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Abstract:
A series of 1,2-bis(hydroxymethyl)pyrrolo[1fphenanthridine derivatives and their alkyl

(ethyl and isopropyl) carbamates and
12,13-bis(hydroxymethyl)-9,14-dihydro-dibenghb]pyrrolo[1,2-blisoquinoline  derivatives were
synthesized for antiproliferative evaluation. Thelpninary antitumour studies revealed that these
two types of bis(hydroxymethyl) derivatives showggnificant antitumour activities and were able
to inhibit the growth of various human tumour dalles in vitro. Several of the derivatives were
demonstrated to cause DNA interstrand cross-linkarbalkaline agarose gel shifting assay. These
conjugates were cytotoxic to a variety of cancdlr lcees by inducing DNA damage, delaying cell
cycle progression in the G2/M phase and triggeaipgptosis. Compourilla, dissolved in a vehicle
suitable for intravenous administration, was selédbr antitumour studies in animal models. We

demonstrated that at a dose that did not cause hedyht loss in mice, compoun2la could



significantly suppress the growth of tumour xenfigraf human lung cancer H460 and colorectal
cancer HCT116 cells in nude mice. Our present tesudnfirm the antitumour activities of these

conjugates.

Keywords: antitumour agents, bis(hydroxymethyl)pyrrolo[f]@henanthridine, cell cycle,

cytotoxicity, DNA cross-linking, apoptosis



1. Introduction

Cancer is one of the major leading causes of deatidwide. The design of new antitumour
agents is one of the most challenging tasks infitieé of medicinal chemistry. Among anticancer
agents, DNA alkylating agents have attracted attenand have been widely used as potential
therapeutic agents for a long time. Notably, DNAnd@ing therapeutic agents are widely used in
combination therapy with targeted therapeutics a as immunotherapeutics in clinical settings
[1-4].

Naturally occurring mitomycin C (MMCI, Fig. 1) is a clinically useful chemotherapeutyeat
for treating various cancers[5]. Both MMC and swtit indoloquinone EOJ [6], which possess
two reactive nucleophilic centres on its pyrroleg @apable of inducing DNA cross-linking via
bioreductive activation [7]. Numerous pyrrolizinékaloids [8-10] and their synthetic analogues
bearing a bis(hydroxymethyl)pyrrolidine moiety, buas IPP ) [11], are also capable of inducing
DNA interstrand or intrastrand cross-linking (Clgiving them potent antitumour activities [12].
Numerous studies had shown that synthetic bis(lxyenethyl or alkylcarbamate)pyrroles or
pyrrolizines were able to generate an electroplkiictre on the pyrrole ring, and hence reacted with
DNA to induce DNA interstrand cross-linking (ICL)avan electrophilic reaction (Fig. 2) [13, 14].

Obviously, these agents do not require bioredu@otevation to induce DNA CL.

<Insert Figure 1 here >

<Insert Figure 2 here >

To explore new bifunctional DNA alkylating agentsywe previously synthesized
3a-azacyclopenta]indene derivatives4) (wherein R = H or CONH-alkyl; B= alkyl or aryl),
which contain a bis(hydroxymethyl)pyrrole alkylajinpharmacophore and was viewed as a

“benzologue” of IPP J). Among these congeners, compound BO-1@®2ekhibited significanin
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vitro cytotoxicity and potent therapeutic efficacy indeumice bearing cisplatin-resistant lung or
bladder cancer [15]. We further synthesized a sarfebioisosteres” of 3a-azacycloperd@idenes
(4), namely, 5,10-dihydropyrrolo[1,Blisoquinolines §) and benzaf]pyrrolo[2,1-b]thiazoles T),
which also displayed potent antitumour activitigsibhibiting the growth of a variety of human

leukaemia and solid tumour cell lingsvitro andin vivo [16, 17].

