The synthesized hybrids differed in the type of linker
employed (triazole ring or amide bond) and in the position of the substitution on the f-carboline core of harmine.
The antiplasmodial activity of harmiquins was evaluated against the erythrocytic stage of the Plasmodium life
cycle, and their cytotoxic effect was tested on HepG2 cells. The results showed that harmiquins exerted
remarkable activity against both CQ-sensitive (Pf3D7) and CQ-resistant (PfDd2, PfK1, and Pf7G8). P. falciparum
strains. The most active compound, harmiquine 32, displayed single-digit nanomolar ICso value against Pf3D7
(ICsp = 2.0 + 0.3 nM). Importantly, it also showed significantly higher activity than CQ against the resistant
Plasmodium strains and had a very high selectivity index (4450). Harmiquins may act through the inhibition of
heme polymerization and binding to the ATP binding site of the PfHsp90, which would explain their increased
activity against the CQ-resistant Plasmodium strains. These results establish harmiquins as valuable anti-
plasmodial hits for future optimization.

Hybrid compounds
Antiplasmodial activity
PfHsp90

P. falciparum

1. Introduction

Malaria, an infectious disease caused by five species of Plasmodium
parasites, affected 241 million people and claimed 627 000 lives in
2020, which is an increase of 6% in malaria cases and 12% in malaria
deaths, in comparison to 2019, with the majority of patients being
pregnant women and children [1,2]. The complex life cycle of Plasmo-
dium includes an asymptomatic hepatic and a symptomatic erythrocytic
stage in humans and a sporogenic stage in the Anopheles mosquito [3,4].
Known antimalarial drugs, such as chloroquine (CQ) and artemisinin,
act solely against the erythrocytic stage of infection. CQ, a 4-amino-7--
chloroquinoline derivative, is a potent inhibitor of intraparasitic

* Corresponding author.
E-mail address: zrajic@pharma.hr (Z. Rajic).

https://doi.org/10.1016/j.ejmech.2022.114408

hemozoin formation, resulting in the accumulation of highly toxic free
heme [5,6]. It was introduced as malaria therapy in the 1940s and
quickly became the drug of choice due to its rapid action, low cost, lack
of serious side effects and wide availability [7,8]. However, the use of
large amounts of CQ led to the emergence of resistant Plasmodium spe-
cies and a decline in its clinical utility [4,9,10]. The introduction of
artemisinin-based combination therapies (ACT) in 2001 and aggressive
vector control led to a successful reduction of malaria incidence and
deaths [1]. Unfortunately, such decline has stagnated in recent years.
The main reason for the increase in 2020 was the disruption of services
during the COVID-19 pandemic, along with the rise of the resistant
Plasmodium strains (for example PfKelchl3 mutations) that also
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contributed to the treatment failure rates [1,11]. There has been
considerable progress in the development of an effective vaccine against
malaria. RTS,S malaria vaccine (Mosquirix®) has been recommended by
WHO in October 2021 after an interim analysis of an ongoing phase IV
study for use in children from 5 months of age in endemic regions and
new, possibly more effective vaccines are in development [1,12]. Still,
the vaccine efficacy is only moderate and waning over time. Therefore,
effective antimalarial treatments remain the main pillar for acute
infections.

Over the years, medicinal chemists have made intensive efforts to
design and synthesise a large number of CQ analogues/derivatives, with
the aim of overcoming the problems of drug resistance [13,14]. A more
recent approach attracting much attention is molecular hybridization, i.
e., the fusion of at least two pharmacophores with individual antima-
larial activity, either directly or via a spacer, to form a single, dual-acting
antimalarial agent [15-19]. The advantages of hybrid compounds
include higher efficacy, the ability to act on different stages of the par-
asite’s life cycle, a reduction in side effects and a lower risk of adverse
drug-drug interactions [20].

We have successfully employed molecular hybridization for the
preparation of harmicines, comprising harmine, p-carboline type alka-
loid, and cinnamic acid derivatives [21-23]. Harmine, as well as other
natural and synthetic f-carbolines have been extensively investigated
due to their antimalarial activities [24,25]. In addition, it has been
shown that harmine is a selective inhibitor of P. falciparum heat shock
protein 90 (PfHsp90), a molecular chaperone essential for the intra-
erythrocytic development of the parasite [26-28]. Importantly, inhibi-
tion of PfHsp90 in combination with other antimalarial drugs can
prevent the development of drug resistance by affecting resistance
mechanisms [27,29,30]. Harmicines have shown remarkable and se-
lective activity in vitro against erythrocytic and hepatic stages of the
Plasmodium life cycle, possibly due to their effective binding to the ATP
binding site of PfHsp90, as revealed by molecular dynamics (MD)
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simulations [21-23].

Therefore, as the next step in our search for novel antiplasmodial
agents, we decided to combine the harmine and CQ scaffolds to produce
dual-acting hybrid agents, harmiquins (Fig. 1). In addition to anti-
plasmodial activity based on inhibition of both heme polymerization
and PfHsp90, harmiquins have the potential to protect against or over-
come drug resistance. Here we present the synthesis of the harmiquin
library, evaluation of its in vitro antiplasmodial activity against the
erythrocytic stage of the Plasmodium life cycle, and cytotoxicity against
the human hepatocellular carcinoma cell line (HepG2). Their possible
mechanism of action, i.e. inhibition of heme polymerization and binding
to PfHsp90 is also discussed.

2. Results and discussion
2.1. Chemistry

In this work, we report the synthesis of a harmiquine library con-
sisting of two series of hybrid compounds differing in the type of linker
employed, which is either triazole ring or an amide bond. We have
chosen to refer to the hybrids bearing a triazole ring as triazole-type
harmiquins (TT, 18-25), and the harmiquins bearing an amide bond
as amide-type (AT, 26-32). 1,2,3-Triazoles have been widely used in
drug discovery due to their advantageous properties such as stability to
acid/base hydrolysis, reductive/oxidative conditions, and metabolic
degradation, as well as their ability to actively bind to biomolecular
targets through the formation of hydrogen bonds, dipole-dipole and
n-stacking interactions [31-33]. In addition, triazole hybrids have been
recognised as potential antimalarial agents [34]. Amide bond, a widely
employed bioisoster of triazoles, was chosen as an alternative linker
[35]. Additional structural diversity was achieved by derivatizing har-
mine’s p-carboline core at five different positions, namely C-1, C-3, O-6,
0O-7 and N-9, with the aim of establishing a reliable SAR.
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Fig. 1. Harmiquins.
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TT harmiquins were prepared by Cu(I)-catalysed azide-alkyne
cycloaddition (CuAAC), which is referred to as the “click chemistry re-
action” and is known for its robustness, high reliability, and regiospe-
cificity [31,36]. On the other hand, AT harmiquins were synthesized by
a simple and straightforward coupling reaction. Therefore, the first step
towards achieving our goal was the synthesis of intermediates, namely
alkynes, azides, carboxylic acids, and amines. To this end, we prepared
7-chloroquinoline-based alkyne 1, azides 2, 3, amines 4, 5, and car-
boxylic acid 6 (Scheme 1), as well as harmine-based azides 7, 9, amines
8,10, 12,14, 16, alkynes 11, 13, 15, and carboxylic acid 17 (Schemes 2
and 3), according to the procedures published by us or others [18,21-23,
37-44].

Briefly, alkyne 1 was prepared by treating 4,7-dichloroquinoline
with glacial acetic acid followed by alkylation of the obtained phenol
with propargyl bromide/Cs,CO3. The synthesis of azide 3 involved a
two-step procedure, substitution with 2-aminoethanol and conversion of
the alcohol to azide using 2-azido-1,3-dimethyl-imidazolinium hexa-
fluorophosphate (ADMP) and base 1,8-diazabicyclo(5.4.0)undec-7-ene
(DBU) [37,38]. Finally, 7-chloroquinoline-based intermediates 2, 4, 5
and 6 were obtained by nucleophilic substitution of 4,7-dichloroquino-
line with: 1) sodium azide, 2) ethylenediamine, 3) 1,4-diaminobutane
and 4) glycine, respectively [38-40].

The preparation of f-carboline-based intermediates was more com-
plex, as it involved the synthesis of C-1, C-3 and C-6 substituted p-car-
bolines by Pictet-Spengler condensation of tryptamine or its analogues
with the corresponding aldehyde to give tetrahydro-p-carbolines, fol-
lowed by oxidation [41-43]. The acetal group at C-1 was hydrolyzed in a
mixture of AcOH/H20 and the aldehyde obtained was reduced to
alcohol with LiAlHy4. The reduction under similar conditions was applied
for the conversion of the ester group at C-3 to alcohol. Finally, the al-
cohols were converted to azides 7 and 9 using ADMP/DBU and further
reduced to amines 8 and 10 [23]. The ether group at position C-6 was
hydrolyzed in a mixture of CH3COOH/HBr affording phenol, which was
alkylated with either propargyl bromide/Cs,CO3 to give alkyne 11 or

0/\\\
joo
cl N/ Ny
—
cl N
a,b T 2
c
cl
joo
—
cl N
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2-(Boc-amino)ethyl bromide/Cs>COs, followed by the removal of the
Boc protecting group under acidic conditions to obtain amine 12 [23].

On the other hand, the synthesis of alkynes/amines at C-7 (13/14)
and N-9 (15/16) was carried out by alkylation of harmole or harmine
with propargyl bromide/Cs,CO3 or 2-(Boc-amino)ethyl bromide/
Cs2CO3 and subsequent deprotection [21,22]. Harmine-based carbox-
ylic acid 17 was prepared in two steps. Michael addition between har-
mine and methyl acrylate gave the corresponding ester, which was
further hydrolyzed to acid 17 [44].

7-Chloroquinoline-based alkyne 1 and harmine-based azides 7 or 9
served as building blocks for the synthesis of TT harmiquins at C-1 (18)
and C-3 (19). In contrast, the starting compounds for the synthesis of TT
harmiquins at 0-6 (20, 23), O-7 (21, 24) and N-9 (22, 25) were 7-chlor-
oquinoline-based azides 2 or 3 and harmine-based alkynes 11, 13, 15
(Scheme 4). In both cases, the CUAAC reactions using the Cu(Il) acetate
precatalyst in methanol proceeded smoothly and led to TT harmiquins
18-25 in good yields.

AT harmiquins were prepared by reacting either 7-chloroquinoline-
based amines 4, 5 and harmine-based carboxylic acid 17 (compounds 26
and 27) or 7-chloroquinoline-based carboxylic acid 6 and harmine-based
amines 8, 10, 12, 14, 16 (compounds 28-32) (Scheme 5). Different
coupling reagents were employed depending on the reactants. Harmiquins
26 and 27 were prepared using 1-[bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium-3-oxide hexafluorophosphate (HATU) and
N,N-diisopropylethylamine (DIEA) in DCM. On the other hand, due to the
better reaction yields and shorter reaction times, propylphosphonic anhy-
dride/triethylamine (T3P/TEA) in DMF were used for the synthesis of har-
miquins 28-32.

Harmiquins were fully characterized by standard spectrometric and
spectroscopic methods, namely MS, IR, 'H and 'C NMR. The data ob-
tained are briefly given in the Materials and Methods section and in
detail in the Supplementary Material. Their purity was checked by
elemental analysis (the values found for C, H, N were within 0.4% of
those calculated for the proposed formula). Their drug-like properties, i.
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Scheme 1. Synthesis of 7-chloroquinoline-based intermediates 1-6. Reagents and reaction conditions: (a) AcOH, 125 °C, 1 h; (b) HC=CCH,Br, Cs,CO3, DMF, rt, 1 h;
(c) NaN3, DMF, 65 °C, 18 h; (d) H,N(CH5),0H, TEA, 120 °C, 2 h; (e) ADMP, DBU, THF, 0 °C, 1.5 h; (f) HNCH2(CH>),NHo, 95 °C, 1 h; (g) H,NCH,COOH, C¢HsOH,

125 °C, 18 h.
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18 h; (g) HCl/MeOH, 50 °C, 18 h; h) CH,=CHCOOCH3;, DBU, ACN, 60 °C, 48 h; (i) LiOH x H,0, MeOH/H,0, rt, 1 h.

g

NH,

e. the relevant physicochemical parameters included in Lipinski’s and 2.2. Biological evaluations

Gelovani’s rules, were also evaluated by Chemicalize.org software [45].

The results have shown that all harmiquins, apart from compound 27, 2.2.1. Invitro antiplasmodial activity and structure-activity relationship
are in full compliance with both sets of rules (Table S1). analysis

The activity of harmiquins against the erythrocytic stage of the
Plasmodium life cycle was investigated in vitro in two rounds using a
previously described method (Table 1a) [46-48]. First, all synthesized
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Scheme 5. Synthesis of AT harmiquins 26-32. Reagents and reaction conditions: (a) HATU, DIEA, DCM, rt, 18 h; (b) T3P, TEA, DMF, rt, 18 h.

Table 1a

In vitro antiplasmodial activity of harmiquins against the erythrocytic stage of P. falciparum (Pf3D7, PfDd2, PfK1 and Pf7G8 strains).
Compd. 1Cs0”" (nM)

Pf3D7 PfDd2 PfK1 Pf7G8

18 >28 000" >27777.8 nd. n.d.
19 10841.4 + 2569.4°¢ 5418.4 + 552 n.d. n.d.
20 3660.3 + 370.4 7110.3 +2496.9 n.d. n.d.
21 95.8+1.7 202.7 + 28.5 299.1 +£102.7 195.0+43.3
22 899.2 +£106.9 1816.4 +350.3 n.d. n.d.
23 65.7+3.4 160.4 +44.0 140.6 £14.2 143.8+£105.5
24 57.3+£1.2 76.2+14.4 33.5+49 44.24+6.0
25 11.6 +3.8 204.5+9.89 163.2+78.5 28.6+5.3
26 19.0+5.1 54.8+9 n.d. n.d.
27 346+1.2 15.5+09 20.2+£5.2 6.0+0.3
28 54.0+15.8 170.7 £ 2.51 n.d. n.d.
29 13+3.1 46.1 +3.87 48.8+19.6 28.2+27
30 303.4+61.3 535.4+131.9 n.d. n.d.
31 234.4+25.7 309.3+61.9 n.d. n.d.
32 2+0.3 16.2+2.83 248+1.3 7.4+1.3
cQ! 11+3 364.2+70.2 392.1+£39.5 220.3 £23.0
HAR® 8250 + 2830 >27777.8 n.d. n.d.

 ICso, the concentration of the tested compound necessary for 50% growth inhibition.

b The exact ICsq could not be obtained, as activity could only be detected at the highest tested concentration.
¢ Results represent mean +=SD, n > 2.

4 CQ, chloroquine.

¢ HAR, harmine.

f n.d., not determined.

compounds were tested against a CQ-sensitive (Pf3D7) and a
multi-resistant (PfDd2) P. falciparum strain with high level CQ resis-
tance. The second round of evaluation included compounds with an
ICs50(Pf3D7) < 100 nM (with the exception of compound 20, which was
not available; compound 28 gave different results and was therefore not
included), against multi-resistant strains, with high level CQ resistance

PfK1 (CQ-pyrimethamine-sulfadoxine-resistant strain, originally from
Thailand) and low level CQ resistance Pf7G8 (CQ-pyrimethamine-r-
esistant strain, originally from Brazil). Resistance index, which repre-
sents fold difference, i.e. fractional ratio between the ICsy values
obtained for sensitive and resistant strains, was calculated for each
compound and is presented in Table 1b.
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Table 1b
Resistance indices based on ICsq fold changes between CQ-sensitive (3D7) and
CQ-resistant (Dd2, K1 and 7G8) P. falciparum strains.

Resistance indices

Compd.  ICso(PfDd2)/ICso ICso(PfK1)/ICs ICso(Pf7G8)/
(Pf3D7) Pf3D7 ICs0(Pf3D7)

18 n.d.” n.d. n.d.

19 0.4 n.d. n.d.

20 1.9 n.d. n.d.

21 2.1 3.1 2.0

22 2 n.d. n.d.

23 2.4 2.1 2.1

24 1.3 0.5 0.7

25 17.6 14 2.4

2 0.4 0.5 0.1

28 3.1 n.d. n.d.

29 3.5 3.7 2.1

30 1.7 n.d. n.d.

31 1.3 n.d. n.d.

32 8.1 12.4 3.7

CQ 331 35.7 20.0

2 n.d., not determined.

Harmiquins showed remarkable activity against the erythrocytic
stage of P. falciparum life cycle. The structural diversity of the prepared
compounds allowed us to draw some important conclusions about their
structure-activity relationship (SAR).

1) AT harmiquins and most TT harmiquins were significantly more
active than the parent compound harmine. For example, AT harmi-
quine 32 exerted over 3 orders of magnitude more pronounced
antimalarial activity against Pf3D7 than harmine.

2) The optimal position for the substitution of the p-carboline ring is N-
9. Compounds 32 (AT) and 25 (TT) were the most active against
Pf3D7, whereas compounds 32 and 27 (both AT harmiquins) were
the most active against the resistant P. falciparum strains.

3) In general, AT harmiquins were more active than TT harmiquins
against all strains of P. falciparum tested.

4) It is evident that the -NH- group attached to the quinoline is an
important structural feature contributing to the antimalarial activity,
since the -NH- group containing compounds (all AT harmiquins and
TT harmiquins 23-25) show more pronounced activity than TT
harmiquins with the triazole ring directly attached to the quinoline
(compounds 20-22) and TT harmiquins with an ether group in the
same position (compounds 18 and 19), which show a sharp decrease
in the activity.

5) Six out of seven AT harmiquins and four out of eight TT harmiquins
displayed stronger activities than CQ against the resistant
P. falciparum strains. AT harmiquine 27 exerted the most pronounced
activity (36.7-fold higher than CQ against Pf7G8, ICso = 6.0 £+ 0.3
nM).

With few exceptions, the Pf3D7 strain was the most sensitive (9/15
compounds showed activity less than 100 nM). The most active com-
pound, AT harmiquine 32, displayed a single-digit nanomolar ICs( value
(ICs0 = 2 £ 0.3 nM), which was also 5.5-fold higher than the activity of
CQ itself. TT harmiquine 25 and AT harmiquine 29 (substituted at C-3)
exerted ICso values similar to CQ, 11.6 + 3.8 and 13 + 3.1 nM,
respectively. However, harmiquine 32 displayed 22.5-fold higher ac-
tivity than CQ against PfDd2, 15.9-fold higher against PfK1, and 29.8-
fold higher against Pf7G8. Moreover, 10/15 harmiquins exhibited
higher activity than CQ against PfDd2 and 7/15 against PfK1 and Pf7G8.
In addition, AT harmiquine 27 (substituted at N-9) showed stronger
activity against the resistant P. falciparum strains than against Pf3D7.

Remarkably, two TT harmiquins differing only by the position of the
substitution at the p-carboline ring, compounds 25 (N-9) and 24 (0-7),
showed significantly different activities against P. falciparum strains.
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While the most active TT harmiquine against Pf3D7 was compound 25,
harmiquine 24 exhibited the most pronounced activity against the
resistant strains (PfK1 and Pf7G8).

It is interesting to note that the least active AT harmiquins and TT
harmiquins differ by the position of the substitution at the B-carboline
ring. Among AT harmiquins, compounds 30 and 31, substituted at O-6
and O-7, had two orders of magnitude less activity than harmiquine 32.
On the other hand, by far the least active TT harmiquins were those in
which harmine was substituted at C-1 (18) and C-3 (19). Since these
harmiquins contain an ether group attached to the quinoline instead of
-NH-, it would be interesting to see if analogous compounds with -NH-
group would have higher activity.

Most of the compounds did not show cross-resistance with the CQ-
resistant strains, showing that they retain the same activity against CQ
resistant and sensitive strains (Table 1b). The very active compounds 16
and 32 displayed a relevant ICsq fold change against P/Dd2 and PfK1
indicating cross-resistance, but the loss of activity was much less pro-
nounced than with CQ.