To further broaden the chemical space of bifuneioBNA alkylating agents containing
bis(hydroxymethyl) pyrrole alkylating pharmacophgreve took advantage of a hybrid approach to
synthesize a series of indolizino[&}indole derivatives §) [18] and indolizino[8,7d]indoles Q)
[19]. These analogues includ@-carboline (DNA topo | and Il inhibition moiety) en
bis(hydroxymethyl)pyrrole (DNA ICL moiety), as shown Fig. 1. As expected, these hybrids
exhibited multiple modes of action, including intloa of DNA ICLs and inhibition of topo | and I
[18]. Of these analogues, BO-1978 herein R = H, R = Et) significantly suppressed the growth
of EGFR wild-type and mutant non-small-cell lungncar (NSCLC) cells in xenograft and
orthotopic lung tumour models [18]. Furthermores tombination of BO-1978 with gefitinib further
suppressed EGFR mutant NSCLC cell growth vivo [20]. Additionally, we coupled a
bis((hydroxymethyl)pyrrole) pharmacophore with phifzines (an anti-angiogenic moiety) to
generate new pyrrolo[2 d}phthalazine 10) hybrids [21]. We demonstrated that these conggat
were cytotoxic to a variety of cancer cell lines mducing DNA ICLs and inhibiting the
phosphorylation of VEGFR in endothelial cells, leadto cancer cell killing as well as the

suppression of vascular formation.

More recently, we synthesized a series of new wmbur bis(hydroxymethyl)pyrrole
derivatives (Fig. 3), namely, 1,2-bis(hydroxymejpytrolo[1,2f]phenanthridine derivatives (Class I)
and 12,13-bishydroxymethyl-9,14-dihydrodiberfagpyrrolo[1,2-blisoquinoline derivatives (Class

I), via a hybrid approach for anticancer evaluati©@ompounds of Class | contain a phenanthridine
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moiety, which is commonly found in natural produaftish anticancer activity [22-25F.or example,
an N-[2-(dimethylamino)ethyl]phenanthridine-4-carboxami derivative 11, Fig. 4) exhibited
DNA-intercalating activity and displayed moderate vivo antitumour activity against P388
leukaemia and Lewis lung carcinoma cells [28ewise, the phenanthridinium scaffold was used to
design a number of DNA-intercalating agents withitamour properties. For instance, ethidium
bromide (2) is a well-known DNA-intercalating agent commonised as a fluorescent tag (nucleic
acid stain) in molecular biology laboratories fectiniques such as agarose gel electrophoresis [27].
Moreover, phenanthriplatin derivative$3(and 14) are hybrid molecules of a phenanthridinium
moiety and a platinum(ll) diamine. The former waathesized by directly conjugating cisplatin to
the phenanthridinium cation [28], and the latterswirmed by tethering platinum via a
polymethylene chain (n = 3, 5, 8 and 10) to thenginé¢hridinium cation¥4) [29]. The antitumour
activity of phenanthriplatins is substantially gezathan that of cisplatin and pyriplatin becauge o
the hydrophobicity of the phenanthridine ligand.

Compounds of Class Il possess a phenanthroindelinmoiety, as phenanthroindolizidine
alkaloids are commonly isolated from plants [30]. 34arious analogues have been synthesized for
anticancer studies [32-33for instance, (R)-antofinel®, Fig. 4) significantly inhibited various
cancer cell lines at nanomolar concentrations addded cell arrest in the G2/M phase in human
colon Col2 cells [36, 37Naturally occurring tylophorinel) and its synthetic analogues exhibited
significant inhibitory effects against the growtl lmuman hepatocellular carcinoma HepG2 and
human nasopharyngeal carcinoma KB cells and pdiembur growth suppression activity in
xenograft models [38]. Tylophorine inhibited cycWhdVIP response elements, activator protein-1
sites, or nuclear factaB binding site-mediated downstream transcriptior@pG2 cells, indicating
that phenanthroindolizine derivatives have a modleaction different from those of known
antitumour drugs [38].

<Insert Figure 3 here >



<Insert Figure 4 here >

Based on the above reports, phenanthridine or pliemandolizine moieties may play an
important role in enhancing the DNA/drug interactiand thus may increase antitumour activity
with a novel mechanism of action. We have syntleesgeveral Class | and Il derivatives (Fig. 3),
including 1,2-bis(hydroxymethyl)pyrrolo[1,8phenanthridine derivatives and their corresponding
alkylcarbamates (where 'R= H, Me, Et, aryl; R = CONHEt or CONHPr, Class I) and
12,13-bis(hydroxymethyl)-9,14-dihydrodibentb]pyrrolo[1,2-blisoquinoline derivatives (where'R
= H, Me, Et, aryl, R=H, Class Il). The Class | and Il derivativesatieg various substituents at C3
or C12, respectively, will allow us to study theiructure-activity relationships. Additionally, the
heterocyclic nitrogen of the pyrrole moiety fusea the phenanthridine ring (Class I) and the
1,2,3,4-tetrahydro-dibenziifjisoquinoline (Class 1) allowed us to compare ti@ogical activities
of these structurally distinct types of chemicaingmunds. As mentioned previously, the electronic
properties of the substituent(s) on the pyrrole nmilyience the ability of the compound to induce
DNA cross-linking and its antitumour activity. Weport herein that the newly synthesized
compounds exhibited significant cytotoxicity agaimarious human cancer cell lines and significant
tumour suppressiom vivo. Furthermore, these analogues induced DNA ICUscygele interference

and apoptotic cell death.

2. Results and Discussion
2.1. Chemistry

Synthesis of 1,2-Bis(hydroxymethyl)pyrrolo[ 1,2-f] phenanthridine Derivatives (Class 1)
The syntheses of 1,2-bis(hydroxymethyl)pyrrolo[f]ihenanthridine derivative2la-f) and
their bis(alkylcarbamate) derivative@26-f and 23a-f) are shown in Scheme 1. Commercially

available phenanthridinel]) was treated with bromoacetic acid in acetonittiée give the
6



N-(carboxymethyl)phenanthridinium bromide sali8g), which was then reacted with dimethyl
acetylenedicarboxylate (DMAD) and trimethylamind€e@) in toluene at reflux to yield diest@da
(wherein R = H) by using a procedure developed previously.[BBe diester derivative2Qb-f)
having R substituents other than H were also preparedirsjaftom phenanthridine1f). The
reaction ofl7 with trimethylsilyl cyanide and various acyl chibes in dichloromethane (DCM) with
a catalytic amount of AlGlafforded phenanthridine-6-carbonitriles9b-f by following the
previously described procedure [21]. Compoutels-f were treated with tetrafluoroboric acid in
acetic acid to give the hydrofluoroborate saltrimtediates, which were then reacted with DMAD to
give desired diester@0b-f. The diester functions o20a-f were reduced to the corresponding
bis(hydroxymethyl) groups 2{a-f) with lithium aluminium hydride (LAH) in a mixtureof
ether/DCM in an ice bath. Compoun@4a-f were then converted to the corresponding ethyl
carbamates or isopropyl carbamat22a{f and23a-f, respectively) in good yields by treatment with

ethyl or isopropyl isocyanates under basic conai#tio

< Insert Scheme 1 here >

Synthesis of 2,13-Bishydroxymethyl-9,14-dihydrodibenzo[ f,h] pyrrolo[ 1,2-b] -isoquinoline
Derivatives (Class 1)

The syntheses of Class Il compourg@®s-e are shown in Scheme 2. Commercially available
9-phenanthrene carboxaldehyd@d)(was reduced with NaBHo the corresponding known alcohol
(25) [40], which was then treated with PRo afford 9-(bromomethyl)phenanthre(6) [41]. The
reaction of compoun@6 with diphenyl methylene-glycine ethyl ester in theesence of CO;
afforded compoun@7, which was further treated with concentrated HCyield compound®8. The
Pictet-Spengler cyclization o8 by treatment with formaldehyde (37%) in a mixturé o