2.2.2. Invitro cytotoxicity screening and selectivity

Screening of the cytotoxic activity of harmiquins against HepG2 was
performed to evaluate their selectivity against Plasmodium over
mammalian cells. For this purpose, the selectivity index was calculated
for each compound as a fractional ratio between the ICsy values ob-
tained for HepG2, and the P. falciparum 3D7 strain. The cytotoxicity of
all compounds tested was similar, and the majority of harmiquins
exhibited ICsp values in the 5-20 pM range (Table 2). Since most har-
miquins showed antimalarial activity in the nanomolar range, we
concluded that harmiquins have significant selectivity against Plasmo-
dium. Most AT harmiquins showed more than 2 orders of magnitude
higher activity against the parasite than against mammalian cells (SI >
100). Remarkably, compounds 32 and 29, the most active harmiquins,
exhibited more than 3 orders of magnitude less activity toward
mammalian cells (SI = 4450 and 1431, respectively). Among TT har-
miquins, only compound 25 showed significant selectivity (SI = 828).

2.2.3. Inhibition of heme polymerization

During erythrocytic stage of infection, Plasmodium degrades hemo-
globin in its digestive vacuole under acidic conditions to globin and Fe
(II) heme, which is rapidly oxidized to toxic Fe(III) hematin and further
polymerized to hemozoin. Antimalarials, such as CQ, inhibit this unique
detoxification process leading to the death of the parasite [49]. Thus, we
decided to investigate whether harmiquins exert their activity at least in
part through that mechanism. A synthetic form of hemozoin, p-hematin,
can be generated in vitro from hemin under acidic conditions and it is
routinely used as the model of hematin crystallisation. The amount of

Table 2
In vitro cytotoxicity screening of harmiquins against HepG2 and calculated
selectivity indices.

Compd. ICso” (UM) s1? Compd. ICso™ (UM) S1”

18 >25¢ >0.90° 26 12.8 + 2.4 795.03
19 >100 >9.22 27 >25 >722.54
20 5.5+ 3.3 1.50 28 78+15 144.44
21 6.4 + 4.2 66.81 29 18.6 + 7.3 1430.76
22 19.7 + 8.3 21.91 30 >20 >66.01
23 15.0 + 1.5 228.31 31 15.93 + 0.8 68.08
24 6.3+ 1.9 109.95 32 8.9+ 1.0 4450

25 140 + 1.4 828.57 HAR® >250 >30

 ICso, the concentration of the tested compound necessary for 50% growth
inhibition.

b SI, selectivity index, the ratio between ICso (HepG2) and ICso (Pf3D7).

¢ The exact ICs could not be obtained, as activity could only be detected at the
highest tested concentration.

4 The exact SI could not be obtained, as exact ICsq could not be obtained.

¢ HAR, harmine.
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B-hematin formed is inversely proportional to the activity of antima-
larial compound, i.e. less amount of f-hematin equals higher inhibitory
activity of the compound.

In vitro ability of the test compounds to inhibit f-hematin formation
was examined by the methods previously reported [50]. Harmiquins,
along with the reference drug CQ, were assayed at 1 mM and data are
given in Table 3. Compounds were divided into 3 groups: inactive
(<50% inhibitory activity of CQ), active (between 50 and 75% of the
activity of CQ), and highly active (>75% of the activity of CQ). Inter-
estingly, TT harmiquins significantly inhibited heme polymerization (4
out of 8 compounds were highly active), whereas AT harmiquins were
not as effective (only two compounds were active). The ability of the test
compounds to inhibit heme polymerization did not correlate completely
with the antiplasmodial activities obtained against the erythrocytic
stage in vitro (Table 1a), suggesting that other mechanisms are involved.

2.3. Molecular dynamics simulations

Computational analysis was utilized to provide an insight into the
binding of a representative set of derivatives towards PfHsp90 and to
rationalize their measured affinities. We mostly focused on AT harmi-
quins, given their higher activity over analogous TT harmiquins, and
considered most potent 29 and 32, together with their structural ana-
logues 28, 30 and 31. In addition, we also included compound 27, given
its structural similarity with 32, differing in the type of the amide
linkage and a longer alkyl spacer, therefore possessing larger flexibility.
Lastly, all obtained values are discussed relative to two parent com-
pounds, harmine and CQ, that will serve as reference systems.

The calculated binding free energies (AGpp) are given in Table 4,
together with their decomposition into contributions from individual
residues. The specific residues included in the analysis are those
belonging to the ATP binding pocket (Asn37, Asp79, Arg98, Phel24)
[51,52], and all of those with contributions higher than —0.20 and lower
than 0.06 kcal mol ! for the most active 32. In other words, data in
Table 4 identify residues mostly favouring and mostly disfavouring the
binding of 32 to PfHsp90.

Calculated AGpnp values are all exergonic, thereby indicating a
favourable binding of all derivatives towards PfHsp90, which agrees
with their demonstrated biological activities. A reference ligand har-
mine reveals the poorest binding features, as its affinity is significantly
lower than in other systems, being AGpnp = —7.5 keal mol L.
Furthermore, data in Table 4 clearly advise that harmine is not binding
within the ATP binding site, as none of the residues defining this
structural element on PfHsp90, nor those in their vicinity, reveal any
contribution to its binding energy. Still, such a low affinity is consistent
with its high ICsy value of 8.25 pM (Table 1), and, although a rela-
tionship between ICsp and AGpnp values is not so straightforward, the
ICs value measured for harmine roughly translates to a binding affinity
of —6.9 kcal mol ™%, which places both sets of data in excellent agree-
ment and validates our computational strategy.

Table 3

In vitro ability of harmiquins to inhibit heme polymerization.
Compd. Activity” Compd. Activity”
18 - 26 -
19 + 27 -
20 ++ 28 -
21 ++ 29 -
22 - 30 _
23 ++ 31 +
24 ++ 32 +
25 + CQ ++

@ Ability of the test compounds to inhibit heme polymerization in vitro was
calculated as a % of the inhibitory effect displayed by reference drug CQ in the
same experiment; test compounds were ranked as follows: <50%, not active (—);
between 50 and 75%, moderately active (+); >75%, highly active (++).
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Interestingly, the other constituting fragment of our designed de-
rivatives, CQ is, on its own, a better binder than harmine, and, although
its PfHsp90 inhibition is not demonstrated in the literature, it reveals a
higher affinity of AGginp = —21.2 kcal mol L. Moreover, it most
favourably attaches within the ATP binding site (Fig. 2), as crucial res-
idues Asn37, Arg98 and Phel24 are promoting its binding with indi-
vidual contributions of —0.75, —0.34 and —0.58 kcal mol’,
respectively, solely being responsible for around 8% of its total AGgnp
value. On the other hand, all new derivatives further exceed the binding
affinity of both harmine and CQ, which firmly justifies the employed
synthetic strategy that led to more potent conjugates. Specifically, our
analysis confirmed the highest activity of compounds 29 and 32, with
the calculated affinities of —37.2 and —38.2 kcal mol~?, respectively,
thereby demonstrating their better positioning within the PfHsp90
interior. Both ligands are placed firmly within the ATP binding site
(Fig. 2), and, in both cases, the binding to PfHsp90 is dominated by
lle82. The latter surpasses all other residues, as its high individual
contribution originates in its alkyl side-chain forming strong C-H ... ©
interactions with the available aromatic moieties, the quinoline unit in
29 and the harmine core in 32 (Fig. 3). This is followed by the ATP
binding site residues, Asn37 in particular (—2.29 kcal mol~! for 29, and
~1.63 kcal mol™! for 32), which uses its side-chain amide to form
analogous N-H ... & contacts with the same aromatic units in both de-
rivatives. It is also worth pointing to an exceedingly favourable contri-
bution from Lys44, being, for example, the second most dominant
residue in binding 32, which facilitates its activity through the
N-He¢«+.O=C hydrogen bonding with its oxygen atom within the amide
linker. This agrees with the already demonstrated significance of Lys44
in binding various druggable ligands within the ATP binding site of the
eukaryotic Hsp90 protein [53]. Lastly, Met84 also turned out as an
important residue, established through its side-chain methyl group
engaging in a range of C-H ... 1 contacts with aromatic units in both 29
and 32. Interestingly, although three of the ATP binding site residues,
Asn37, Phel24 and Arg98, are strongly promoting the interactions with
the most potent ligands, the other residue belonging to this structural
fragment within the PfHsp90 pocket, Asp79, is significantly disfavour-
ing the binding. For 32, its individual contribution is +1.19 kcal mol 2,
while for 29 it even reaches +1.41 kcal mol *. In the most potent 32,
this is brought about through an unfavourable pairing between anionic
carboxylate in Asp79 and the methoxy group on its harmine core
(Fig. 3), while, in 29, this similarly occurs with the methyl group
attached to the pyridine part of its harmine core. This insight opens up
an interesting perspective and suggests guidelines for the further
derivatization of both 29 and, especially, 32 towards even more potent
ligands. Replacing the indicated methyl group in 29 and the methoxy
group in 32 with, for example, the hydroxyl moiety, or any group able to
donate hydrogen bonding to Asp79, seems like a good strategy in that
direction, which will be inspected in our subsequent synthetic efforts.

In concluding this section, let us mention that data in Table 4 also
offer some indication as to why other considered derivatives exhibit
reduced affinities relative to 32. Namely, increasing the length of the
alkyl linker, as in 27, certainly improves its flexibility, which might
allow it a more optimal position within the binding pocket. Contrary to
that, this results in a further distancing between harmine and chloro-
quine fragments, which disallows the latter to engage in favourable in-
teractions with Ile82, demonstrated as crucial in 32 (Fig. 3), thereby
making 27 a weaker binder. In other words, the binding position of 27
reduces the contribution from Ile82, from —2.60 kcal mol™! in 32 to
—0.78 kcal mol ™! in 27. This difference of 1.82 kcal mol ™! is already
responsible for 59% of the total reduction in the binding affinity, in this
case assuming AAGpnp = 3.1 kcal mol™!, which is significant. In
addition, twisting the geometry of the amide bond also reduces the
favourable contribution from Lys44, from —2.25 kcal mol~! in 32 to
—0.23 kcal mol™! in 27, which illustrates the inability of the Lys44
sidechain to engage in the hydrogen bonding contact with such oriented
amide moiety. On the other hand, given the differences in the
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Table 4
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Total binding free energies (AGgnp) towards PfHsp90 and their decomposition on a per-residue basis following the MM-GBSA analysis of the obtained molecular

dynamics trajectories.”

Ligand 27 28 29 30 31 32 harmine cQ”

Total AGgmnp -35.1 -36.8 -37.2 -35.5 -31.8 —-38.2 -7.5 —-21.2
1le82 —-0.78 —-0.62 —2.44 —0.90 —0.85 —2.60 0.00 —0.51
Lys44 —-0.23 —0.87 —0.98 -1.32 -1.76 —2.25 0.00 —0.12
Met84 -2.17 -1.29 —2.27 -1.83 —1.44 —2.07 0.00 —-1.46
Asn37 —2.26 —1.20 —2.29 —3.35 —2.98 —1.63 0.00 —0.75
Asn91 —2.39 —2.54 —0.68 -1.13 -0.71 —-1.45 0.00 —-1.55
Phel24 —0.93 —1.92 —0.82 —0.51 —0.79 —1.43 0.00 —0.58
Leu93 —0.80 —-0.78 —0.67 —0.38 —0.61 -1.25 0.00 —0.54
Ala41 -1.17 —0.83 -1.38 -1.77 -1.22 -1.22 0.00 —0.93
Thr171 —0.43 —0.20 —2.40 -1.63 —-0.26 —-0.73 0.00 —0.35
1le173 —0.47 —-0.20 —0.89 —0.15 -0.17 -0.71 —0.01 -0.29
Ala38 -0.32 -0.17 -1.34 —-0.51 —-0.15 —0.58 0.00 —-0.16
Asn140 0.02 0.01 0.00 0.02 0.01 —0.51 0.00 0.03

Vall36 —0.36 —0.08 —-0.19 —-0.08 —-0.07 —0.40 —0.02 —0.12
Arg98 —0.28 —5.25 0.01 —1.84 —2.40 —0.30 0.00 —0.34
Thr85 —0.14 —0.03 —-0.15 —0.08 —0.02 —-0.27 0.00 —0.04
Leu43 —0.18 —0.12 -1.09 —-0.09 —-0.10 —0.24 0.00 —0.19
Tyrl25 —-0.04 -0.29 —0.05 —0.04 —0.04 —-0.24 0.00 —0.03
1le96 -1.64 —-0.47 —-0.03 —-0.23 —-0.36 —-0.22 0.00 —0.49
Glu48 0.04 0.04 0.06 0.06 0.05 —-0.21 0.00 —0.01
Asp40 -0.37 -0.18 —0.50 —-1.04 -1.89 0.06 0.00 —0.31
Argl69 0.05 0.04 0.01 0.05 0.05 0.07 0.00 0.08

Asp142 0.04 0.01 0.04 0.02 0.03 0.11 0.00 —0.01
Asp88 -0.13 -0.17 0.24 —0.15 —0.06 0.21 0.00 -0.20
Asp79 0.35 0.18 1.41 0.70 0.17 1.19 0.00 0.18

@ Residues are selected to list those belonging to the ATP binding pocket (Asn37, Asp79, Arg98, Phel24, in bold) and all of those with contributions higher than

—0.20 and lower than 0.06 kcal mol~! for 32. All values are in kcal mol ™'
b CQ, chloroquine.
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Fig. 2. Position of CQ and the investigated harmiquins 29 and 32, within the ATP binding site of the PfHsp90, as revealed through the MD simulations.

substitution patterns in 28, 30 and 31, it is not surprising that these
derivatives consistently show a reduction in the contribution from res-
idues most dominant for the binding of 32, which ultimately reduces
their affinities. This confirms the suitability of the N-9 derivatization of
the harmine fragment as most optimal for increasing the potency of
such-like derivatives against the PfHsp90, in line with experiments
presented here and in some of our earlier reports [21-23].

3. Conclusions

In this paper, we demonstrated the application of the molecular
hybridisation approach in the design and synthesis of two types of novel

harmine and CQ hybrids, AT, and TT harmiquins. The evaluation of their
antiplasmodial activity against the erythrocytic stage of P. falciparum
revealed their remarkable activity against CQ-sensitive, as well as CQ-
resistant Plasmodium strains. Notably, the most active compound, AT
harmiquine 32, displayed a 5.5-fold higher activity against Pf3D7 than
CQ (IC5p = 2 £+ 0.3 nM), and at least 15.9-fold higher activity than CQ
against P. falciparum CQ-resistant strains. Based on the structure of
harmiquins, we investigated two possible mechanisms of action, inhi-
bition of heme polymerization and binding to PfHsp90. Our experiments
show that both might play a role in the inhibition of intraerythrocytic
development of Plasmodium. Our future work will focus on the enrich-
ment of the harmiquins library and the establishment of a reliable SAR,
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Lysd44

Asn37

Phel24

Fig. 3. Specific interactions governing the binding of the most potent 32 within
the ATP binding site of the PfHsp90 protein.

towards more potent antimalarial compounds.

4. Materials and Methods
4.1. Chemistry

4.1.1. General information

Melting points were determined on a Stuart Melting Point Apparatus
(Barloworld Scientific, UK) in open capillaries and were uncorrected.
FTIR-ATR spectra were recorded using a Fourier-Transform Infrared
Attenuated Total Reflection UATR Two spectrometer (PerkinElmer,
Waltham, MA, USA) in the range from 450 to 4000 em LH and 13C
NMR spectra were recorded on a Bruker Avance III HD operating at 300,
400 or 600 MHz for the 'H and 75, 101 or 151 MHz for the '*C nuclei
(Bruker, Billerica, MA, USA). Samples were measured in DMSO-dg so-
lutions at 20 °C in 5 mm NMR tubes. Chemical shifts (§) are reported in
parts per million (ppm) using tetramethylsilane (TMS) as a reference in
the 'H and DMSO residual peak as a reference in the 13C spectra (39.52
ppm). Coupling constants (J) are reported in hertz (Hz). Mass spectra
were recorded on Agilent 1200 Series HPLC coupled with Agilent 6410
Triple Quad, (Agilent Technologies, St. Clara, CA, USA). The mobile
phase consisted of Milli Q water as component A and MeOH (HPLC
grade, J. T. Baker) as component B, and as the stationary phase Zorbax
XDC C18 column (4.6 x 75 mm, 3.5 pm) was used. Gradient elution was
used at a flow rate of 0.5 mL/min, and 5 pL of analyte solution was
injected per analysis. The starting conditions and gradient steepness
were adjusted according to the analyte polarity. A diode array detector
was utilized, while the data were presented as a total wavelength
chromatogram (TWC). Mass spectrometry conditions were as follows:
electrospray ionization (ESI) in positive and negative mode was used.
Capillary voltage and current were set to 4.0 kV and 20 nA, respectively.
Nebulizer pressure was set to 15 psi, while the drying gas (nitrogen)
temperature and flow were 300 °C and 11 L/min. For the MS data
analysis Agilent MassHunter software (Agilent Technologies, St. Clara,
CA, USA) was used. Elemental analyses were performed on a CHNS
LECO analyzer (LECO Corporation, St. Joseph, MI, USA). Analyses
indicated by the symbols of the elements were within +0.4% of their
theoretical values. Microwave-assisted reactions were performed in a
microwave reactor CEM Discover (CEM, USA) in a glass reaction vessel.
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All compounds were routinely checked by TLC with silica gel 60F-254
glass plates (Merck, Germany) using DCM/MeOH or cyclohexane/
EtOAc/MeOH as the solvent system. Spots were visualized by UV light
(4 = 254 nm; 365 nm) and iodine vapor. Column chromatography was
performed on silica gel 0.063-0.200 mm (Sigma-Aldrich, USA) with the
same eluents used for TLC. All chemicals and solvents were of analytical
grade and purchased from commercial sources.

B-carbolines-based azides 7, 9, alkynes 11, 13, 15, carboxylic acid 17
and amines 8, 10, 12, 14, 16 were prepared according to procedures
published by us or others [21-23,44]. 7-Chloroquinoline-based azide 2,
amines 4, 5 and carboxylic acid 6 were synthesized as described earlier
[38-40]. Alkyne 1 was prepared by a different procedure than the one
described in the literature [54]. Azide 3 was prepared according to the
modified literature procedure from the corresponding alcohol, using
ADMP/DBU [18,37].

4.1.1.1. Synthesis of 7-chloro-4-(prop-2-yn-1-yloxy)quinoline (1). 7-
chloroquinolin-4-o0l (0.2 g, 1.114 mmol) [55] was suspended in dry DMF
(4 mL). Under argon atmosphere cesium carbonate (0.508 g, 1.56 mmol)
was added, followed by dropwise addition of 80% solution of propargyl
bromide in toluene (0.143 mL, 1.337 mmol). The reaction was stirred at
rt and under argon atmosphere for 1.5 h. Upon completion, the reaction
mixture was poured into 40 mL of water. Product was extracted with
EtOAc (3 x 40 mL). Organic layers were collected and washed with
water (2 x 100 mL), dried over anhydrous sodium sulfate and evapo-
rated under reduced pressure. After purification by column chroma-
tography (DCM/methanol = 9:1) and trituration with diethyl ether
0.143 g (59%) of 1 was obtained.

4.1.1.2. General procedure for the synthesis of TT harmiquins 18-25. To
a solution of an alkyne (0.230 mmol) and the corresponding azide
(0.253 mmol) in MeOH (5 mL), catalytic amount of Cu(OAc); was
added. The reaction mixture was stirred at rt for 24 h. Upon completion
of the reaction, the solvent was removed under the reduced pressure.
The residue was purified by column chromatography (with an additional
Al,Og3 layer in order to remove Cu-salts) with DCM/MeOH or cyclo-
hexane/EtOAc/MeOH as a mobile phase. The crude product was tritu-
rated with diethyl ether/petroleum ether.