DCM/trifluoroacetic acid (TFA) gave dibenZgdflisoquinoline29. Compound?29 was reacted with



various acid chlorides or acid anhydrides in thespnce of TEA to produds-acetyl derivatives
30a-e. Hydrolysis of 30a-e under basic condition§l N aqueous sodium hydroxide in ethanol)
yielded corresponding carboxylic acid derivatigds-e, which were further converted to diesters
32a-e by treatment with DMAD in AgO at 100C. The reaction of dieste@a-e with LAH in a
mixture of ether/DCM yielded bis(hydroxymethyl) detives33a-e. Attempts to converd3a-e into
their corresponding bis(alkylcarbamate) derivatoongeners failed because of the instability of
33a-e under the reaction conditions. A similar resultswabserved in the synthesis of the
alkylcarbamate of bis(hydroxymethyl)pyrroloindohni8,7-d]indoles Q) as previously reported

[19].

< Insert Scheme 2 here >

2.2. Biological results
2.2.1. In vitro cytotoxicity

We first evaluated the anti-proliferative activtiand studied the structure-activity relationships
(SARs) of the newly synthesized compounds agaimstam lymphoblastic leukaemia (CCRF-CEM)
and various human solid tumour celis vitro. As shown in Table 1, among the tested
bis(hydroxymethyl) derivatives2{a-f), 21a (R* = H) was the most cytotoxic against CCRF/CEM
cells, with an 1Gy value of 0.37uM. The cytotoxicities of the tested compounds d{edecreased as
the size of the substituent at C3 increased [elgz, Me > Et> aryl (Ph, 4-FPh, and 4’-MeOPh)].
Among the bis(alkylcarbamate)-substituted derivedig2a-f and 23a-f), their cytotoxicities were
influenced by the C3 substituent'jRand were in the order C3-Me > H > Et > aryl. Ansar SAR
was observed among the diberfzgpyrrolo[1,2-blisoquinoline derivatives33a-€) (Class 11); the
size and the electronic properties of the substitie C11 influenced their cytotoxicity. A Me
substituent at C11 (R (33a) resulted in the most cytotoxic compound among @fess Il series

(33a-e). These results confirmed that the electronedstiv the N atom in the pyrrole affects the



DNA ICL and thus the cytotoxicity of the compourahd the electronegativity of the N atom is
decreased when the inductive effect of the sulestitat C3 or C11 in Class | or Class Il compounds,
respectively, is reduced.

Intriguingly, except for those without a substituet C3 (H) Rla, 22a and 23a), Class |
compounds with ethyl or isopropyl substituents dre tbis(alkylcarbamate) moiety showed
significantly higher cytotoxicities to CCRF/CEM tzefelative to those of their Class Il counterparts
These results indicate that the substituents atoC¥11 in Class | or Class Il compounds,
respectively, influence the biological activity thiese bis(hydroxymethyl) derivatives. Furthermore,
the C3-4’-MeOPh-substituted compound is more cyictdhan the corresponding C3-Ph and
C3-4’-F-Ph substituted derivatives.

Drug resistance is one of the main concerns in dewg development [42]. To determine
whether the newly synthesized compounds effectiwalybit multi-drug resistant (MDR) cancer
cells, we compared the vitro cytotoxic activities of the new derivatives agai@CRF-CEM cells
and its drug-resistant sublines resistant to vstiria, CCRF-CEM/VBL (approximately 278-fold
more resistant than the sensitive parent cell Jings shown in Table 1, 15 out of the 23 compounds
tested showed a resistance factor (RE) The RFs of these new compounds were betwe&add
1.42, indicating that they are not substrates gfypoprotein, which may allow them to overcome

MDR.

< Insert Table 1 here >

We further evaluated the effects of selected newvakéves on the inhibition of cell growth
against a panel of human solid tumour cell limesitro, including colon carcinoma HCT-116, lung
cancer H1650 and H460 and pancreatic cancer PamS1 The antiproliferative activities of the
tested compounds are summarized in Table 2. Clasmpounds with H or Me substituents at C3

displayed the most potent cytotoxicities againsttsted tumour cell lines. In Class I, it wasals
9



shown that the C11-alkyl (Me and Et) derivativesraveggenerally more cytotoxic than the
corresponding Cl1-aryl congeners. In general, Hiees of IC50 were less than 3 folds among the
tumour cell lines tested, except compo@3d. H460 cells were the most sensitive to compakBa)

while HCT-116 to compoungla.

< |nsert Table 2 here >

2.2.3. DNA cross-linking study

Our previous studies revealed that bis(hydroxymigtlggrole analogues [8] are able to induce
DNA ICLs. To determine whether the newly synthedimempounds are also capable of causing
DNA cross-linking, linearized pBR322 DNA was trehtewith potent Class | and I
bis(hydroxymethyl) derivative2{a, 21b, 33a, and33b) at various concentrations (1, 5, 10 and 20
KM) and melphalan (1 and 5 uM) as a positive confrbe DNA ICLs were determined by an
alkaline agarose gel shifting assay. The resutiswa in Fig. 5, indicated that compourig&a and
33b (Class 1) induced more DNA ICLs tha@la and21b (Class I), suggesting that the electron
density on the N atom of the pyrrole heterocycluance potency of the drug-induced DNA ICLs.
As stated previously, the heterocyclic N of therphg moiety in Class | and Class Il compounds is
fused to the phenanthridine ring and the dihydigusaoline, respectively. These results clearly
show that the lone pair electrons on the N atorlass 1l compounds may improve the leaving
group ability of the hydroxymethyl function B8a and33b relative to the analogous groups2ia
and21b. Therefore, one can expect compoufBi@a and33b to be stronger DNA cross-linkers than
2l1a and21b. Although2la showed lower activity in forming DNA interstrandoss-links thar83a
in vitro, their I1G; values for all tested cell lines were similar. & therefore infer th&tla may
have functions other than DNA cross-linking. Howewee cannot rule out other possibilities, such
as that2la and33a may have different pharmacokinetics, includingeafidintial cellular uptake rates

and different stabilities in the medium.
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<Insert Figure 5 here >

2.2.4. Céll cycle inhibition

DNA interacting/damaging agents are known to indcek cycle perturbations and arrest cell
cycle progression predominantly at the G2/M bound@herefore, the effect of compouda on
cell cycle progression was further investigated homan colorectal cancer HCT-116 and
non-small-cell lung cancer H460 cells. HCT-116 xellere treated witl2la at concentrations of
0.375, 0.75, and 1,56M for 12, 24, and 36 h. Similarly, H460 cells wéreated with compoun#la
at 0.75, 1.5, and 3 uM. At the end of treatmenlis ogere harvested by trypsination, fixed with
ethanol, stained with propidium iodide (Pl), andbjsated to flow cytometric analysis. As shown in
Fig. 6, the cell cycle progression was influencgdcbmpound2la. Accordingly the cell cycle
progression profiles, we noticed the temporary doske-dependent increase in G2/M phase at 24 h
after treatment in either HCT-116 and H460 cells38 h after treatment, the jammed G2/M phase
was likely progressing to the next cycle. Howevatr,a higher concentration (i.e., 11/ in
HCT-116 cells and 3.aM in H460 cells), we observed the appearance afgel proportion of the
sub-G1 phase at 36 h, indicating that the cellssomeint apoptosis. These observations implicate
that compound?la targets DNA, induces DNA damage, and subsequenggers apoptotic cell

death. However, we could not exclude other toxiclmaisms.

<Insert Figure 6 here >

2.2.5. Induction of apoptosis

To confirm that compoun@la triggered apoptotic cell death, we performed aneam V

binding assay. H460 cells were treated with comdd2ira at various concentrations (1.5, 3.0 and
11



6.0 uM) for 48 h, stained with annexin V-FITC anig &d subjected to flow cytometry analysis. As
shown in Fig. 7A, there was a significant time-degent increase in the percentage of annexin V
cells after 48 h of treatment with compou2ith at various concentrations (1.5, 3, andM). The
frequencies of annexin®\kells are summarized in Fig. 7B. These resultdicorthat the cytotoxic

effects of21a in H460 cells were due to its ability to inducepsis.