4.1.1.3. 1-((4-(((7-Chloroquinolin-4-yl)oxy)methyl)-1H-1,2, 3-triazol-1-
yDmethyl)-9H-pyrido [3,4-bJindole (18). Alkyne 1: 0.050 g; azide 7:
0.056 g, mobile phase: cyclohexane/EtOAc/MeOH 1:1:0.5; yield: 0.046
g, (45%); mp 170-172 °C; IR (ATR, l//cmfl) 3235, 3058, 1619, 1604,
1566, 1541, 1488, 1454, 1432, 1374, 1322, 1299, 1228, 1136, 1100,
1054, 945, 856, 806, 755, 724, 656, 587, 541, 493, 478; H NMR
(DMSO-dg) 6 11.93 (s, 1H), 8.30 (s, 1H), 8.28-8.24 (m, 2H), 8.19 (d, 1H,
J=7.8Hz),8.14 (d, 1H, J = 8.6 Hz), 8.11 (d, 1H, J = 5.1 Hz), 8.00 (d,
1H, J = 1.9 Hz), 7.65 (dt, 1H, J = 8.2, 0.9 Hz), 7.60-7.58 (m, 1H), 7.38
(dd, 1H, J = 8.6, 1.9 Hz), 7.29-7.27 (m, 1H), 6.13 (d, 1H, J = 7.8 Hz),
6.06 (s, 2H), 5.55 (s, 2H); 13¢ NMR (DMSO-dg) 6 175.78, 145.22,
141.86, 140.68, 140.57, 137.85, 137.84, 136.92, 133.82, 128.72,
128.56, 127.86, 125.26, 124.62, 123.75, 121.91, 120.72, 119.65,
116.69, 114.85, 112.05, 109.78, 51.25, 46.88; ESI-MS: m/z 441.0
(M+1)". Anal. Calced. for Ca4H;7CINGO: C, 65.38; H, 3.89; N, 19.06;
found: C, 65.57; H, 3.95; N, 19.25.

4.1.1.4. 3-((4-(((7-Chloroquinolin-4-yDoxy)methyD-1H-1,2,3-triazol-1-

yDmethyl)-1-methyl-9H-pyrido [3,4-bJindole (19). Alkyne 1: 0.050 g;
azide 9: 0.060 g, mobile phase: DCM/MeOH 9:1; yield: 0.042 g, (40%);
mp 172-174.5 °C; IR (ATR, v/cmfl) 3617, 3130, 3057, 2888, 2787,
1623, 1603, 1568, 1507, 1486, 1468, 1446, 1398, 1376, 1357, 1340,
1254, 1224, 1140, 1103, 1058, 1055, 1027, 971, 860, 812, 800, 749,
646, 589, 543, 479; 'H NMR (DMSO-dg) 6 11.66 (s, 1H), 8.25 (s, 1H),
8.19 (d, 1H, J = 7.8 Hz), 8.14 (d, 1H, J = 8.6 Hz), 8.11 (d, 1H, J = 7.9
Hz), 8.00 (d, 1H, J = 1.8 Hz), 7.90 (s, 1H), 7.59 (d, 1H, J = 8.16 Hz),



G. Poje et al.

7.56-7.52 (m, 1H), 7.38 (dd, 1H, J = 8.6, 1.8 Hz), 7.27-7.22 (m, 1H),
6.13 (d, 1H, J = 7.8 Hz), 5.73 (s, 2H), 5.55 (s, 2H), 2.71 (s, 3H); *C NMR
(DMSO-dg) 6 175.79, 145.24, 142.44, 142.14, 141.95, 140.75, 140.55,
136.90, 133.95, 128.09, 127.87, 127.55, 125.28, 124.08, 123.73,
121.62, 120.87, 119.43, 116.65, 112.09, 111.81, 109.77, 55.19, 46.97,
20.34; ESI-MS: m/z 455.4 (M+1)". Anal. Calcd. for CosH;9CINGO: C,
66.01; H, 4.21; N, 18.47; found: C, 66.34; H, 4.37; N, 18.75.

4.1.1.5. 6-((1-(7-Chloroquinolin-4-yl)-1H-1,2,3-triazol-4-yl)methoxy)-1-
methyl-9H-pyrido [3,4-bJindole (20). Alkyne 11: 0.054 g; azide 2: 0.052
g, mobile phase: cyclohexane/EtOAc/MeOH 1:1:0.5; yield: 0.043 g,
(42%); mp 281.5-283 °C; IR (ATR, v/cm™}) 3247, 3076, 3030, 2901,
1588, 1567, 1497, 1477, 1458, 1441, 1414, 1372, 1350, 1265, 1253,
1208, 1174, 1116, 1076, 1039, 1030, 1008, 987, 968, 878, 849, 829,
816, 803, 770, 736, 700, 672, 655, 621, 543, 500; 'HNMR (DMSO-dg) 6
11.42 (s, 1H), 9.17 (d, 1H, J = 4.6 Hz), 9.01 (s, 1H), 8.30 (d, 1H, J = 2.2
Hz), 8.18 (d, 1H, J = 5.3 Hz), 8.00-7.98 (m, 2H), 7.93 (d, 1H, J = 5.3
Hz),7.89 (d, 1H, J = 4.6 Hz), 7.75 (dd, 1H, J = 9.1, 2.2 Hz), 7.55 (d, 1H,
J=8.8Hz),7.31 (dd, 1H, J = 8.8, 2.5 Hz), 5.42 (s, 2H), 2.75 (s, 3H); 1°C
NMR (DMSO-dg) 6 152.38, 151.88, 149.38, 143.96, 142.25, 140.38,
137.00, 135.56, 135.36, 135.10, 128.98, 128.14, 126.85, 126.69,
125.35,121.39,120.34,118.44,117.15,112.82,112.69, 105.40, 61.80,
20.40; ESI-MS: m/z 441.4 (M+1)". Anal. Caled. for Co4H;7CINGO: C,
65.38; H, 3.89; N, 19.06; found: C, 65.23; H, 3.99; N, 19.37.

4.1.1.6. 7-((1-(7-Chloroquinolin-4-yl)-1H-1,2,3-triazol-4-yl)methoxy)-1-

methyl-9H-pyrido [3,4-b]Jindole (21). Alkyne 13: 0.054 g; azide 2: 0.052
g, mobile phase: DCM/MeOH 95:5; yield: 0.051 g, (50%); mp
236-239.5 °C; IR (ATR, v/cm 1) 3049, 1629, 1610, 1564, 1505, 1486,
1440,1321,1295,1278,1253,1233,1215,1106, 1071, 1036, 996, 953,
920, 872, 822, 812, 801, 767, 629, 572; 1H NMR (DMSO-dg) 6 11.51 (s,
1H), 9.17 (d, 1H, J = 4.7 Hz), 9.02 (s, 1H), 8.30 (d, 1H, J = 2.1 Hz), 8.17
(d, 1H, J = 5.3 Hz), 8.11 (d, 1H, J = 8.6 Hz), 8.01 (d, 1H, J = 9.1 Hz),
7.90 (d, 1H, J = 4.7 Hz), 7.83 (d, 1H, J = 5.3 Hz), 7.79 (dd, 1H, J = 9.1,
2.2 Hz),7.27 (d, 1H, J = 2.2 Hz), 6.99 (dd, 1H, J = 8.6, 2.2 Hz), 5.47 (s,
2H), 2.74 (s, 3H); '3C NMR (DMSO-dg) § 158.72, 152.39, 149.39,
143.72, 141.79, 141.37, 140.36, 137.74, 135.39, 134.62, 129.03,
128.17, 127.14, 127.00, 125.35, 122.73, 120.34, 117.17, 115.31,
111.99, 109.45, 96.03, 61.29, 20.32; ESI-MS: m/z 441.3 (M+1)". Anal.
Calcd. for Co4H;7,CINgO: C, 65.38; H, 3.89; N, 19.06; found: C, 65.15; H,
4.11; N, 19.33.

4.1.1.7. 9-((1-(7-Chloroquinolin-4-yl)-1H-1,2, 3-triazol-4-yDmethyl)-7-
methoxy-1-methyl-9H-pyrido [3,4-bJindole (22). Alkyne 15: 0.058 g;
azide 2: 0.052 g, mobile phase: cyclohexane/EtOAc/MeOH 1:1:0.5,
DCM/MeOH 95:5; yield: 0.040 g, (38%); mp 235-237 °C; IR (ATR,
v/em™Y) 3143, 1621, 1561, 1499, 1442, 1406, 1372, 1345, 1255, 1223,
1194, 1171, 1138, 1115, 1036, 931, 925, 876, 813, 722, 623, 554; 'H
NMR (DMSO-dg) 6 9.09 (d, 1H, J = 4.7 Hz), 8.83 (s, 1H), 8.26 (d, 1H, J
= 2.2 Hz), 8.20 (d, 1H, J = 5.2 Hz), 8.11 (d, 1H, J = 8.6 Hz), 7.95-7.88
(m, 2H), 7.78 (d, 1H, J = 4.7 Hz), 7.74 (dd, 1H, J = 9.1, 2.2 Hz), 7.42 (d,
1H,J = 2.2 Hz), 6.90 (dd, 1H, J = 8.6, 2.1 Hz), 6.05 (s, 2H), 3.92 (s, 3H),
3.13 (s, 3H); 3¢ NMR (DMSO-dg) 6 160.62, 152.29, 149.31, 144.79,
142.74, 141.17, 140.22, 138.15, 135.28, 134.75, 128.91, 128.62,
128.10,125.34,122.40,120.31,117.20,114.51,112.29, 109.48, 94.13,
55.66, 23.31; ESI-MS: m/z 455.3 (M+1)". Anal. Calcd. for CosH;9CINGO:
C, 66.01; H, 4.21; N, 18.47; found: C, 65.82; H, 4.37; N, 18.13.

4.1.1.8. 7-Chloro-N-(2-(4-(((1-methyl-9H-pyrido [3,4-b]indol-6-yD)oxy)
methyl)-1H-1,2, 3-triazol-1-yDethyl)quinolin-4-amine (23). Alkyne 11:
0.054 g; azide 3: 0.063 g, mobile phase: DCM/MeOH 7.5:2.5; yield:
0.048 g, (43%); mp 272-273 °C; IR (ATR, v/cmfl) 3201, 1608, 1583,
1544, 1498, 1456, 1429, 1383, 1365, 1352, 1330, 1248, 1207, 1170,
1061, 1139, 1050, 1026, 990, 909, 872, 845, 808, 765, 624, 492; 'H
NMR (DMSO-dg) 6 11.43 (s, 1H), 8.41 (d, 1H, J = 5.4 Hz), 8.32 (s, 1H),
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8.20 (d, 1H, J = 9.1 Hz), 8.16 (d, 1H, J = 5.3 Hz), 7.92-7.85 (m, 2H),
7.81 (d, 1H, J = 2.2 Hz), 7.54 (t, 1H, J = 5.8 Hz), 7.50 (d, 1H, J = 8.8
Hz), 7.44 (dd, 1H, J = 9.0, 2.3 Hz), 7.20 (dd, 1H, J = 8.8, 2.5 Hz), 6.57
(d, 1H, J = 5.5 Hz), 5.21 (s, 2H), 4.70 (t, 2H, J = 6.1 Hz), 3.82 (q, 2H, J
= 5.9 Hz), 2.75 (s, 3H); 3¢ NMR (DMSO-dg) 6 151.99, 151.87, 149.76,
148.95, 142.97, 142.22, 136.93, 135.43, 135.09, 133.53, 127.47,
126.70, 124.96, 124.35, 124.00, 121.35, 118.28, 117.47, 112.76,
112.66, 105.00, 98.90, 61.91, 47.86, 42.46, 20.41; ESI-MS: m/z 484.1
(M+1)". Anal. Caled. for CygH2oCIN,O: C, 64.53; H, 4.58; N, 20.26;
found: C, 64.82; H, 4.32; N, 20.58.

4.1.1.9. 7-Chloro-N-(2-(4-(((1-methyl-9H-pyrido [3,4-b]indol-7-yDoxy)
methyD)-1H-1,2, 3-triazol-1-ylethyl)quinolin-4-amine (24). Alkyne 13:
0.054 g; azide 3: 0.063 g, mobile phase: cyclohexane/EtOAc/MeOH
1:1:0.5; yield: 0.060 g, (54%); mp 238-241 °C; IR (ATR, v/em™ 1) 3340,
3158, 3065, 2957, 1638, 1584, 1543, 1485, 1450, 1428, 1371, 1338,
1251, 1235, 1155, 1110, 1056, 874, 851, 813, 800, 761, 648, 858, 531;
'H NMR (DMSO-dg) 6 11.48 (s, 1H), 8.41 (d, 1H, J = 5.4 Hz), 8.32 (s,
1H), 8.19-8.15 (m, 2H), 8.05 (d, 1H, J = 8.6 Hz), 7.82-7.80 (m, 2H), 7.54
(t, 1H, J = 5.2 Hz), 7.45 (dd, 1H, J = 9.0, 2.3 Hz), 7.17 (d, 1H, J = 2.2
Hz), 6.88 (dd, 1H, J = 8.7, 2.3 Hz), 6.57 (d, 1H, J = 5.5 Hz), 5.25 (s, 2H),
4.70 (t, 2H, J = 5.8 Hz), 3.82 (q, 2H, J = 6.0 Hz), 2.73 (s, 3H); 13C NMR
(DMSO-dg) 6§ 158.79, 151.77, 149.82, 148.82, 142.70, 141.82, 141.30,
137.65, 134.59, 133.60, 127.38, 127.18, 125.08, 124.40, 124.00,
122.64, 117.44, 115.10, 111.98, 109.42, 98.91, 95.82, 61.45, 47.90,
42.43, 20.29; ESI-MS: m/z 482.1 (M — 1)". Anal. Calcd. for Co6H22CIN;O:
C, 64.53; H, 4.58; N, 20.26; found: C, 64.75; H, 4.63; N, 19.98.

4.1.1.10. 7-Chloro-N-(2-(4-((7-methoxy-1-methyl-9H-pyrido [3,4-b]
indol-9-yl)methyl)-1H-1,2, 3-triazol-1-yl)ethyl)quinolin-4-amine (25).
Alkyne 15: 0.058 g; azide 3: 0.063 g, mobile phase: DCM/MeOH 85:15,
8:2; yield: 0.076 g, (66%); mp 244-245.5 °C; IR (ATR, v/em™ 1) 2957,
1619, 1578, 1495, 1441, 1428, 1403, 1369, 1355, 1324, 1252, 1224,
1193, 1171, 1082, 973, 926, 910, 875, 814, 764, 732, 641, 593, 462; 'H
NMR (DMSO-dg) 6 8.31 (d, 1H, J = 5.4 Hz), 8.17 (d, 1H, J = 5.2 Hz),
8.08 (d, 1H, J = 8.6 Hz), 8.05 (d, 1H, J = 9.1 Hz), 7.98 (s, 1H), 7.87 (d,
1H,J=5.2Hz),7.79 (d, 1H, J = 2.2 Hz), 7.44-7.37 (m, 2H), 7.26 (d, 1H,
J=2.1Hz),6.87 (dd, 1H, J = 8.6, 2.1 Hz), 6.45 (d, 1H, J = 5.5 Hz), 5.83
(s, 2H), 4.57 (t, 2H, J = 6.0 Hz), 3.83 (s, 3H), 3.70 (q, 2H, J = 5.9 Hz),
2.98 (s, 3H); 13¢ NMR (DMSO-dg) 6 160.52, 151.63, 149.73, 148.74,
143.88, 142.65, 141.07, 137.98, 134.60, 133.56, 128.49, 127.34,
124.35,123.78,123.47,122.34,117.33,114.39,112.23, 109.36, 98.77,
93.95, 55.53, 47.86, 42.34, 23.11; ESI-MS: m/z 496.1 (M — 1)". Anal.
Calcd. for Co7H24CIN;O: C, 65.12; H, 4.86; N, 19.69; found: C, 64.87; H,
4.92; N, 19.93.

General procedure for the synthesis of AT harmiquins 26 and 27.

A solution of a harmine-based carboxylic acid 17 (0.050 g, 0.176
mmol), DIEA (0.061 mL, 0.352 mmol) and HATU (0.067 g, 0.176 mmol)
in DCM (4 mL) was stirred at rt for 20 min, followed by the addition of
amine 4 or 5 (0.160 mmol). The resulting solution was stirred at rt for
18 h. The formed precipitate was filtered off. After purification by col-
umn chromatography (DCM/MeOH 75:25) and trituration with diethyl
ether compounds 26, 27 were obtained.

4.1.1.11. N-(2-((7-chloroquinolin-4-yl)amino)ethyl)-3-(7-methoxy-1-

methyl-9H-pyrido [3,4-b]indol-9-yDpropanamide (26). Amine 4: 0.035 g;
yield: 0.027 g, (35%); mp 224-227 °C; IR (ATR, v/cm™ 1) 3226, 3060,
2967, 1645, 1624, 1582, 1547, 1503, 1449, 1409, 1342, 1300, 1284,
1267, 1231, 1167, 1140, 1120, 1083, 1042, 1017, 976, 946, 872, 853,
827, 814, 801, 764, 636, 595, 567, 546, 474; 1H NMR (DMSO-dg) 6 8.40
(d, 1H, J = 5.4 Hz), 8.23 (t, 1H, J = 5.8 Hz), 8.20-8.12 (m, 2H), 8.05 (d,
1H,J = 8.6 Hz), 7.85 (d, 1H, J = 5.1 Hz), 7.79 (d, 1H, J = 2.2 Hz), 7.44
(dd, 1H, J = 9.0, 2.3 Hz), 7.31 (t, 1H, J = 5.5 Hz), 7.22 (d, 1H, J = 2.2
Hz), 6.85 (dd, 1H, J = 8.6, 2.2 Hz), 6.47 (d, 1H, J = 5.5 Hz), 4.82 (t, 2H,
J=7.2Hz), 3.90 (s, 3H), 3.27 (q, 2H, J = 6.3 Hz), 3.17 (q, 2H, J = 5.9



G. Poje et al.

Hz), 2.97 (s, 3H), 2.63 (t, 2H, J = 7.2 Hz); 13C NMR (DMSO-dg) 6§170.35,
160.43, 151.89, 149.97, 149.07, 142.51, 140.75, 137.90, 134.49,
133.40, 128.56, 127.52, 124.10, 123.94, 122.29, 117.42, 114.32,
112.21, 109.20, 98.57, 93.88, 55.52, 41.76, 40.87, 37.23, 36.34, 23.11;
ESI-MS: m/z 488.1 (M+1)". Anal. Calcd. for Co7H56CIN5O5: C, 66.46; H,
5.37; N, 14.35; found: C, 66.52; H, 5.25; N, 14.58.

4.1.1.12. N-(4-((7-chloroquinolin-4-yl)amino)butyl)-3-(7-methoxy-1-
methyl-9H-pyrido [3,4-b]indol-9-yDpropanamide (27). Amine 5: 0.040 g;
yield: 0.036 g, (43%); mp 230-233 °C; IR (ATR, v/cm_l) 3306, 2936,
1642, 1624, 1577, 1499, 1448, 1408, 1366, 1330, 1305, 1227, 1205,
1166, 1187, 1119, 1046, 883, 849, 810, 546; 'H NMR (DMSO-ds) 5 8.39
(d, 1H, J = 5.6 Hz), 8.31 (d, 1H, J = 9.0 Hz), 8.16 (d, 1H, J = 5.2 Hz),
8.06 (d, 1H, J = 8.6 Hz), 7.96 (t, 1H, J = 5.6 Hz), 7.86 (d, 1H, J = 5.2
Hz), 7.79 (d, 1H, J = 2.3 Hz), 7.54-7.40 (m, 2H), 7.20 (d, 1H, J = 2.2
Hz), 6.85 (dd, 1H, J = 8.6, 2.1 Hz), 6.43 (d, 1H, J = 5.6 Hz), 4.79 (t, 2H,
J =7.1 Hz), 3.90 (s, 3H), 3.23-3.13 (m, 2H), 3.04 (q, 2H, J = 6.5 Hz),
2.97 (s, 3H), 2.60 (t, 2H, J = 7.0 Hz), 1.53-1.43 (m, 2H), 1.36 (q, 2H, J =
7.2 Hz); 1*C NMR (DMSO-ds) § 169.59, 160.42, 151.10, 150.48, 148.19,
142.54, 140.71, 137.75, 134.48, 133.71, 128.57, 126.73, 124.28,
124.17, 122.26, 117.27, 114.26, 112.22, 109.21, 98.57, 93.91, 55.50,
42.01, 40.96, 38.17, 36.37, 26.49, 24.98, 23.04; ESI-MS: m/z 516.4
(M+1)". Anal. Caled. for CogH3oCIN5O2: C, 67.50; H, 5.86; N, 13.57;
found: C, 67.38; H, 5.71; N, 13.25.

4.1.1.13. General procedure for the synthesis of AT harmiquins 28-32. A
suspension of a 7-chloroquinoline-based carboxylic acid 22 (0.050 g,
0.211 mmol), amine 8, 10, 12, 14, 16 (0.192 mmol) and TEA (0.059 mL,
0.422 mmol) in DMF (2 mL) was stirred at rt for 10 min, followed by the
dropwise addition of T3P (>50% in ethyl acetate, 0.126 mL, 0.211
mmol). The reaction mixture was stirred at rt for 18 h. Afterwards, the
reaction mixture was placed in an ultrasonic bath and 5% NaOH was
added dropwise until the formation of white precipitate was completed.
The formed precipitate was filtered off and the crude product purified by
column chromatography (DCM/MeOH 85:15). After trituration with
diethyl ether, compounds 28-32 were obtained.

4.1.1.14. N-((9H-pyrido [3,4-b]Jindol-1-yl)methyl)-2-((7-chloroquinolin-
4-yl)amino)acetamide (28). Amine 8: 0.038 g; yield: 0.034 g, (42%);
mp 244-247 °C; IR (ATR, y/cmfl) 3267, 1651, 1627, 1585, 1451, 1431,
1323, 1284, 1235, 1151, 1126, 1082, 1023, 986, 902, 871, 853, 742,
578, 563, 519; 'H NMR (DMSO-dg) & 11.54 (s, 1H), 8.79 (t, 1H, J = 5.5
Hz), 8.34 (d, 1H, J = 5.4 Hz), 8.28-8.25 (m, 2H), 8.22 (d, 1H, J = 7.9
Hz), 8.03 (d, 1H, J = 5.2 Hz), 7.83 (t, 1H, J = 6.5 Hz), 7.81 (d, 1H, J =
2.3 Hz), 7.59 (d, 1H, J = 8.2 Hz), 7.56-7.53 (m, 1H), 7.50 (dd, 1H, J =
9.0, 2.3 Hz), 7.26-7.23 (m, 1H), 6.40 (d, 1H, J = 5.4 Hz), 4.81 (d, 2H, J
= 5.4 Hz), 4.07 (d, 2H, J = 6.0 Hz); 3C NMR (DMSO-dg) & 169.38,
151.63, 150.35, 148.74, 141.33, 140.40, 137.30, 133.56, 133.36,
128.14, 127.74, 127.36, 124.41, 124.23, 121.76, 120.83, 119.42,
117.56, 113.89, 112.03, 99.44, 45.81, 41.48; ESI-MS: m/z 416.1
(M+1)". Anal. Caled. for Ca3H;gCINsO: C, 66.43; H, 4.36; N, 16.84;
found: C, 66.55; H, 4.58; N, 16.51.

4.1.1.15. 2-((7-Chloroquinolin-4-yl)amino)-N-((1-methyl-9H-pyrido

[3,4-b]indol-3-yl)methyl)acetamide (29). Amine 10: 0.041 g; yield:
0.023 g, (28%); mp 274.5-277 °C; IR (ATR, v/cmfl) 3616, 3285, 1662,
1629, 1587, 1502, 1453, 1431, 1375, 1328, 1234, 1150, 1083, 1014,
901, 851, 801, 737; 1H NMR (DMSO-dg) 611.48 (s, 1H), 8.71 (t, 1H, J =
5.9 Hz), 8.44 (d, 1H, J = 5.4 Hz), 8.29 (d, 1H, J = 9.0 Hz), 8.05 (d, 1H, J
= 7.8 Hz), 7.90-7.79 (m, 2H), 7.71 (s, 1H), 7.60-7.46 (m, 3H), 7.26-7.19
(m, 1H), 6.47 (d, 1H, J = 5.4 Hz), 4.52 (d, 2H, J = 5.8 Hz), 4.07 (d, 2H, J
= 6.0 Hz), 2.70 (s, 3H); *C NMR (DMSO-dg) 5 168.98, 151.79, 150.26,
148.97, 146.08, 141.11, 140.73, 133.51, 133.45, 127.82, 127.65,
127.46,124.32,121.46,120.94,119.13,117.63,111.95, 109.34, 99.28,
46.01, 44.21, 20.24; ESI-MS: m/z 430.1 (M+1)". Anal. Calcd. for
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Ca4H20CIN50: C, 67.05; H, 4.69; N, 16.29; found: C, 66.85; H, 4.84; N,
16.08.

4.1.1.16. 2-((7-Chloroquinolin-4-yl)amino)-N-(2-((1-methyl-9H-pyrido
[3,4-bJindol-6-yDoxy)ethylDacetamide (30). Amine 12: 0.046 g; yield:
0.023 g, (26%); mp 304-307 °C; IR (ATR, l//cmfl) 3525, 3369, 3219,
3145, 3054, 2874, 1679, 1581, 1530, 1505, 1485, 1452, 1372, 1334,
1287, 1240, 1213,1116, 1075, 990, 877, 854, 810, 793, 629, 614, 488,
467, H NMR (DMSO-dg) 6 11.41 (s, 1H), 8.41 (t, 1H, J = 5.7 Hz), 8.29
(d, 1H, J = 5.4 Hz), 8.27 (d, 1H, J = 9.1 Hz), 8.15 (d, 1H, J = 5.3 Hz),
7.88 (d, 1H, J = 5.3 Hz), 7.82 (t, 1H, J = 6.4 Hz), 7.81 (d, 1H, J = 2.3
Hz), 7.73 (d, 1H, J = 2.5 Hz), 7.52-7.48 (m, 2H), 7.15 (dd, 1H, J = 8.8,
2.5 Hz), 6.31 (d, 1H, J = 5.4 Hz), 4.10 (t, 2H, J = 5.6 Hz), 3.98 (d, 2H, J
= 5.9 Hz), 3.54 (q, 2H, J = 5.6 Hz), 2.74 (s, 3H); 13C NMR (DMSO-dg) 6
169.14, 152.30, 151.54, 150.39, 148.64, 142.18, 136.88, 135.36,
135.08, 133.57, 127.24, 126.70, 124.36, 124.26, 121.37, 118.23,
117.52,112.73,112.69, 104.77, 99.15, 66.99, 45.80, 38.50, 20.39; ESI-
MS: m/z 460.0 (M+1)". Anal. Calcd. for CasH22CIN5O,: C, 65.29; H,
4.82; N, 15.23; found: C, 65.02; H, 4.73; N, 15.53.

4.1.1.17. 2-((7-Chloroquinolin-4-yl)amino)-N-(2-((1-methyl-9H-pyrido
[3,4-b]indol-7-yl)oxy)ethyDacetamide (31). Amine 14: 0.046 g; yield:
0.026 g, (30%); mp 275-277.5 °C; IR (ATR, l//cmfl) 3641, 3284, 3093,
1659, 1631, 1612, 1587, 1487, 1431, 1376, 1328, 1274, 1232, 1178,
1148, 1109, 1056, 974, 903, 878, 852, 801, 569; 'H NMR (DMSO-dg) &
11.54 (s, 1H), 8.46 (t, 1H, J = 5.7 Hz), 8.30-8.28 (m, 2H), 8.16 (d, 1H, J
= 5.3 Hz), 8.06 (d, 1H, J = 8.6 Hz), 7.92 (t, 1H, J = 6.1 Hz), 7.82 (d, 1H,
J=5.3Hz),7.81(d, 1H,J = 2.3 Hz), 7.50 (dd, 1H, J = 9.0, 2.3 Hz), 7.02
(d, 1H, J = 2.2 Hz), 6.83 (dd, 1H, J = 8.6, 2.2 Hz), 6.32 (d, 1H, J = 5.5
Hz), 4.12 (t, 2H, J = 5.6 Hz), 3.99 (d, 2H, J = 5.9 Hz), 3.55 (q, 2H, J =
5.6 Hz), 2.74 (s, 3H); 3¢ NMR (DMSO-dg) 6 169.16, 159.20, 151.28,
150.57, 148.37, 141.96, 141.23, 137.51, 134.57, 133.69, 127.28,
127.01,124.42,124.35,122.68,117.48,114.98, 112.00, 109.35, 99.13,
95.41, 66.42, 45.78, 38.38, 20.27; ESI-MS: m/z 460.1 (M+1)". Anal.
Calcd. for Co5H22CINsO9: C, 65.29; H, 4.82; N, 15.23; found: C, 65.45; H,
4.75; N, 14.98.

4.1.1.18. 2-((7-Chloroquinolin-4-yl)amino)-N-(2-(7-methoxy-1-methyl-
9H-pyrido [3,4-b]Jindol-9-yDethyl)acetamide (32). Amine 16: 0.049 g;
yield: 0.032 g, (35%); mp 252.5-255 °C; IR (ATR, v/cmfl) 3268, 3063,
1656, 1625, 1582, 1445, 1408, 1375, 1343, 1280, 1251, 1198, 1174,
1140, 1081, 1047, 1025, 976, 809, 639, 597, 569; 'H NMR (DMSO-de) &
8.37 (t, 1H, J = 6.0 Hz), 8.31 (d, 1H, J = 5.3 Hz), 8.24 (d, 1H, J = 9.0
Hz), 8.16 (d, 1H, J = 5.2 Hz), 8.10 (d, 1H, J = 8.6 Hz), 7.87 (d, 1H, J =
5.1 Hz),7.81(d, 1H,J =2.3Hz),7.74 (t, 1H,J = 6.1 Hz), 7.49 (dd, 1H, J
=9.0, 2.3 Hz), 7.28 (d, 1H, J = 2.2 Hz), 6.89 (dd, 1H, J = 8.6, 2.2 Hz),
6.07 (d, 1H, J = 5.4 Hz), 4.58 (t, 2H, J = 7.1 Hz), 3.90 (s, 3H), 3.85 (d,
2H, J = 6.0 Hz), 3.52 (q, 2H, J = 6.8 Hz), 2.96 (s, 3H); !*C NMR
(DMSO-dg) 6 169.63, 160.57, 151.91, 150.13, 148.95, 142.90, 140.62,
137.87, 134.64, 133.50, 128.43, 127.53, 124.36, 124.22, 122.48,
117.56, 114.31, 112.30, 109.25, 98.97, 93.63, 55.57, 45.97, 43.29,
38.84, 23.14; ESI-MS: m/z 474.1 (M+1)". Anal. Caled. for
Co6H24CIN5O9: C, 65.89; H, 5.10; N, 14.78; found: C, 65.76; H, 4.99; N,
15.01.

4.2. Invitro drug sensitivity assay against erythrocytic stages of P.
Falciparum

Antiplasmodial activity of harmiquins 18-32 was evaluated against
four laboratory P. falciparum strains (3D7 — CQ-sensitive, Dd2 and K1 —
multidrug-resistant, 7G8 — CQ-resistant), as previously described, using
the histidine-rich protein 2 (HRP2) assay [46,47]. Briefly, 96-well plates
were pre-coated with the tested compounds in a three-fold dilution
before ring-stage parasites were added to the complete culture medium
at a hematocrit of 1.5% and a parasitaemia of 0.05%. After three days of
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incubation at 37 °C, 5% CO; and 5% oxygen, plates were frozen until
analyzed by HRP2-ELISA. All compounds were evaluated in duplicate in
at least two independent experiments. The ICsy was determined by
nonlinear regression analysis of log concentration-response curves using
the drc-package v0.9.0 of R v2.6.1 [48].

4.3. Invitro cytotoxicity assay

Cytotoxicity against a human cell line (HepG2) was evaluated using
the neutral red assay [56] with minor modifications [57]. In brief,
human cells were seeded to a 96 well plate in a complete culture me-
dium; on the following day, a serial dilution of the respective compound
was added. After one day of incubation, cytotoxicity was evaluated by
the addition of Neutral Red, subsequent lysis of cells and measurement
of absorbance (540 nm) in a plate reader (CLARIOstar, BMG Labtech).
The ICsp was determined similarly to the in vitro drug assay against
P. falciparum. To assess the safety of a compound, SI was calculated as
the fractional ratio between the ICss for HepG2 and P. falciparum 3D7
strain.

4.4. Inhibition of heme polymerization

The inhibition assay of heme polymerization was performed as pre-
viously described [49]. 50 pL solution of hemin chloride in DMSO (5.2
mg/mL) was added per well in a standard 96-well microtiter plate,
followed by the addition of test compounds dissolved in DMSO (50 pL) at
different concentration levels (0.1-4 mM). Chloroquine diphosphate
was used as the positive control, whereas the negative control was
DMSO. p-hematin formation was initiated by the addition of acetate
buffer 0.2 M (100 pL, pH 4.4). Plates were incubated at 37 °C for 48 h,
then centrifuged at 1500 rcf (Eppendorf® Centrifuge 5804/5804R) for
20 min. The supernatant was removed, and the precipitate was washed
three times with DMSO (200 pL) and once with distilled water (200 pL).
Each washing was followed by centrifugation at 1500 rcf for 20 min and
removal of the supernatant. Finally, the obtained precipitate was dis-
solved in 0.2 M aq. NaOH (200 mL), and solubilized aggregates were
further diluted 1:6 with 0.1 M aq NaOH. Absorbance was recorded at
405 nm with a microplate reader (VICTOR3, PerkinElmer).

4.5. Computational details

The starting point of our molecular dynamics simulations was a
PfHsp90 N-terminal domain structure obtained from the Protein Data
Bank (accession code 3K60). Ligands (ADP and SO?{) and original
crystal waters were removed from the structure and selected compounds
were placed within the protein binding pocket with the help of molec-
ular docking simulations. For that purpose, we used SwissDock [58], a
web server for docking small molecules on the target proteins based on
the EADock DSS engine, while taking into account the entire protein
surface as potential binding sites for the investigated ligands. Following
the docking analysis, the identified best binding positions were utilized
as a starting point for the subsequent molecular dynamics simulations.

In order to parameterise the investigated ligands, geometry optimi-
zation and RESP charge calculations were performed with the Gaussian
16 program [59] at the HF/6-31G(d) level to be consistent with the
employed GAFF force field, while the PfHsp90 protein was modelled
using the AMBER ff14SB force field. Such protein complexes were sol-
vated in a truncated octahedral box of TIP3P water molecules spanning a
10 A-thick buffer, neutralized by Na' ions and submitted to geometry
optimization in the AMBER 16 program [60] by employing periodic
boundary conditions in all directions. Optimized systems were gradually
heated from 0 to 300 K and equilibrated during 30 ps using NVT con-
ditions, followed by productive and unconstrained MD simulations of
300 ns by employing a time step of 2 fs at constant pressure (1 atm) and
temperature (300 K), with the latter held constant using a Langevin
thermostat with a collision frequency of 1 ps~!. Bonds involving
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hydrogen atoms were constrained using the SHAKE algorithm, while the
long-range electrostatic interactions were calculated employing the
Particle Mesh Ewald method. The nonbonded interactions were trun-
cated at 10.0 A.

The binding free energies, AGpp, of each ligand were calculated
using the established MM-GBSA protocol [61,62] available in Amber-
Tools16 [59], and in line with our earlier reports [21-23]. For that
purpose, 1.000 snapshots collected from the last 30 ns of the corre-
sponding MD trajectories were utilized. The calculated MM-GBSA
binding free energies were decomposed into specific residue contribu-
tions on a per-residue basis according to the established procedure [63,
64]. This protocol calculates contributions to AGgnp arising from each
amino acid residue and identifies the nature of the energy change in
terms of interaction and solvation energies or entropic contributions.
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Abbreviations

ADMP  2-azido-1,3-dimethyl-imidazolinium hexafluorophosphate

AT amide-type

ATR attenuated total reflection

Boc tert-butyloxycarbonyl

CcQ chloroquine

DBU 1,8-diazabicyclo(5.4.0)undec-7-ene

DCM dichloromethane

DIEA N,N-diisopropylethylamine

DMF N,N-dimethylformamide

ESI electrospray ionization

AGpnp binding free energies

HAR harmine

HATU 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]
pyridinium-3-oxidhexafluorophosphate

HEPES  2-(4-(2-hydroxyethyl)piperazin-1-yl)ethanesulfonic acid

HepG2 human liver hepatocellular carcinoma cell line

hpi hours post infection

HRP2 histidine-rich protein 2

ICso the concentration of the tested compound necessary for 50%
growth inhibition

MD molecular dynamics

Pf3D7  chloroquine-sensitive strain of P. falciparum

PfDd2 and PfK1 multidrug resistant strains of P. falciparum
Pf7G8  chloroquine-resistant strain of P. falciparum
PfHsp90 P. falciparum heat shock protein 90

SI selectivity index

TEA triethylamine
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T3P propylphosphonic anhydride
TMS tetramethylsilane

TT triazole-type

TWC total wavelength chromatogram

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.ejmech.2022.114408.
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Abstract: Cancer and malaria are both global health threats. Due to the increase in the resistance
to the known drugs, research on new active substances is a priority. Here, we present the design,
synthesis, and evaluation of the biological activity of harmicens, hybrids composed of covalently
bound harmine/ 3-carboline and ferrocene scaffolds. Structural diversity was achieved by varying
the type and length of the linker between the 3-carboline ring and ferrocene, as well as its position
on the 3-carboline ring. Triazole-type harmicens were prepared using Cu(I)-catalyzed azide-alkyne
cycloaddition, while the synthesis of amide-type harmicens was carried out by applying a standard
coupling reaction. The results of in vitro biological assays showed that the harmicens exerted moder-
ate antiplasmodial activity against the erythrocytic stage of P. falciparum (ICsp in submicromolar and
low micromolar range) and significant and selective antiproliferative activity against the MCF-7 and
HCT116 cell lines (ICs in the single-digit micromolar range, SI > 5.9). Cell localization experiments
showed different localizations of nonselective harmicene 36 and HCT116-selective compound 28,
which clearly entered the nucleus. A cell cycle analysis revealed that selective harmicene 28 had
already induced G1 cell cycle arrest after 24 h, followed by G2/M arrest with a concomitant drastic
reduction in the percentage of cells in the S phase, whereas the effect of nonselective compound 36
on the cell cycle was much less pronounced, which agreed with their different localizations within
the cell.

Keywords: (3-carboline; harmine; ferrocene; hybrid; amide; triazole; synthesis; antiplasmodial;
antiproliferative

1. Introduction

Cancer remains one of the leading causes of mortality worldwide, as it was responsible
for nearly 10 million deaths in 2020 [1]. Unfortunately, these numbers are expected to rise in
the future [2,3]. Current cancer treatment still faces many challenges, such as low specificity
and high toxicity of the available drugs, drug resistance, and high cost of the targeted
therapy [4]. Malaria, an infectious disease caused by a protozoan parasite of the genus
Plasmodium, is another serious global health threat [5]. The deadliest form of the disease is
caused by the most prevalent and drug-resistant species, P. falciparum [6]. Unfortunately,
the COVID-19 outbreak interrupted the steady decline in both malaria cases and deaths
since 2000, resulting in an increase of 13 million malaria cases and 69,000 deaths in 2020
compared to 2019 [7]. Therefore, the discovery of new anticancer and antimalarial agents is
a top priority.