<Insert Figure 7 here >

2.2.2. In vivo antitumour activity

Although 33a was as cytotoxic agla, inhibiting all the tested tumour cell linés vitro and
serving as a stronger DNA cross-linker thata, this congener was not selected farvivo
antitumour activity analysis because of its podulsitity. Alternatively, compoundla has good
solubility in a mixture of ethanol/PEG400/Cremopidr/0.9% saline (10:10:10:70; v/viviv) that
can be administered via intravenous injectiow.)( We therefore selected compouda for
antitumour activity evaluation using human tumoenagrafts in animal models. The therapeutic
efficacy of 21a was analysed in nude mice bearing human lung cai&0 and human colorectal
cancer HCT116 xenografts loy. administration at 30 mg/kg once every day for filsys (QLx5),
and this five-day cycle was repeated for twice vaitR-day interval. Oxaliplatin administered at 7.5
mg/kg once a week for 2 weeks (Q¥2) throughi.v. was used as a positive control. As shown in
Fig. 8A and B (left), compoun@la suppressed approximately 66 and 72% of tumour trow
compared to the vehicle control in H460 and HCT4é&6ografts, respectively, at day 24. However,
the tumour size in H460 and HCT116 xenografts weduced by approximately 34 and 40%,
respectively, in mice treated with oxaliplatin ayd24. Based on the average body weight changes

(Fig. 8A and B, right), neithe2la nor oxaliplatin showed significant systematic tatyi in mice at
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the doses used. These results demonstrated thaboord2la was more effective than oxaliplatin in
inhibiting thesan vivo models.

< Insert Scheme 8 here >

3. Conclusion

In the current study, we designed and synthesizesdrees of pyrrolo[1,Zphenanthridine
(Class 1) and dibenzfh]pyrrolo[1,2blisoquinoline (Class 1) derivatives by coupling INA
cross-linking  bis(hydroxymethyl)pyrrole  pharmacomho with a  phenanthridine  or
phenanthroindolizine moiety and evaluated theirit@miour activities. We demonstrated that
compounds in Classes | and Il showed potent cyiotes against the growth of lymphoblastic
leukaemia CCRF/CEM and human colon carcinoma HQOgG,-1ing cancer H1650 and H460, and
pancreatic cancer PacaS1 catisitro. The SAR studies showed that compounds having anv&
substituent at Rin both classes of compounds are generally ma@taxic than the corresponding
aryl-substituted compounds. Interestingly, bis(lmyxgmethyl)dibenzd]h]pyrrolo[1,2-0]-
isoquinolines (e.g.33a and33b) are more cytotoxic and induce more DNA crosstigkthan the
corresponding bis(hydroxymethyl)pyrrolo[1ffphenanthridines (e.g.21la and 21b). Whether
bis(hydroxymethyl)pyrrolo[1,3}phenanthridines have other biological activitiearsants further
investigation. The results of the present studyhimr confirmed that the substituents on the pyrrole
affect the degree of electronic perturbation in freeticipating pyrrole and thus modulate the
properties of the leaving OH or alkylcarbamate grahe ability to induce DNA cross-linking and
the antitumour activity. Among the newly synthedizmmpounds, we selected compow@id for
further antitumour activity evaluation in human tum xenograft models because of its potient
vitro cytotoxicity and better solubility in the intravams injection vehicle. We compared the
therapeutic efficacy oRla with that of oxaliplatin in nude mice bearing H4@6&d HCT116

xenografts2la showed significant tumour growth inhibition in hahe human lung and colorectal
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cancer models. Moreover, these compounds are @pélthducing DNA cross-linking, interfering
with cell cycle progression and triggering cell pfusis.