Due to the complexity of cancer pathophysiology and the complex life cycle of the
malaria parasite, a combination of drugs is a standard treatment option and could provide
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protection against drug resistance. However, complications such as drug—-drug interactions
and lower treatment adherence may also occur. On the other hand, the molecular hybridiza-
tion approach is a rational strategy for the synthesis of new bioactive compounds. In this
approach, a covalent bond is established between two or more pharmacophores to obtain
hybrid compounds that have the potential to bridge the shortcomings of combination
therapy [8-10].

(3-carbolines, which are naturally occurring or synthetic compounds with a tricyclic
pyrido[3,4-bJindole ring in their structure, have been extensively studied and have shown
a wide range of biological activities, such as anticancer, antimalarial, antiviral, antibacterial,
neuropharmacological, and antithrombotic activities [11]. Harmine, isolated from Peganum
harmala, and its numerous analogues have shown significant cytotoxic activity against
human cancer cell lines in the low micromolar and sub-micromolar range [12-16]. Several
reviews addressed the anticancer activity of 3-carboline derivatives and proposed different
modes of action [9,15,17]. Similarly, the antimalarial activity of harmine and other f3-
carboline derivatives is also well-documented [18-20]. On the other hand, ferrocene is an
important compound in bioinorganometallic chemistry due to its high stability, favorable
redox properties, and low toxicity [21]. Furthermore, extensive research has shown that
the incorporation of ferrocene in the structure of known anticancer or antimalarial agents
improved activity [4,22-27]. The best-known examples are ferrocifen and ferroquine,
ferrocene—tamoxifen or chloroquine hybrids [4]. Ferroquine, the first organometallic drug
candidate, showed potent and significant antiplasmodial activity against CQ-resistant
strains of P. falciparum and is in the clinical trials for the treatment of malaria [28,29].
Interestingly, ferroquine also demonstrated potential as an anticancer drug [30].

Our previous work on harmine hybrids, i.e., harmicines, harmirins, and harmiquins,
demonstrated that the development of hybrids is indeed a valid strategy for obtaining
biologically active compounds that exhibit more pronounced activity than the parent
compounds [31-35]. Encouraged by the literature data, which clearly show the potential
of organometallic compounds as anticancer and antimalarial therapeutics [36—41], we set
out to prepare harmicens—hybrids in which ferrocene is covalently bound to harmine/ 3-
carboline (Figure 1), and to investigate their antiproliferative and antiplasmodial activities.
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Figure 1. Harmicens—new harmine—ferrocene hybrids (harmine/(-carboline is marked in green and
ferrocene is marked in red).

2. Results and Discussion
2.1. Chemistry
In this paper, we report the synthesis of hybrid compounds composed of harmine/ 3-

carboline and ferrocene covalently bound via a triazole ring or an amide bond, leading
to the triazole- (TT, 20-24 and 25-29) or amide-type (AT, 30-33 and 34-37) harmicens,
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respectively. Additional structural diversity was achieved by changing the position and
length of the linker between the (3-carboline ring and ferrocene. Thus, harmicens were
prepared at five positions of the 3-carboline ring, namely C-1, C-3, O-6, O-7, and N-9.
Within both series of harmicens, compounds 20-24 and 30-33 contain either a triazole or an
amide bond directly linked to ferrocene, in contrast to compounds 25-29 and 34-37, which
have a methylene bridge between the triazole/amide and ferrocene (Figure 1).

TT harmicens were prepared using Cu(l)-catalyzed azide-alkyne cycloaddition (CuAAC),
known as “click” chemistry, while the synthesis of AT harmicens was performed using a
standard coupling reaction. Since both methods required starting building blocks based
on harmine and ferrocene motifs, i.e., azides and alkynes or amines and carboxylic acids,
extensive synthetic work was performed prior to the synthesis of the title compounds. In
our previous work, we synthesized azides at the C-1 and C-3 (3 and 6), alkynes at the O-6,
O-7, and N-9 (10, 13, and 16), and amines at the C-1, C-3, O-6, O-7, and N-9 positions of the
[-carboline ring (4, 7, 11, 14, and 17) [31-33,35]. Here, we present the synthesis of alkynes
at the C-1 and C-3 (2, 9) and azides at the O-6, O-7, and N-9 (12, 15, and 18) positions of the
[3-carboline ring. We also prepared the required azide-based ferrocene 19. Scheme 1 shows
the simplified synthetic routes to the aforementioned intermediates.
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Scheme 1. Synthesis of B-carboline and ferrocene intermediates 1-19. Reagents and conditions:
(a) Bestmann-Ohira reagent, K,CO3, MeOH, rt; (b) Hp /Pd/C, MeOH, rt; (c) ADMP, DBU, THE, 0 °C;
(d) MnO,, THE, rt; () HC=CCH,Br, Cs,CO3, DMF, rt; (f) ISA x HCI, K,CO3, CuSO4 x 5H,0,
MeOH, rt.
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The synthesis of alkynes 2 and 9 proved to be the most challenging. We tried several
synthetic approaches, as shown in Scheme 2, for the synthesis of alkyne at the position
C-1. The selective alkylation of the corresponding alcohol with propargyl bromide in the
presence of Cs,COj resulted in a complete alkylation of 3-carboline at position N-9.
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Scheme 2. Optimization of the alkyne 2 synthesis.

The second attempt was made using aldehyde-to-alkyne homologation (Methods 2—4).
Methods 2 and 3 implied the use of strong bases (t-BuOK, DBU, and NaOH), required
complex work-up [42], and the reactions resulted in a mixture of products. Method 4
represents the Bestmann—Ohira modification of the Seyferth-Gilbert reaction. Classical
Seyferth-Gilbert homologation is a one-pot reaction in which aldehyde is converted to the
corresponding alkyne in the presence of dimethyl (diazomethyl)phosphonate (DAMP, the
Seyferth-Gilbert reagent). This reagent is not commercially available due to its instability,
and requires preparation before the reaction is carried out. The Bestmann—-Ohira procedure
uses a more stable dimethyl (1-diazo-2-oxopropyl)phosphonate (Bestmann—Ohira reagent
(BOR); reagent B, Scheme 2) that is converted to DAMP in situ. This reaction can be
successfully employed for the preparation of a wide range of terminal alkynes with good
to excellent yields under mild reaction conditions (strong bases, low temperatures, and
inert gas techniques are not necessary) following a simple work-up [42]. To our delight and
after careful optimization of the reaction conditions, 2 and 9 were successfully prepared
from the corresponding aldehydes 1 and 8 by applying Method 4.

On the other hand, amines 11, 14, and 17 were easily and effectively converted to azides
12, 15, and 18, respectively, with imidazole-1-sulfonyl azide hydrochloride (ISA x HCI),
a diazotransfer reagent, in the presence of K;CO3; and CuSO4 x 5H,0. ISA x HCl is an
efficient, shelf-stable crystalline crude reagent that can be prepared in a one-pot reaction
from inexpensive materials (imidazole, NaN3, and SO,Cl,) [43].

TT harmicens 20-24 were prepared from ethynylferrocene and 3-carboline azides 3, 6,
12, 15, and 18, whereas the synthesis of TT harmicens 25-29 was carried out via a “click”
reaction between (azidomethyl)ferrocene 19 and (3-carboline alkynes 2, 9, 10, 13, and 16
(Scheme 3). The use of copper(Il) acetate in methanol at room temperature resulted in a poor
reaction performance and a large number of side products. Since we were not satisfied with
the reaction outcome, we decided to investigate whether changing the reaction conditions
would increase the reaction yield, decrease the number of side products, and simplify the
work-up. Heating the reaction mixture in a microwave reactor (50 °C, 1 h) had no positive
effect on the progress of the reaction or the purity of the products. Reactions carried out
in the presence of sodium ascorbate and CuSO4 x 5H,0 in a mixture of tert-butanol and
water (1:1 ratio) at room temperature progressed well, but the selectivity was low again.
Changing the solvent to DMF and water (2:1 ratio) significantly reduced the number of
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side products and increased the reaction yield. Work-up included filtration of the crude
product from the reaction mixture or solvent extraction and column chromatography with
the addition of Al;O3 to remove the residual copper salts.

N=n
28 N
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N N N—‘N\/\ =
\ N
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\ "
N
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Scheme 3. Synthesis of TT harmicens 20-29. Reagents and conditions: (a) Na ascorbate,
CuSO4 x 5H,O, DMF/H5O, rt.

The synthesis of harmicens 30-33 and 34-37 at positions C-1, C-3, O-7, and N-9 was
successfully carried out via a standard coupling reaction (HATU, DIEA) using amines 4, 7,
14, and 17 and ferrocenecarboxylic or ferroceneacetic acid (Scheme 4). The carboxylic acids
were added in small excess (1.1 equivalents) to increase the reaction yield. Unfortunately,
the preparation of AT harmicene at position 6 of the (3-carboline ring was not successful.
Attempts to optimize the reaction conditions and to carry out the synthesis via other
intermediates did not afford the desired results.

— " _Fe'%
W, o
NH; n
= N
M Q_q w = H
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& ) M
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i%?
@ .
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Scheme 4. Synthesis of AT harmicens 30-37. Reagents and conditions: (a) HATU, DIEA, CH,Cly, rt.

Harmicens were characterized by standard methods (MS, IR, 1H and 3C NMR),
whereas their purity was checked by elemental analysis and HPLC. The data obtained are
given in the Materials and Methods section and in the Supplementary Material (Tables S1-511).
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2.2. Biological Activity

Our further work was focused on the evaluation of harmicens” antiplasmodial and
antiproliferative activities against the erythrocytic stages of the Plasmodium life cycle and a
panel of human cell lines, respectively.

2.2.1. In Vitro Antiplasmodial Activity

The in vitro activity of harmicens 20-37 against the erythrocytic stages of CQ-sensitive
(Pf3D7) and multidrug-resistant (PfDd2) P. falciparum strains was evaluated following a
previously described method (Table 1) [44-46]. The results showed that the antiplasmodial
activity of the prepared harmicens was moderate (ICsy in submicromolar and micromolar
range). A detailed analysis revealed that most of the TT and AT harmicens exhibited im-
proved antiplasmodial activity over the parent compound harmine against Pf3D7. Notably,
7/18 compounds exerted activity that was an order of magnitude stronger. All harmicens
had markedly better antiplasmodial activity against PfDd2 than harmine, which was not
active at all. Unfortunately, their activity against both strains was lower than the activity of
the reference drug, chloroquine.

Table 1. Invitro antiplasmodial activity of harmicens 20-37 against the erythrocytic stages of
P. falciparum (Pf3D7 and PfDd2 strains).

ICs5p 2 (uM)
Compd.

Pf3D7 PfDd2 Pf3D7 PfDd2
20 9.23 £1.96 11.20 +£2.23 30 >56 P 14.01 £1.95¢
21 7.14 + 0.38 6.06 £+ 1.36 31 13.24 + 8.54 8.03 + 0.19
22 0.35 £ 0.19 0.89 £ 0.01 32 0.30 + 0.09 0.66 + 0.01
23 0.15 £ 0.05 1.02 + 0.52 33 0.40 + 0.18 2.04 £0.29
24 1.35 £0.28 2.31+0.29 34 1.34 £ 0.09 1.11 £0.01
25 3.62 £1.08 437 £1.79 35 7.85 + 2.18 12.99 £ 5.90
26 2.63 +0.27 4.02 £0.61 36 0.42 + 0.02 1.53 +0.06
27 0.31 £ 0.01 1.09 + 0.01 37 0.83 £0.23 1.80 £ 0.35
28 >56 >56 HAR4 8.25 + 2.83 >27.7
29 212+ 0.81 291 £ 0.05 cQ*© 0.004 £ 0.002 0.29 + 0.10

2 1Csp, the concentration of the tested compound necessary for 50% growth inhibition. ® The exact ICsy could not
be obtained, as activity could only be detected at the highest tested concentration. ¢ Results represent mean + SD,
n> 2. 4 HAR, harmine; ¢ CQ, chloroquine.

A comparison of the harmicens’ activity against two P. falciparum strains showed that
Pf3D7 was generally more sensitive than PfDd2, as 7/18 compounds were active at submi-
cromolar concentrations, whereas only 2/18 harmicens had submicromolar activity against
PfDd2. Among TT harmicens, hybrids in which the 3-carboline ring was substituted at
0O-6 and O-7 showed activity at submicromolar concentrations. On the other hand, AT
harmicens substituted at O-7 and N-9 showed better activity. The length of the linker also
influenced the activity. Interestingly, the highest activity against Pf3D7 was exerted by
TT harmicene 23, bearing a triazole directly linked to ferrocene (ICsg = 0.15 & 0.05 pM),
whereas its counterpart, harmicene 28, which had a methylene bridge between triazole
and ferrocene, was inactive at the highest concentration tested, resulting in a 370-fold
decrease in antiplasmodial activity. On the contrary, AT harmicens with a shorter amide
linker generally showed stronger antiplasmodial activity against PfDd2 than their counter-
parts with a longer linker. The most active compound against PfDd2 was AT harmicene
32 (IC59 = 0.66 £ 0.01 uM). The effect of the linker remains a potentially useful parameter
that should be further investigated.

2.2.2. In Vitro Antiproliferative Activity

The antiproliferative activity of harmicens 20-37 was evaluated against a panel of hu-
man tumor cell lines (hepatocellular carcinoma—HepG2, colorectal adenocarcinoma, Dukes’
type C—SW620, colorectal carcinoma—HCT116, and breast adenocarcinoma—MCF-7) and
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a noncancer cell line (embryonic kidney—Hek293T) in vitro; the obtained results are shown
in Table 2. The parent compound harmine, as well as the reference drug 5-fluorouracil, were
used as positive controls. Initially, a prescreening was performed, and only the compounds
that resulted in more than a 50% reduction in the mitochondrial metabolic activity at a
concentration of 50 uM were selected for ICsy determination. Since the MCF-7 and HCT116
cell lines were the most sensitive to harmicens, we decided to calculate the selectivity index
(SI) for each harmicene as the fractional ratio between the ICs( values for Hek293T and the
tumor cell line MCF-7 or HCT116.

Table 2. In vitro antiproliferative activity of harmicens 20-37 against human cell lines and calculated
selectivity indices.

ICs0 @ (uM)
Compd. SIb (HCT116) SI (MCF-7)
HepG2 SW620 HCT116 MCEF-7 Hek293T

20 439 + 1.1 >50 294 + 4.6 394 4+79 >50 >1.7 >1.3
21 >50 197 £ 19 83+14 17.7 £ 0.6 >50 >6 >2.8
22 84+09 6.5+0.7 9+0.7 6.9 + 0.5 73+28 0.8 1.1
23 95+ 0.5 7.6 +0.1 38.6 +2.8 8.0+0.2 171 £ 1.8 0.4 2.1
24 >50 >50 >50 >50 >50 >1 >1
25 >50 231+ 64 7.6 £05 >50 >50 >6.6 >1
26 123 +£5 3.8+04 352 +47 3.7+02 465+ 1 1.3 12.6
27 17 £ 0.3 8.14+0.2 >50 6.8 +0.2 43 + 8.6 <0.9 6.3
28 >50 >50 74 +04 >50 >50 >6.8 >1
29 >50 >50 14.6 £ 3.7 >50 >50 >3.4 >1
30 >50 451 + 3.7 16.8 £ 0.9 85+ 1.5 >50 >3 >5.9
31 >50 >50 >50 199 £ 1.1 >50 >1 >2.51
32 15.6 £ 0.3 99 +4 6.6 +0.8 91+14 18.6 £0.2 2.8 2
33 >50 >50 16.3 £ 3.2 30.5+13.2 >50 >1 >1.7
34 >50 >50 >50 >50 >50 >1 >1
35 >50 25+ 8.1 209+ 1.5 369 + 6.8 >50 >2.4 >1.4
36 744+ 0.5 42+ 03 59+13 45+ 03 84+03 1.4 1.9
37 28 +25 99+ 1.1 75+ 04 132+ 0.5 30.8+24 41 2.3

HAR € 18.7 £ 0.8 47 + 0.6 4.0+ 0.8 135+1.1 12.6 £ 0.8 3.2 0.9

5-FU d 55+0.6 94+ 0.3 52+28 239 + 5.7 81+0.8 1.6 0.3

2 ICsp, the concentration that causes 50% growth inhibition; b gy, selectivity index; ¢ HAR, harmine;
d 5-FU, 5-fluorouracil.

The results showed that harmicens exhibited significant antiproliferative activity against
the tested tumor cell lines, especially against MCF-7, HCT116, and SW620 (7/18 compounds
displayed activity in the low micromolar range), whereas HepG2 was the least sensitive
cell line (3/18 compounds displayed a single-digit micromolar ICsj). Remarkably, their
activity against noncancer cell line Hek293T was much lower. Only the most active and
nonselective compounds significantly affected Hek293T (22 and 36). Thus, the bridging of
harmine and ferrocene led to selective compounds, which is a very important result.

TT harmicens showed stronger and more selective activity against the tumor cell lines
than the AT harmicens. In particular, TT harmicens containing a methylene group between
the triazole and ferrocene moieties, i.e., compounds 25-29, showed the least activity against
Hek293T and the strongest against the tumor cell lines. A more detailed analysis revealed
that TT harmicens 21, 25, and 28 exhibited selective activity against HCT116 (SIs > 6),
and AT harmicene 30 against MCF-7 (SI > 5.9). In addition, TT harmicens 26 and 27
displayed selective antiproliferative activity against SW620 and MCE-7, but not against
HCT116. Remarkably, the activity of harmicens selective against MCF-7, 26, 27, and 30, was
~3-6.5-fold stronger than the activity of 5-FU. The most active harmicene against MCF-7
was compound 26 (ICs5p = 3.7 £ 0.2 uM, SI = 12.6). On the other hand, the activity of
harmicens against HCT116 was similar to the activity of 5-FU, but, as mentioned earlier,
was much more selective (ICs, (28) =7.4 & 0.4 uM, SI > 6.8).
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A comparison of compounds prepared at the same position of the -carboline ring
revealed the following:

(1) C-1: Harmicens were either selective against HCT116 (TT harmicene 25) or MCF-7
(AT harmicene 30), or exerted very low activity /were inactive.

(2) C-3: Harmicens were mostly selective, especially TT harmicens 21 and 26. Although
AT harmicens had lower activity, a similar trend was observed.

(8) O-6: Harmicens exerted very strong activity against the tumor cell lines. Harmicene
27 was also selective against MCF-7 and SW620. Unfortunately, only TT harmicens
were prepared, so comparison with AT harmicens was not possible.

(4) O-7: Harmicens showed pronounced and nonselective activity against all cell lines
tested, with the exception of TT harmicene 28.

(5) N-9: The activity of harmicens was moderate to low, and some degree of selectivity
was observed against the HCT116 and MCEF-7 cell lines.

2.2.3. Cell Localization

To gain insight into the destiny of the compounds within the cell, we decided to
investigate the cell localization of two compounds with low micromolar ICsy values:
(1) compound 28, which was cytotoxic only against HCT116; and (2) compound 36, which
showed cytotoxicity toward all tested cell lines. The aforementioned compounds were
selected particularly to investigate whether there was a difference in the potential mode of
action between the HCT116-selective and generally less selective compounds.

To examine the intracellular localization of compounds 28 and 36, we took advantage
of their intrinsic fluorescence properties. We incubated MCEF-7 cells with compound 28 at
two concentrations (10 and 50 uM), or with compound 36 at a 5 uM concentration for 30 min
and 1 h and analyzed their distribution using fluorescence microscopy. We chose different
concentrations and incubation periods to determine the optimal treatment protocol that
would not cause cell damage and would result in high-contrast images. No autofluores-
cence was detected by examining untreated cells under typical imaging conditions.

Harmicene 28 showed punctate, bright staining within the cytoplasm at a 10 pM
concentration after 30 min, while nuclei also fluoresced, suggesting that compound 28 did
enter the nucleus. Thus, compound 28 possibly targeted both nuclear DNA and cytoplasmic
targets (Figure 2). This was contrary to our previous finding that harmine derivatives did
not enter the cell nuclei [34]. A longer incubation period did not improve the fluorescence
signal, while the 5-fold higher concentration disrupted the cell morphology (data not
shown). On the other hand, compound 36 clearly showed different distribution within
the cell in comparison with 28. The staining within the cytoplasm appeared less bright,
while the fluorescence of the nuclei was not as apparent. However, due to the technical
limitations and spectral characteristics of the compound, we could not draw a definite
conclusion on the cell distribution of 36 based on the obtained photographs (data shown in
Figure S1 of the Supplementary Materials).

2.2.4. Cell Cycle Analysis

As cell localization experiments showed different distributions of compounds 28 and
36 within the cell, we decided to assess their influences on the cell cycle. To that end, the
cells were treated for 24 and 48 h with 3 uM and 6 uM concentrations of each compound,
which corresponded to 0.5 x ICsy and ICsg values obtained in the MTT assay after 72 h,
respectively. Afterward, the DNA was stained with propidium iodide and subjected to
flow cytometry analysis. The cell cycle distribution is shown in Figure 3.

The treatment of cells with compound 28 resulted in a statistically significant increase
in cells in the G1 phase at both tested concentrations already after 24 h, while compound
36 caused G1 phase arrest only at a higher concentration. Furthermore, our data showed a
pronounced G2/M cell cycle arrest following the 48 h treatment with 28, with a simulta-
neous drastic reduction in the percentage of cells in the S phase. Precisely, the ability of
compound 28 to enter the nucleus may be a reason for its pronounced effect on the cell
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cycle. Conversely, the influence of 36 on the cell cycle of HCT116 was significantly less
pronounced, indicating that its pronounced cytotoxicity was mediated through a different
mechanism. This finding was consistent with their different localizations within the cell.

Figure 2. A fluorescence microscopy image (400x magnification) of MCF-7 cells incubated with
10 uM of compound 28 for 30 min showing both cytoplasmic and nuclear localization. The scale bar
is 20 pm.
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Figure 3. The effect of 28 and 36 on the cell cycle distribution of HCT116 cells. Cells were treated
with 3 uM and 6 uM of each compound for 24 h (A) and 48 h (B), and then the cell cycle was analyzed
using flow cytometry. The histograms represent the percentage of cells in the respective cell cycle
phase (G1, S, and G2/M). Average values from duplicates from one representative experiment + SD
are presented.

Numerous studies have shown that harmine significantly influences the cell cycle
of various cancer cell lines, including HCT116, via induction of G2/M cell cycle arrest,
intercalation into DNA and induction of DNA fragmentation; upregulation of p53 and p21
expression; and downregulation of cyclin B1, p-cdc2, cdc2, cdc25, and p-cdc25 expression
necessary for G2/M transition [47-49]. In our previous paper, we also confirmed that the
parent compound harmine induced arrest in the G1 phase of MCF-7 cells already after 24 h,
along with a reduction in cells in the S phase and an additional accumulation of cells in the
G2/M phase after 48 h. The O-7-substituted TT harmine—coumarin derivative, which was
synthesized by our research group, caused even more prominent G1 arrest than harmine,
accompanied by a drastic reduction in the percentage of cells in the S phase, which also
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persisted after 48 h [34]. Harmicene 28, also an O-7-substituted TT-harmine derivative,
had an even more pronounced effect on the HCT116 cell cycle. Furthermore, it is known
that ferrocene derivatives also inhibit the proliferation of various cancer cells through the
induction of GO/GI1 cell cycle arrest, downregulation of cyclin D1, CDK4 [50], and CDK6
and concomitant increases in p27 and p21 expression [51].

Considering all the facts mentioned above, harmicene 28 might significantly influence
the cell cycle of the colorectal cancer cell line HCT116 as a result of its hybrid nature.
However, we must stress the importance of a spacer type—a triazole ring—since the less
selective compound 36, differing only in the spacer type, did not show such an effect on
the cell cycle. This finding indicates that their molecular targets are probably different and
should be determined in future studies.

3. Materials and Methods
3.1. Chemistry
3.1.1. General Information

Melting points were determined on a Stuart Melting Point Apparatus (Barloworld
Scientific, Stone, UK) in open capillaries and were uncorrected. FTIR-ATR spectra were
recorded using a Fourier-Transform Infrared Attenuated Total Reflection UATR Two spec-
trometer (PerkinElmer, Waltham, MA, USA) in the range of 450 to 4000 cm~ L. 1H and 13C
NMR spectra were recorded on a Bruker Avance III HD operating at 400 or 600 MHz for the
1H and 100, 101, or 151 MHz for the '3C nuclei (Bruker, Billerica, MA, USA). Samples were
measured in DMSO-dg solutions at 20 °C in 5 mm NMR tubes. Chemical shifts are reported
in parts per million (ppm) using tetramethylsilane (TMS) as a reference in the 'H and the
DMSO residual peak as a reference in the >C spectra (39.52 ppm). Coupling constants (J)
are reported in hertz (Hz). Mass spectra were recorded on an Agilent 1200 Series HPLC
coupled with an Agilent 6410 Triple Quad (Agilent Technologies, Santa Clara, CA, USA).
The mobile phase consisted of Milli-Q water as component A and MeOH (HPLC grade, J. T.
Baker) as component B, and a Zorbax XDC C18 column (4.6 x 75 mm, 3.5 um) was used as
the stationary phase. Gradient elution was used at a flow rate of 0.5 mL/min, and 5 uL of
analyte solution was injected per analysis. The starting conditions and gradient steepness
were adjusted according to the analyte polarity. A diode array detector was utilized, and
the data are presented as a total wavelength chromatogram (TWC). Mass spectrometry
conditions were as follows: electrospray ionization (ESI) in positive and negative mode
was used; the capillary voltage and current were set to 4.0 kV and 20 nA, respectively; the
nebulizer pressure was set to 15 psi; and the drying gas (nitrogen) temperature and flow
were 300 °C and 11 L/min, respectively. For the MS data analysis, Agilent MassHunter
software (Agilent Technologies, Santa Clara, CA, USA) was used. Elemental analyses were
performed on a CHNS LECO analyzer (LECO Corporation, St. Joseph, MI, USA). Analyses
indicated by the symbols of the elements were within +0.4% of their theoretical values.
Microwave-assisted reactions were performed in a CEM Discover microwave reactor (CEM,
Matthews, NC, USA) in a glass reaction vessel.

All compounds were routinely checked using TLC with silica gel 60F-254 glass
plates (Merck KGaA, Darmstadt, Germany) using DCM/MeOH 8:1, 9:1, 97:3, cyclohex-
ane/EtOAc/MeOH 1:1:0.5, 1:1:0.1, and acetone/DCM 1:1, 9:1, 3:2 as the solvent system.
Spots were visualized using UV light (A = 254 nm; 365 nm) and iodine vapor. Column chro-
matography was performed on silica gel 0.063-0.200 mm (Sigma-Aldrich, Waltham, MA,
USA) with the same eluents used for TLC. All chemicals and solvents were of analytical
grade and purchased from commercial sources.

ISA x HCI, alcohol 5, and aldehydes 1 and 8 were prepared according to the proce-
dures found in the literature [42,52,53]. Amines 4, 7, 11, 14, and 17, azides 3 and 6, and
alkynes 10, 13, and 16 were prepared according to our published procedures [31-33].
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3.1.2. General Procedure for the Synthesis of Alkynes 2 and 9

A corresponding aldehyde 1 or 8 (0.476 mmol) and K,COs (0.132 g, 0.952 mmol) were
suspended in anhydrous MeOH (7.186 mL). Under a nitrogen atmosphere, Bestmann—Ohira
reagent was added (0.857 mL, 5.712 mmol), and the reaction was stirred at room tempera-
ture for 3 h (alkyne 2) or 48 h (alkyne 9). Upon completion, MeOH was evaporated and 5%
NaHCOj3; was added dropwise until the precipitate formation was complete. The resulting
precipitate was filtered off, purified using column chromatography with DCM/MeOH
9:1 (2) or cyclohexane/EtOAc/MeOH 1:1:0.1 (9) as a mobile phase, and triturated with a
diethyl ether/petroleum ether mixture.

1-Ethynyl-9H-pyrido[3,4-bJindole (2)

Aldehyde 1: 0.093 g; yield: 0.068 g (74%); IR (ATR, v/cm ') 3289, 3154, 3061, 2111,
1626, 1562, 1498, 1452, 1424, 1387, 1321, 1273, 1246, 1151, 1081, 1066, 939, 874, 856, 837,
783, 748, 684, 631, 569, 513; 'H NMR (DMSO-dg) 6 11.79 (s, 1H), 8.34 (d, 1H, ] = 5.2 Hz),
8.26 (d,1H,] =79 Hz),8.17 (d, 1H, ] = 5.2 Hz), 7.64 (d, 1H, ] = 8.2 Hz), 7.60-7.56 (m, 1H),
7.32-7.24 (m, 1H), 4.77 (s, 1H); 1*C NMR (DMSO-dy) & 140.83, 138.66, 137.67, 128.67, 128.14,
125.42,122.02, 120.69, 119.81, 115.32, 112.33, 84.94, 30.68; ESI-MS: m/z 193.1 (M + 1)*.

3-Ethynyl-1-methyl-9H-pyrido[3,4-b]indole (9)

Aldehyde 8: 0.100 g; yield: 0.060 g (61%); mp 230-235 °C; IR (ATR, v/cm~1) 3306,
3143, 2104, 1622, 1597, 1563, 1499, 1446, 1375, 1338, 1315, 1281, 1247, 1178, 1147, 1014, 961,
899, 877, 776, 740, 654, 625, 587, 504, 457; 'H NMR (DMSO-dg) & 11.83 (s, 1H), 8.25-8.22
(m, 1H), 8.21 (s, 1H), 7.62-7.59 (m, 1H), 7.57-7.53 (m, 1H), 7.27-7.23 (m, 1H), 4.03 (s, 1H),
2.74 (s, 3H); 3C NMR (DMSO-dg) & 142.83, 140.70, 134.06, 129.54, 128.30, 127.01, 122.05,
120.72,119.78, 117.22, 112.15, 84.85, 76.72, 20.33; ESI-MS: m /z 207.6 (M + 1)*.

3.1.3. General Procedure for the Synthesis of Azides 12, 15, 18

An appropriate amine 11, 14, or 17 (0.746 mmol); K,CO5; (0.258 g, 1.865 mmol);
CuSOy4 x 5H,0 (g.s.); and ISA x HCI (0.188 g, 0.895 mmol) were suspended in anhy-
drous MeOH (2 mL). The mixture was stirred at room temperature for 2 h, the organic
solvent was evaporated, and the residue was dissolved in H,O (15 mL) and extracted with
EtOAc (2 x 40 mL). The collected organic layers were dried over anhydrous sodium sulfate,
filtered, and evaporated under the reduced pressure. The crude product (oil) was purified
using column chromatography (cyclohexane/EtOAc/MeOH 1:1:0.5).

6-(2-Azidoethoxy)-1-methyl-9H-pyrido[3,4-blindole (12)
Amine 11: 0.180 g; yield: 0.185 g (93%).

7-(2-Azidoethoxy)-1-methyl-9H-pyrido[3,4-blindole (15)

Amine 14: 0.180 g; yield: 0.158 g (79%); H NMR (DMSO-dg) 5 11.44 (s, 1H), 8.16
(d,1H,J=5.3Hz), 8.08 (d, 1H, ] =8.6 Hz), 7.82 (d, 1H, ] = 5.2 Hz), 7.04 (d, 1H, ] = 2.2 Hz),
6.87 (dd, 1H, ] = 8.6, 2.2 Hz), 4.30 (t, 2H, ] = 4.8 Hz), 3.72 (t, 2H, ] = 4.8 Hz), 2.73 (s, 3H);
13C NMR (DMSO-dg) § 158.70, 141.77, 141.35, 137.78, 134.60, 127.12, 122.75, 115.26, 111.99,
109.14, 95.62, 67.14, 49.64, 20.33.

9-(2-Azidoethyl)-7-methoxy-1-methyl-9H-pyrido[3,4-b]indole (18)
Amine 17: 0.190 g; yield: 0.111 g (53%).

3.1.4. (Azidomethyl)ferrocene (19)

To a suspension of ferrocenemethanol (0.100 g, 0.463 mmol) in dry THF (5 mL), ADMP
(0.330 g, 1.158 mmol) and DBU (0.187 mL, 1.250 mmol) were added at 0 °C. The reaction
was stirred at 0 °C for 1 h, diluted with saturated NH4ClI solution (40 mL), and extracted
with DCM (2 x 30 mL). Organic layers were collected and washed with brine (2 x 30 mL)
and HyO (1 x 20 mL), filtered, dried over anhydrous sodium sulfate, and the solvent
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evaporated under the reduced pressure. The crude product was purified using column
chromatography (cyclohexane/EtOAc/MeOH 1:1:0.5); yield: 0.080 g (72%); oil; 'H NMR
(DMSO-dg) § 4.29 (t, 2H, ] = 1.8 Hz), 4.21 (t, 2H, ] = 1.9 Hz), 4.20 (s, 2H), 4.20 (s, 5H); 13C
NMR (DMSO-dg) 6 81.78, 68.62, 68.58, 68.44, 50.02.

3.1.5. General Procedure for the Synthesis of TT Harmicens 20-24

An appropriate azide 3, 6, 12, 15, or 18 (0.209 mmol) and ethynylferrocene (0.040 g,
0.190 mmol) were dissolved in dry DMF (2 mL), followed by the addition of sodium
ascorbate (0.202 mmol, 1 mL of freshly prepared 0.2 M solution in HyO) and CuSO, x 5H,O
(0.02 mmol, 20 pL of 1 M solution in H,O). The reaction mixture was stirred overnight at
room temperature. After completion of the reaction, purification was performed using
either Method A or Method B.

Method A: Ice-cold H,O (5 mL) was added to the reaction mixture and the resulting
precipitate was filtered off, purified using column chromatography (with an additional
Al,O3 layer to remove Cu salts, mobile phase cyclohexane/EtOAc/MeOH 1:1:0.5), and
triturated with diethyl ether/petroleum ether mixture.

Method B: The reaction mixture was diluted with HyO (20 mL) and the product was ex-
tracted with EtOAc (2 x 30 mL). Organic layers were dried over anhydrous sodium sulfate,
filtered, and the solvent evaporated under the reduced pressure. The crude product was
purified using column chromatography (with an additional Al,O3 layer to remove Cu salts,
mobile phase cyclohexane/EtOAc/MeOH) and triturated with a diethyl ether/petroleum
ether mixture.

1-((4-Ferrocenyl-1H-1,2,3-triazol-1-yl)methyl)-9H-pyrido[3,4-b]indole (20)

Azide 3: 0.047 g; purification: Method A; yield: 0.064 g (78%); mp 252-255.5 °C; IR
(ATR, v/cm™1) 3249, 3138, 3094, 2987, 2953, 1625, 1585, 1567, 1497, 1455, 1430, 1389, 1321,
1236, 1212, 1189, 1094, 1058, 998, 875, 816, 794, 750, 730, 622, 592, 500; 'H NMR (DMSO-d)
511.95 (s, 1H), 8.31 (d, 1H, ] = 5.2 Hz), 8.28-8.26 (m, 2H), 8.13 (d, 1H, J = 5.1 Hz), 7.70-7.68
(m, 1H), 7.60 (ddd, 1H,J =8.2,7.1, 1.2 Hz), 7.28 (ddd, 1H, ] = 8.0, 7.0, 1.0 Hz), 6.08 (s, 2H),
4.73 (t,2H,] = 1.9 Hz), 4.28 (t, 2H, ] = 1.8 Hz), 4.03 (s, 5H); 13C NMR (DMSO-dg) 5 145.22,
140.71, 138.17, 137.86, 133.85, 128.71, 128.54, 121.91, 121.57, 120.76, 119.64, 114.82, 112.09,
76.04, 69.23, 68.21, 66.34, 51.24; ESI-MS: m/z 4349 M + 1)*. HPLC purity > 99%. Anal.
Calcd. for CyyHi9FeNs: C, 66.53; H, 4.42; N, 16.16; found: C, 66.87; H, 4.09; N, 16.54.

1-Methyl-3-((4-ferrocenyl-1H-1,2,3-triazol-1-yl)methyl)-9H-pyrido[3,4-blindole (21)

Azide 6: 0.050 g; purification: Method B; cyclohexane/EtOAc/MeOH 1:1:0.1; yield:
0.053 g (62%); mp 242.5-244 °C; IR (ATR, v/cm 1) 3148, 3101, 2993, 2891, 1737, 1627, 1566,
1506, 1456, 1443, 1351, 1328, 1251, 1219, 1086, 1057, 1019, 1000, 874, 815, 729, 680, 587, 506,
487; "H NMR (DMSO-dg) & 11.66 (s, 1H), 8.23 (s, 1H), 8.16 (d, 1H, ] = 7.9 Hz), 7.90 (s, 1H),
7.60—7.59 (m, 1H), 7.55—7.52 (m, 1H), 7.24—7.21 (m, 1H), 5.76 (s, 2H), 4.74 (t, 2H,] = 1.9 Hz),
4.29 (t, 2H, ] = 1.9 Hz), 4.03 (s, 5H), 2.76 (s, 3H); '3C NMR (DMSO-dg) & 145.37, 142.95,
142.05, 140.77, 133.94, 128.08, 127.63, 121.64, 121.06, 120.91, 119.44, 112.09, 111.42, 76.09,
69.26, 68.21, 66.32, 55.10, 20.38; ESI-MS: m/z 448.9 (M + 1)*. Anal. Calcd. for Cy5Hj; FeNs:
C, 67.13; H, 4.73; N, 15.66; found: C, 67.38; H, 4.54; N, 15.39.

1-Methyl-6-(2-(4-ferrocenyl-1H-1,2,3-triazol-1-yl)ethoxy)-9H-pyrido[3,4-b]indole (22)
Azide 12: 0.056 g; purification: Method B; mobile phase: cyclohexane/EtOAc/MeOH
1:1:0.5; yield: 0.034 g (37%); mp 201.5-204.0 °C; IR (ATR, v/cm 1) 3133, 2949, 2872, 1583,
1568, 1497, 1458, 1286,1210, 1105, 1041, 988, 878, 818, 705, 621, 504; 'H NMR (DMSO-dy)
6 11.39 (s, 1H), 8.29 (s, 1H), 8.15 (d, 1H, ] = 5.3 Hz), 7.87 (d, 1H, ] = 5.3 Hz), 7.78 (d, 1H,
J=25Hz),748(d, 1H,] =8.8 Hz), 7.16 (dd, 1H, ] = 8.8, 2.5 Hz), 4.82 (t, 2H, ] = 5.1 Hz), 4.73
(t,2H,J =19 Hz), 4.53 (t, 2H, ] = 5.2 Hz), 4.30 (t, 2H, ] = 1.8 Hz), 4.01 (s, 5H), 2.72 (s, 3H);
13C NMR (DMSO-dg) 6 151.85, 145.24, 142.24, 136.98, 135.52, 135.10, 126.63, 121.35, 121.28,
118.14,112.77,112.64, 105.13, 76.05, 69.22, 68.21, 67.14, 66.34, 49.24, 20.40; ESI-MS: m /z 477.9
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(M + 1)*. HPLC purity > 98%. Anal. Calcd. for Cp¢Hp3FeN5O: C, 65.42; H, 4.86; N, 14.67;
found: C, 65.69; H, 4.98; N, 14.37.

1-Methyl-7-(2-(4-ferrocenyl-1H-1,2,3-triazol-1-yl)ethoxy)-9H-pyrido[3,4-b]lindole (23)

Azide 15: 0.056 g; purification: Method A; yield: 0.070 g, (77%); mp 228-229.5 °C; IR
(ATR, v/cm™1) 3125, 3077, 2959, 2850, 2772, 1623, 1566, 1443, 1426, 1301, 1278, 1240, 1185,
1108, 1053, 1042, 977, 874, 822, 810, 743, 720, 693, 638, 587, 570, 522, 513, 495, 483; 'H NMR
(DMSO-dg) 6 11.44 (s, 1H), 8.30 (s, 1H), 8.14 (d, 1H, J = 5.3 Hz), 8.05 (d, 1H, ] = 8.6 Hz),
7.79 (d, 1H, ] = 5.3 Hz), 7.03 (d, 1H, ] = 2.2 Hz), 6.85 (dd, 1H, ] = 8.6, 2.2 Hz), 4.83 (t, 2H,
J=51Hz),4.73 (t,2H,] =19 Hz), 455 (t, 2H, ] = 5.1 Hz), 4.30 (t, 2H, ] = 1.8 Hz), 4.01 (s, 5H),
2.72 (s, 3H); 13C NMR (DMSO-dg) & 158.62, 145.25, 141.72, 141.35, 137.76, 134.59, 127.07,
122.71, 121.34, 115.33, 111.98, 109.17, 95.73, 76.01, 69.23, 68.22, 66.57, 66.35, 49.09, 20.36;
ESI-MS: m/z477.9 M + 1)*. HPLC purity > 99.5%. Anal. Calcd. for CosHp3FeN50: C, 65.42;
H, 4.86; N, 14.67; found: C, 65.77; H, 4.56; N, 14.44.

7-Methoxy-1-methyl-9-(2-(4-ferrocenyl-1H-1,2,3-triazol-1-yl)ethyl)-9H-pyrido[3,4-blindole (24)
Azide 18: 0.059 g; purification: Method A; yield: 0.059 g, (63%); mp 218-220 °C; IR
(ATR, v/cm™1) 2968, 1621, 1565, 1445, 1404, 1339, 1253, 1222, 1158, 1182, 1136, 1096, 1041,
1021, 970, 929, 877, 821, 807, 641, 590, 545, 501, 475; 'TH NMR (DMSO-dg) 5 8.17 (d, 1H,
J=5.2Hz),8.04 (d, 1H,] =8.5Hz), 7.88 (d, 1H, ] = 5.2 Hz), 7.80 (s, 1H), 6.84—6.78 (m, 2H),
5.08 (t,2H,] =5.6 Hz), 4.88 (t,2H,] = 5.6 Hz), 4.49 (t,2H, ] = 1.9 Hz), 4.22 (t,2H, ] = 1.9 Hz),
3.86—3.85 (m, 8H), 2.90 (s, 3H); 13C NMR (DMSO-dg) & 160.51, 145.15, 142.76, 140.67, 138.12,
134.68,128.73,122.23,121.79, 114.10, 112.26, 109.81, 92.93, 75.78, 68.09, 68.06, 66.26, 55.37,
49.71,44.47, 23.18; ESI-MS: m/z 491.9 M + 1)*. HPLC purity > 99.5%. Anal. Calcd. for
Cy7Hy5FeNs50: C, 66.00; H, 5.13; N, 14.25; found: C, 65.94; H, 4.89; N, 14.38.

3.1.6. General Procedure for the Synthesis of TT Harmicens 25-29

An appropriate alkyne 2, 9, 20, 13, or 16 (0.169 mmol) and (azidomethyl)ferrocene
(19) (0.045 g, 0.186 mmol) were dissolved in dry DMF (2 mL), followed by the addition
of sodium ascorbate (0.202 mmol, 1 mL of freshly prepared 0.2 M solution in H,O) and
CuSOy4 x 5 H,O (0.02 mmol, 20 uL of 1 M solution in H,O). The reaction mixture was
stirred overnight at room temperature. After completion of the reaction, 5 mL of H,O
was added and the precipitate was filtered off. Purification was performed using col-
umn chromatography (with an additional Al,Oj3 layer to remove Cu salts, mobile phase
cyclohexane/EtOAc/MeOH 1:1:0.5 or DCM/MeOH 97:3) and triturated with a diethyl
ether/petroleum ether mixture.

1-(1-(Ferrocenylmethyl)-1H-1,2,3-triazol-4-y1)-9H-pyrido[3,4-b]indole (25)

Alkyne 2: 0.032 g; yield: 0.037 g, (51%); mp 229-230 °C; IR (ATR, v/cm™1) 3385, 3172,
3105, 3065, 2991, 1625, 1576, 1489, 1452, 1437, 1419, 1351, 1314, 1282, 1254, 1239, 1152, 1103,
1000, 829, 807, 749, 629, 591, 548, 499, 479; 'H NMR (DMSO-dg) & 11.53 (s, 1H), 8.78 (s,
1H), 8.38 (d, 1H, ] = 5.2 Hz), 8.26—8.24 (m, 1H), 8.11 (d, 1H, ] = 5.1 Hz), 7.91—7.90 (m, 1H),
7.57—-7.54 (m, 1H), 7.27—7.25 (m, 1H), 5.49 (s, 2H), 4.46 (t, 2H, ] = 1.9 Hz), 4.24 (s, 5H),
422 (t,2H,] = 1.9 Hz); 13C NMR (DMSO-d) & 147.60, 141.15, 137.83, 133.68, 131.74, 129.05,
128.18,122.94, 121.47,120.40, 119.51, 114.11, 113.23, 82.36, 68.74, 68.69, 68.48, 49.33; ESI-MS:
m/z434.1 (M + 1)*. HPLC purity > 99.5%. Anal. Calcd. for Co4Hy9FeNs: C, 66.53; H, 4.42;
N, 16.16; found: C, 66.38; H, 4.27; N, 16.32.

3-(1-(Ferrocenylmethyl)-1H-1,2,3-triazol-4-yl)-1-methyl-9H-pyrido[3,4-b]indole (26)
Alkyne 9: 0.035 g; yield: 0.036 g, (45%); mp 183-186 °C; IR (ATR, v/cm~1) 3361, 2920,
2851, 1734, 1626, 1574, 1496, 1455, 1431, 1373, 1338, 1303, 1277, 1234, 1172, 1104, 1049, 1024,
1000, 924, 889, 818, 788, 775, 704, 631, 558, 584, 503, 478; 'H NMR (DMSO-dg) & 11.69 (s,
1H), 8.58 (s, 1H), 8.41 (s, 1H), 8.29 (d, 1H, ] =7.9 Hz), 7.60 (d, 1H, ] = 8.1 Hz), 7.54 (t, 1H,
J=7.6Hz),7.24 (t, 1H,] =7.4 Hz), 5.39 (s, 2H), 4.45 (t, 2H, ] = 1.9 Hz), 4.23 (s, 5H), 4.21 (%,
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2H,] = 1.9 Hz), 2.80 (s, 3H); *C NMR (DMSO-dg) 5 148.61, 141.93, 140.82, 139.95, 133.96,
128.02,127.73,121.97,121.27, 121.25, 119.36, 112.01, 108.31, 82.45, 68.86, 68.68, 68.44, 49.05,
20.48; ESI-MS: m/z 447.9 (M + 1)*. HPLC purity > 97.5%. Anal. Calcd. for Cy5H FeNs: C,
67.13; H, 4.73; N, 15.66; found: C, 67.41; H, 4.91; N, 15.36.

6-((1-(Ferrocenylmethyl)-1H-1,2,3-triazol-4-yl)methoxy)-1-methyl-9H-pyrido[3,4-b]indole (27)

Alkyne 10: 0.040 g; yield: 0.055 g, (68%); mp 245-248 °C; IR (ATR, v/cm™!) 3631,
3137, 3081, 2950, 1637, 1603, 1583, 1567, 1499, 1480, 1451, 1411, 1283, 1211, 1107, 1069, 1054,
1040, 1027, 849, 821, 765, 620, 504; 'H NMR (DMSO-dg) 5 11.37 (s, 1H), 8.24 (s, 1H), 8.16
(d, 1H, ] =5.3 Hz), 7.89-7.88 (m, 2H), 7.49 (d, 1H, ] = 8.8 Hz), 7.21 (dd, 1H, ] = 8.9, 2.5 Hz),
5.32 (s, 2H), 5.21 (s, 2H), 4.32 (t, 2H, ] = 1.8 Hz), 4.16-4.14 (m, 7H), 2.73 (s, 3H); '3C NMR
(DMSO-dg) 6 151.88, 142.95, 142.19, 136.96, 135.42, 135.08, 126.69, 124.09, 121.34, 118.39,
112.73, 112.67, 105.20, 82.49, 68.62, 68.31, 61.88, 48.92, 20.40; ESI-MS: m/z 478.1 M + 1)*.
HPLC purity > 97%. Anal. Calcd. for CosHy3FeN5O: C, 65.42; H, 4.86; N, 14.67; found: C,
65.25; H, 4.63; N, 14.42.

7-((1-(Ferrocenylmethyl)-1H-1,2,3-triazol-4-yl)methoxy)-1-methyl-9H-pyrido[3,4-b]indole (28)
Alkyne 13: 0.040 g; yield: 0.048 g, (60%); mp 242-244 °C; IR (ATR, v/ cm 1) 3344, 3072,
2869, 2785, 1738, 1626, 1567, 1488, 1444, 1377, 1325, 1305, 1290, 1278, 1177, 1142, 1110, 1058,
1142, 1011, 965, 828, 813, 781, 661, 639, 598, 572, 505, 480; 'H NMR (DMSO-dg) 5 11.45 (s,
1H), 8.23 (s, 1H), 8.15 (d, 1H, ] = 5.2 Hz), 8.05 (d, 1H, ] = 8.6 Hz), 7.80 (d, 1H, J = 5.3 Hz),
7.16 (d,1H,]J = 2.2 Hz), 6.89 (dd, 1H, ] = 8.7, 2.3 Hz), 5.33 (s, 2H), 5.25 (s, 2H), 4.34 (t, 2H,
J = 1.9 Hz), 4.18-4.16 (m, 7H), 2.72 (s, 3H); 13C NMR (DMSO-dg) 5 158.74, 142.71, 141.76,
141.33,137.74, 134.58, 127.13, 124.15, 122.63, 115.11, 111.95, 109.46, 95.86, 82.41, 68.66, 68.64,
68.36, 61.45, 48.98, 20.32; ESI-MS: m/z 478.1 (M + 1)*. HPLC purity > 97%. Anal. Calcd. for
CysHo3FeNs50: C, 65.42; H, 4.86; N, 14.67; found: C, 65.71; H, 4.59; N, 14.82.

9-((1-(Ferocenylmethyl)-1H-1,2,3-triazol-4-yl)methyl)-7-methoxy-1-methyl-9H-pyrido
[3,4-b]indole (29)

Alkyne 16: 0.042 g; yield: 0.025 g, (30%); mp 187-190 °C; IR (ATR, v/cm ') 3135, 3090,
2929, 1709, 1623, 1564, 1499, 1449, 1408, 1325, 1252, 1227, 1193, 1174, 1106, 1042, 1000, 913,
815, 764, 732, 638, 596, 550, 481;'H NMR (DMSO-dg) 6 8.16 (d, 1H, ] = 5.2 Hz), 8.07 (d, 1H,
J=8.5Hz),7.98 (s, 1H), 7.86 (d, 1H, ] = 5.2 Hz), 7.32 (d, 1H, ] = 2.2 Hz), 6.87 (dd, 1H, ] = 8.5,
2.2 Hz),5.86 (s, 2H), 5.21 (s, 2H), 4.23 (t, 2H, ] = 1.8 Hz), 4.12 (t, 2H, ] = 1.8 Hz), 4.06 (s, 5H),
3.88 (s, 3H), 3.03 (s, 3H); 13C NMR (DMSO-d) 5 160.55, 143.81, 142.67, 141.13, 138.05, 134.66,
128.54, 122.55, 122.38, 114.46, 112.26, 109.46, 94.05, 82.59, 68.54, 68.44, 68.21, 55.62, 48.77,
23.24; ESI-MS: m/z 492.1 (M + 1)*. HPLC purity > 99.5%. Anal. Calcd. for Cy;Hy5FeN50 C,
66.00; H, 5.13; N, 14.25; found: C, 66.23; H, 5.32; N, 14.59.

3.1.7. General Procedure for the Synthesis of AT Harmicens 30-33

A solution of a ferrocenecarboxylic acid (0.050 g, 0.217 mmol), DIEA (0.075 mL, 0.434 mmol),
and HATU (0.083 g, 0.217 mmol) in DCM (4 mL) was stirred at room temperature for 20 min,
followed by the addition of the corresponding amine 4, 7, 11, or 17 (0.197 mmol). The
resulting solution was stirred overnight at room temperature. Purification was performed
using either Method A or Method B.

Method A: After completion of the reaction, the solvent was evaporated, and the
residue was dissolved in EtOAc (20 mL) and washed with brine (2 x 20 mL) and wa-
ter (1 x 20 mL). The organic layer was dried over anhydrous sodium sulfate, filtered,
and evaporated under the reduced pressure. The crude product was purified using col-
umn chromatography with acetone/DCM as a mobile phase and triturated with diethyl
ether/petroleum ether mixture.

Method B: The resulting precipitate was filtered off, purified using column chromatog-
raphy (acetone/DCM 9:1), and triturated with diethyl ether/petroleum ether mixture.
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N-((9H-Pyrido[3,4-b]indol-1-yl)methyl)ferrocenecarboxamide (30)

Amine 4: 0.039 g; purification: Method A; mobile phase: acetone/DCM 1:1; yield:
0.039 g, (48%); mp 210-213 °C; IR (ATR, v/cm~1) 3623, 3467, 3085, 3050, 2962, 2928, 1711,
1649, 1622, 1531, 1503, 1444, 1408, 1375, 1340, 1300, 1249, 1229, 1195, 138, 1123, 1106, 1041,
1017, 914, 819, 801, 634, 598, 558; "H NMR (DMSO-dy) 6 11.49 (s, 1H), 8.58 (t, 1H, ] = 6.0 Hz),
831 (d, 1H,J = 52 Hz), 8.23 (d, 1H, ] = 7.8 Hz), 8.05 (d, 1H, ] = 5.2 Hz), 7.68 (d, 1H,
J=82Hz), 756 (t, 1H,] = 7.6 Hz), 7.25 (t, 1H, ] = 7.5 Hz), 4.88-4.87 (m, 4H), 4.35 (t, 2H,
] = 1.9 Hz), 4.07 (s, 5H); 1*C NMR (DMSO-dg) & 169.83, 142.64, 140.17, 137.35, 133.55, 128.10,
127.74,121.74,120.93, 119.37, 113.86, 111.99, 76.11, 70.10, 69.31, 68.30, 41.73; ESI-MS: m/z
410.0 (M + 1)*. Anal. Calcd. for Cp3Hi9FeN3O: C, 67.50; H, 4.68; N, 10.27; found: C, 67.78;
H, 4.59; N, 10.62.

N-((1-Methyl-9H-pyrido|3,4-b]indol-3-yl)methyl)ferrocenecarboxamide (31)

Amine 7: 0.042 g; purification: Method A; mobile phase: acetone/DCM 1:1; yield:
0.033 g, (39%); mp 240.5-243 °C; IR (ATR, v/cm 1) 3324, 3226, 1634, 1574, 1532, 1498,
1447, 1380, 1348, 1297, 1248, 1104, 1026, 901, 814, 755, 738, 629, 528, 482; 'H NMR (DMSO-
dg) & 11.51 (s, 1H), 847 (t, 1H, ] = 6.1 Hz), 8.12 (d, 1H, ] = 7.9 Hz), 7.89 (s, 1H), 7.57 (d,
1H, J = 8.2 Hz), 7.52-7.48 (m, 1H), 7.21-7.17 (m, 1H), 4.90 (t, 2H, ] = 1.9 Hz), 4.60 (d, 2H,
] = 6.0 Hz), 4.37 (t, 2H, ] = 1.9 Hz), 4.20 (s, 5H), 2.78 (s, 3H); '3C NMR (DMSO-ds) 5 168.94,
147.17, 141.14, 140.76, 133.49, 127.78, 127.66, 121.35, 120.95, 119.16, 111.98, 109.47, 76.73,
69.96, 69.25, 68.28, 44.31, 20.27; ESI-MS: m/z 424.0 (M + 1)*. Anal. Calcd. for Co4Hp1 FeN3O:
C, 68.10; H, 5.00; N, 9.93; found: C, 68.28; H, 4.69; N, 9.62.

N-(2-((1-Methyl-9H-pyrido[3,4-b]indol-7-yl)oxy)ethyl)ferrocenecarboxamide (32)

Amine 11: 0.048 g; purification: Method B; yield: 0.038 g, (42%); mp 243-245.5 °C; IR
(ATR, v/cm_l) 3216, 1716, 1622, 1551, 1451, 1422, 1376, 1312, 1278, 1236, 1217, 1105, 960,
842, 801, 741, 641, 605, 505,476; 'H NMR (DMSO-d) 6 11.41 (s, 1H), 8.14 (d, 1H, ] = 5.3 Hz),
8.07-8.05 (m, 2),7.79 (d, 1H, ] = 5.3 Hz), 7.07 (d, 1H, ] = 2.4 Hz), 6.90 (dd, 1H,] = 8.7, 2.2
Hz), 4.83 (t, 2H, ] = 2.0 Hz), 4.35 (t, 2H, ] = 1.9 Hz), 4.23 (t, 2H, ] = 5.7 Hz), 4.13 (s, 5H), 3.63
(q,2H,] = 5.7 Hz), 2.71 (s, 3H); '3C NMR (DMSO-dg) & 169.36, 159.31, 141.89, 141.28, 137.74,
134.55, 127.17, 122.69, 114.98, 111.93, 109.22 95.38, 76.31, 70.01, 69.40, 68.22, 66.40, 38.49,
20.33; ESI-MS: m/z 454.0 (M + 1)*. Anal. Calcd. for Co5Hy3FeN3O,: C, 66.24; H, 5.11; N,
9.27; found: C, 65.99; H, 5.21; N, 9.54.

N-(2-(7-Methoxy-1-methyl-9H-pyrido[3,4-b]indol-9-yl)ethyl)ferrocenecarboxamide (33)

Amine 17: 0.050 g; purification: Method A; mobile phase: acetone/DCM 3:2; yield:
0.046 g, (50%); mp 225-227 °C; IR (ATR, v/em 1) 3623, 3467, 3085, 3050, 2962, 2928, 1711,
1649, 1622, 1531, 1503, 1444, 1408, 1375, 1340, 1300, 1249, 1229, 1195, 1177, 1138, 1123, 1107,
1041, 1016, 914, 819, 801, 634, 598, 558; 'H NMR (DMSO-dy) 6 8.17 (d, 1H, J = 5.1 Hz),
8.10-8.07 (m, 2H), 7.88 (d, 1H, ] = 5.1 Hz), 7.32 (d, 1H, ] = 2.2 Hz), 6.88 (dd, 1H, ] = 8.5,
2.1Hz),4.69 (t,2H, ] = 1.9 Hz), 4.66 (t, 2H, ] = 7.1 Hz), 4.34 (t, 2H, ] = 1.9 Hz), 4.07 (s, 5H),
3.91 (s, 3H), 3.60 (q, 2H, ] = 6.7 Hz), 3.04 (s, 3H); 1>*C NMR (DMSO-dg) & 169.75, 160.52,
143.00, 140.66, 137.82, 134.67, 128.43, 122.39, 114.28, 112.26, 109.20, 93.78, 76.40, 69.93, 69.32,
68.08, 55.50, 43.56, 39.1, 23.14; ESI-MS: m/z 468.1 (M + 1)*. Anal. Calcd. for CpeHp5FeN3O,:
C, 66.82; H, 5.39; N, 8.99; found: C, 66.78; H, 5.52; N, 9.15.

3.1.8. General Procedure for the Synthesis of AT Harmicens 34-37

A solution of a ferroceneacetic acid (0.050 g, 0.205 mmol), DIEA (0.071 mL, 0.410 mmol),
and HATU (0.078 g, 0.205 mmol) in DCM (4 mL) was stirred at room temperature for 20 min,
followed by the addition of the corresponding amine 4, 7, 11, or 17 (0.186 mmol). The
resulting solution was stirred at room temperature for 1 h and purified using either Method
A or Method B.

Method A: The resulting precipitate was filtered off and recrystallized from EtOH.
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Method B: The reaction mixture was extracted with brine (2 x 20 mL) and water
(1 x 20 mL). The organic layer was dried over anhydrous sodium sulfate, filtered, and
evaporated under the reduced pressure. The crude product was triturated with a diethyl
ether/petroleum ether mixture.

N-((9H-Pyrido[3,4-b]indol-1-yl)methyl)-2-ferrocenylacetamide (34)

Amine 4: 0.037 g; purification: Method A; yield: 0.027 g, (34%); mp 222.0-224.5 °C;
IR (ATR, v/cm™1) 3333, 3219, 3168, 3099, 2995, 2898, 1651, 1568, 1521, 1502, 1445, 1436,
1413, 1361, 1321, 1285, 1248, 1151, 1106, 1045, 1026, 999, 878, 820, 740, 677, 595, 564, 504; 'H
NMR (DMSO-dg) 8 11.50 (s, 1H), 8.55 (t, 1H, ] = 5.4 Hz), 8.29 (d, 1H, ] = 5.2 Hz), 8.22 (d, 1H,
J=7.8Hz),8.04 (d,1H,] =5.2Hz),7.63 (d, 1H,] =8.2Hz),7.55 (t, 1H,] = 7.6 Hz), 7.25 (t,
1H,J =7.4Hz),4.76 (d,2H, ] = 5.4 Hz), 4.22 (t, 2H, ] = 1.9 Hz), 4.05 (m, 7H), 3.26 (s, 2H);
13C NMR (DMSO-dg) 5 170.47, 141.60, 140.36, 137.36, 133.50, 128.12, 127.74, 121.73, 120.87,
119.39, 113.89, 112.05, 82.66, 68.58, 68.41, 67.11, 41.52, 36.33; ESI-MS: m/z 424.1 (M + 1)*;
HPLC purity > 99.5%. Anal. Calcd. for Cp4Hjy1FeN3O: C, 68.10; H, 5.00; N, 9.93; found: C,
68.48; H, 4.79; N, 9.63.

N-((1-Methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)-2-ferrocenylacetamide (35)

Amine 7: 0.039 g; purification: Method A; yield: 0.032 g, (39%); mp 247.5-250.0 °C; IR
(ATR, v/cm™1) 3404, 3191, 3081, 2944, 1649, 1621, 1570, 1522, 1471, 1455, 1421, 1312, 1247,
1267, 1136, 1103, 1038, 1023, 997, 925, 826, 803, 753, 741, 693, 621, 584, 543, 500, 482; 'H NMR
(DMSO-dg) 5 11.48 (s, 1H), 8.42 (t, 1H, ] = 5.9 Hz), 8.10 (d, 1H, ] = 7.8 Hz), 7.73 (s, 1H), 7.56
(d, 1H,J =8.2 Hz), 7.52-7.50 (m, 1H), 7.21 (t, 1H, ] = 7.4 Hz), 4.46 (d, 2H, ] = 5.8 Hz), 4.27
(t,2H,] = 1.9 Hz), 4.12 (s, 5H), 4.10 (t, 2H, ] = 1.9 Hz), 3.24 (s, 2H), 2.73 (s, 3H); 13C NMR
(DMSO-dg) 6 169.93, 146.33, 141.16, 140.71, 133.44, 127.78, 127.66, 121.49, 120.98, 119.11,
111.94, 109.54, 83.05, 68.63, 68.45, 67.15, 44.28, 36.72, 20.28; ESI-MS: m/z 438.0 (M + 1)*;
HPLC purity > 99.5%. Anal. Calcd. for CpsH,3FeN3O: C, 68.66; H, 5.30; N, 9.61; found: C,
68.75; H, 5.47; N, 9.32.

N-(2-((1-Methyl-9H-pyrido[3,4-b]indol-7-yl)oxy)ethyl)-2-ferrocenylacetamide (36)

Amine 11: 0.045 g; purification: Method B; yield: 0.050 g, (58%); mp 176.0-177.5 °C; IR
(ATR, v/ecm™1) 3222, 3055, 2875, 1656, 1630, 1539, 1484, 1434, 1378, 1324, 1299, 1273, 1238,
1174, 1134, 1106, 1073, 1037, 1023, 1002, 961, 924, 871, 814, 776, 738, 661, 634, 590, 567, 484;
'H NMR (DMSO-dg) 5 11.40 (s, 1H), 8.19 (t, 1H, ] = 5.5 Hz), 8.14 (d, 1H, ] = 5.3 Hz), 8.05 (d,
1H,J=8.6 Hz), 7.80 (d, 1H, ] =5.3 Hz), 7.02 (d, 1H, ] = 2.2 Hz), 6.85 (dd, 1H, ] = 8.6, 2.2 Hz),
4.20(t,2H,] =19 Hz),4.13 (t,2H, ] =5.5 Hz), 4.11 (s, 5H), 4.05 (t, 2H, ] = 1.9 Hz), 3.51 (q, 2H,
J = 5.6 Hz), 3.16 (s, 2H), 2.72 (s, 3H); 13C NMR (DMSO-dg) & 170.25, 159.17, 141.84, 141.29,
137.75,134.56, 127.16, 122.63, 115.00, 111.93, 109.30, 95.40, 82.72, 68.50, 68.43, 67.08, 66.55,
38.40, 36.37, 20.35; ESI-MS: m/z 468.1 (M + 1)*; HPLC purity > 99.5%. Anal. Calcd. For
CosHo5FeN30,: C, 66.82; H, 5.39; N, 8.99; found: C, 66.53; H, 5.67; N, 9.12.

N-(2-(7-Methoxy-1-methyl-9H-pyrido[3,4-b]indol-9-yl)ethyl)-2-ferrocenylacetamide (37)

Amine 17: 0.047 g; purification: Method B; yield: 0.062 g, (69%); mp 170.5-172.0 °C; IR
(ATR, v/ecm™1) 3341, 2931, 1655, 1624, 1566, 1503, 1451, 1439, 1410, 1347, 1330, 1300, 1251,
1195, 1172, 1141, 1104, 1048, 1024, 929, 835, 813, 794, 639, 567, 496, 482; 'H NMR (DMSO-d)
6817 (d, 1H, J=5.1 Hz), 8.09 (d, 1H, J = 8.6 Hz), 8.01 (t, 1H, ] = 6.0 Hz), 7.88 (d, 1H,
J=5.1Hz),7.27 (d, 1H,] =2.2 Hz), 6.89 (dd, 1H, ] = 8.6, 2.2 Hz), 4.57 (t,2H, ] = 7.1 Hz), 4.13
(t,2H,]J =19 Hz), 4.11 (s, 5H), 4.05 (t, 2H, ] = 1.8 Hz), 3.92 (s, 3H), 3.45 (q, 2H, ] = 6.7 Hz),
3.07 (s, 2H), 2.95 (s, 3H); 13C NMR (DMSO-dg) & 170.58, 160.52, 142.86, 140.61, 137.80, 134.64,
128.43, 122.40, 114.31, 112.25, 109.24, 93.64, 82.12, 68.72, 68.46, 67.21, 55.52, 43.37, 38.73,
36.65, 23.08; ESI-MS: m/z 482.2 (M + 1)*. Anal. Calcd. For CyyHy7FeN3O,: C, 67.37; H, 5.65;
N, 8.73; found: C, 67.16; H, 5.84; N, 8.89.
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3.2. Biological Evaluation
3.2.1. In Vitro Drug Sensitivity Assay against Erythrocytic Stages of P. falciparum

The antiplasmodial activity of harmicens 20-37 was evaluated against two strains
of P. falciparum (3D7—CQ-sensitive, Dd2—multidrug-resistant) as previously described
using the histidine-rich protein 2 (HRP2) assay [44,45]. Briefly, 96-well plates were pre-
coated with the tested compounds in a three-fold dilution before ring-stage parasites
were added to complete the culture medium at a hematocrit of 1.5% and parasitemia of
0.05%. After three days of incubation at 37 °C, 5% CO;, and 5% oxygen, plates were
frozen until HRP2-ELISA analysis. All compounds were evaluated in duplicate in at least
two independent experiments. The IC5y was determined using a nonlinear regression
analysis of log concentration-response curves using the drc-package v0.9.0 of R v2.6.1
(R Foundation, Vienna, Austria) [46].

3.2.2. Cytotoxicity Assay in Human Cell Lines

The experiments were carried out on five human cell lines purchased from American
Type Culture Collection (ATCC): HepG2 (hepatocellular carcinoma; ATCC® HB-8065™),
SW620 (colorectal adenocarcinoma; ATCC® CCL-227™), HCT116 (colorectal carcinoma;
ATCC® CCL-247™), MCF-7 (breast adenocarcinoma; ATCC® HTB-22™), and Hek293T
(embryonic kidney cells; ATCC® CRL-3216™). All cell lines were cultured as monolayers
and maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Capricorn Scientific,
Ebsdorfergrund, Germany) supplemented with 10% fetal bovine serum (FBS) (Capricorn
Scientific, Ebsdorfergrund, Germany), 100 U/mL penicillin, and 100 pg/mL streptomycin
(Capricorn Scientific, Ebsdorfergrund, Germany) in a humidified atmosphere with 5% CO,
at 37 °C. Cells were seeded in 96-well plates (Corning, Durham, NC, USA) at 5000-7000 cells
per well (depending on the cell-doubling time of a specific cell line) in 0.1 mL media and
cultured for 24 h. The next day, the medium was aspirated, and cells were treated for 72 h.
Only the compounds that led to more than a 50% reduction in mitochondrial metabolic
activity at a concentration of 50 uM were selected for further analysis. The following
concentrations of selected compounds were used: 25, 10, 5, and 1 uM. Working dilutions
were freshly prepared on the day of the testing. A fresh growth medium was added to
untreated control cells, which were defined as 100% viable. DMSO (0.13%) in DMEM was
considered a negative control. 5-Fluorouracil (5-FU) and harmine were used as positive
controls. At the end of treatment, the medium was removed, and cells were incubated for
1 h with 0.5 mg/mL MTT (Abcam, Cambridge, MA, USA) dissolved in serum-deprived
DMEM. The MTT-containing medium was then removed, and 0.1 mL isopropanol was
added per well to lyse cells and dissolve formazan. The optical density was measured
at 570 nm using a microplate reader (VICTORS3, PerkinElmer, Waltham, MA, USA). Each
test point was performed in triplicate. The absorbance was directly proportional to the
cell viability. The ICsy values (concentration required to decrease viability by 50%) were
calculated by using nonlinear regression on the sigmoidal dose-response plots and are
expressed as mean =+ SD.

3.2.3. Cell Localization

The MCF-7 cells were seeded onto round microscopic glass coverslips placed in
24-well plates at a density of 5 x 10* cells per well and grown at 37 °C and 5% CO for
24 h in DMEM supplemented with FBS, penicillin, and streptomycin, as described above.
On the next day, the growth medium was replaced with compound 28 at 10 and 50 uM
concentrations or compound 36 at a 5 uM concentration in a complete cell culture medium
and incubated for 30 min and 1 h. Afterward, the medium was discarded and the coverslips
were rinsed twice with PBS, placed on the microscopic slides, and immediately analyzed.
The uptake and intracellular distribution of the tested derivative were analyzed under a
fluorescence microscope (Olympus BX51, Tokyo, Japan) at 400 x magnification using a
DAPI filter. Images were captured with an Olympus DP70 digital camera.
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3.2.4. Cell Cycle Analysis

HCT116 cells were seeded onto 6-well plates (2 x 10° cells per well). After 24 h, the
tested compounds 28 and 36 were added at two concentrations—3 uM and 6 pM. After 24 h
and 48 h, the attached cells were trypsinized, combined with floating cells, washed with
phosphate buffer saline (PBS), fixed with 70% ethanol, and stored at —20 °C. Immediately
before analysis, the cells were washed two times with PBS, treated with 0.1 ug/uL of
RNAse A, and stained for 1 h on ice with 50 pug/mL of propidium iodide. The stained cells
were then analyzed using a BD FACScalibur flow cytometer (20,000 counts were measured).
The percentage of cells in each cell cycle phase was determined using Flow]Jo software
(TreeStar Inc., San Francisco, CA, USA). The tests were performed in duplicate and repeated
in two separate experiments. The average values from duplicates from one representative
experiment £ SD are presented.

3.2.5. Statistical Analysis

Data are presented as mean + SD for the indicated number of independent experi-
ments. Statistical significance (p < 0.05) was determined via one-way ANOVA using the
Microsoft Excel Analysis ToolPak add-in (Microsoft 365 MSO, v.2206 build 16.0.15330.20216,
Redmond, WA, USA).

4. Conclusions

We synthesized 18 harmicens—new hybrids combining harmine/-carboline and
ferrocene motifs. The compounds obtained differed in the type and length of the linker
between the (-carboline ring and ferrocene, as well as its position at the -carboline
ring. Evaluation of their antiplasmodial activity in vitro against the erythrocytic stages
of P. falciparum showed that the hybrids had moderate antiplasmodial activity in the
submicromolar/low micromolar range. On the other hand, their antiproliferative activity
in vitro was significant. Several compounds exhibited selective activity against tumor cells
(MCEF-7 and HCT116) compared to a nontumor cell line (Hek293T) (ICs in the single-digit
micromolar range, SI > 5.9). We further demonstrated that cell localization and its effect on
the cell cycle were markedly different for HCT116-selective 28 and nonselective 36. The
experiments revealed that 28 penetrated the nucleus and induced G2/M cell cycle arrest
with a concomitant drastic reduction in the percentage of cells in the S phase, whereas
the effect of the nonselective compound 36 on the cell cycle was much less pronounced.
We believe that our study clearly demonstrated the potential of harmicens as valuable
anticancer hits. In future experiments, we will focus on the enrichment of the harmicene
library to establish a reliable structure—activity relationship and the elucidation of their
mechanism of action.
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SAZETAK

Rak i malarija su smrtonosne bolesti koje predstavljaju znacajan globalni javnozdravstveni problem.
Ucinkovitost postoje¢ih citostatika i antimalarika opada uslijed pojave rezistencije, zbog Cega je potrebno
kontinuirano istrazivati nove potencijalne lijekove. Popularan pristup u razvoju novih lijekova je molekulska
hibridizacija, odnosno kovalentno povezivanje dva bioaktivna spoja s ciljem poboljSanja njihovog djelovanja. U
okviru ovog doktorskog rada sintetizirani su hibridni spojevi harmina, B-karbolinskog alkaloida s izraZzenim
antimalarijskim i protutumorskim djelovanjem, i: 1) derivata cimetne kiseline (harmicini), 2) klorokina
(harmikini), 3) ferocena (harmiceni). U pripravi harmicina koriStena je bakrom(I) katalizirana azid-alkin
cikloadicija, odnosno klik-reakcija koja je rezultirala harmicinima triazolskog tipa. Harmikini i harmiceni
pripravljeni su koristenjem klik-reakcije te reakcije povezivanja amina i karboksilnih kiselina, daju¢i harmikine i
harmicene triazolskog i amidnog tipa. Za potrebe klik-reakcija sintetizirani su odgovarajuéi alkini i azidi -
karbolina, derivata cimetne kiseline, 7-klorkinolina te ferocena, dok su amini i karboksilna kiselina harmina te
karboksilna kiselina i amini 7-klorkinolina pripravljeni za potrebe reakcija povezivanja. Novi spojevi
karakterizirani su uobi¢ajenim analiti¢kim i spektroskopskim metodama te je ispitano njihovo antiproliferativno i
antimalarijsko djelovanje in vitro. U seriji harmicina najja¢e antiproliferativno djelovanje ostvarili su triazoli 49a-
harmicenima prema svim ispitivanim stani¢nim linijama pokazao je amid 82, dok su harmiceni triazolskog tipa
67, odnosno 66 i 69 pokazali znacajno i selektivno djelovanje prema MCF-7 i HCT116. Najbolje antimalarijsko
djelovanje na eritrocitnu fazu zivotnog ciklusa svih ispitanih sojeva P. falciparum, u nanomolarnim
koncentracijama, pokazali su harmikini. Spoj 63 ispoljio je 5,5 puta snazniji u¢inak u odnosu na klorokin (CQ)
(ICs0 = 2 + 0,3 nM), dok je spoj 65 bio najucinkovitiji prema sojevima plazmodija rezistentnima na postojece
antimalarike. Temeljem dobivenih rezultata moze se zakljuciti da harmikini predstavljaju spojeve uzore za razvoj
novih potencijalnih antimalarika, dok je harmicine i harmicene potrebno razvijati kao potencijalne protutumorske
lijekove.
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SUMMARY

Cancer and malaria are life-threatening diseases that pose a permanent public health problem. Existing cytostatic
and antimalarial drugs are progressively losing their efficacy due to the development of drug resistance. Thus,
there is a constant need for the development of novel and effective drugs. One of the possible approaches is
molecular hybridization, i.e. covalent linking of two bioactive moieties into a single molecule with improved
properties. In this dissertation, hybrids comprising harmin, a B-carboline alkaloid with pronounced antimalarial
and antitumor activity, and: 1) cinnamic acid derivatives (harmicines), 2) chloroquine (harmiquins), 3) ferrocene
(harmicenes) were prepared. The harmicines were synthesized by a copper(l)-catalyzed azide-alkyne cycloaddition
("click" reaction) leading to triazole-type hybrids. On the other hand, harmiquins and harmicenes were prepared
by both “click" and coupling reactions, giving triazole- and amide-type harmiquins and harmicenes. To obtain the
required starting compounds for the "click" reaction, synthetic routes to -carboline-, cinnamic acid derivative-,
7-chloroquinoline-, and ferrocene-based alkynes and azides were developed. For the purpose of coupling reactions,
7-chloroquinoline- and harmine-based amines and acids were prepared. The novel compounds were characterized
by standard methods (*H and *C NMR, IR, MS). The antimalarial activity of the prepared compounds was
evaluated in vitro against the erythrocytic and hepatic stages of the Plasmodium life cycle, as well as the
antiproliferative activity against a panel of human tumor cell lines. Among the harmicines, triazoles 49a-e
exhibited the strongest antiproliferative activity, whereas in the harmiquins series, triazoles 54 and 57 were the
most cytotoxic compounds. Among the harmicenes, amide 82 showed the strongest cytotoxic activity against all
tested cell lines (ICso < 10 uM), whereas triazole-type harmicenes 67, 66, and 69 displayed significant and selective
activity against MCF-7 and HCT116. Harmiquins have shown the best antimalarial activity against the erythrocytic
phase of chloroquine-sensitive and -resistant P. falciparum strains (ICso in low nanomolar concentrations).
Compound 63 showed a 5.5-fold stronger effect than chloroquine (ICso = 2 + 0.3 nM), while compound 65 was
the most effective against resistant Plasmodium strains. The results suggest that harmiquins represent novel
antimalarial hits, whereas further studies including harmicines and harmicenes should focus on their anticancer
properties.
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