We previously constructed various hybrid molecul®s coupling B-carboline (Topo /1l
inhibitory moiety) or phthalazine (an anti-angiogemmoiety) with bis(hydroxymethyl)pyrrole
pharmacophorer. It was revealed that these hyhdidplayed multiple modes of action with
significant antitumor activity in tumour xenograftodels. In comparison with that, we applied
phenanthridine or phenanthroindolizine moieties poeparing hybrids in the present studies. It
showed that the main mechanism of action of the hglarids is DNA ICL. Due to the planar
structure of phenanthridine and phenathriondolizime may infer that these moieties may
intercalate into DNA and hence enhance the intenacs well as cleavage activity of these newly
synthesized compounds. As a result, the newly sgitbd compounds are less potent than those
previously synthesized. Nevertheless, the currenliess suggest that bis(hydroxymethyl)pyrrole is a
valuable scaffold for designing powerful DNA crdssing agents with potential antitumor activity
for clinical applications. The anticancer activitf conjugation of other functional moiety to

bis(hydroxymethyl)pyrrole warrants our further istigation.

4. Experimental Protocols
4.1. Materials and methods

All commercial chemicals and solvents were reageatle. Melting points were determined in
open capillaries on a Fargo melting point apparatdgsare uncorrected. Thin-layer chromatography
was performed on silica gel G60 F254 plates (MeMkrck KGaA, Darmstadt, Germany) with
short-wave UV light for visualization. The purity all the tested compounds wa85% based on
analytical HPLC. High-resolution mass spectroméHiRrMS) was conducted on a Waters HDMS
G1 instrument with ES) centroid mode, and the samples were dissolvédei@H.*H NMR spectra
and*C NMR spectra were recorded on a Bruker AVANCE BIRX and/or a 400 MHz Bruker

Top-Spin spectrometer in the solvents indicateck pitoton chemical shifts are reported in parts per
14



million (6 ppm) relative to (CHB)4Si, coupling constants (J) are reported in Hertz)(Hand
multiplicities are given by the following abbreviis: s, singlet; d, doublet; dd, doublet of dotdle
triplet; m, multiplet; and br s, broad singlet. THELC chromatograms artéi NMR, *C NMR and
HRMS spectra of the new compounds are presentddpendix A.

4.2. Chemistry
4.2.1. 5-(Carboxymethyl)phenanthridin-5-ium bromide (18a).

Bromoacetic acid (4.65 g, 33.0 mmol) was addeddtiirieed solution of phenanthriding? 5.0 g,
28.0 mmol) in acetonitrile (50 mL) at rt. The misg¢uvas heated at reflux for 48 h until a solid prctd
was obtained. After cooling, the product was caélddy filtration, washed with acetonitrile and
dried to give compounti8a. Yield 5.8 g (65%); mp 260—-262°&4 NMR (DMSO-dg) & 6.15 (s, 2H,
CH,), 8.11-8.18 (m, 3H, ArH), 8.45-8.49 (m, 2H, Arid)61-8.62 (m, 1H, ArH), 9.18-9.23 (m, 2H,
ArH), 10.54 (s, 1H, ArH)*C NMR (DMSO4ds) § 58.11, 119.81, 123.13, 123.40, 124.98, 125.41,
130.43, 130.66, 132.23, 133.12, 133.69, 134.67,813857.04, 167.39; HRMS [E$kalcd for

Ci5H12NBrO,, 239.0946 [M+H-Br], found 239.0884.

4.2.2. 5-Acetyl-5,6-dihydrophenanthridine-6-carbonitrile (19b).
Trimethylsilyl cyanide (5.0 mL, 40.0 mmol) and aaigtic amount of AlCiwere added to a

stirred solution ofL7 (3.6 g, 20.0 mmol) in DCM (60 mL) under an argbmasphere. To this

reaction mixture was dropwise added acetyl chlofad2 mL, 30.0 mmol). After stirring for 4 h at rt,
the reaction was poured into cold water, and tigaric layer was separated and washed with water,
5% sodium hydroxide aqueous solution and wateeddsver sodium sulfate and concentrated to
dryness in vacuo to yieltbb. Yield 4.6 g (92%); mp 170-172°¢ NMR (DMSO-dg) & 2.22 (s,

3H, COCHy), 7.26 (s, 1H, CH), 7.45-7.52 (m, 3H, ArH), 7.5&&(m, 1H, ArH), 7.69-7.71 (m, 1H,
ArH), 7.77-7.79 (m, 1H, ArH), 8.06-8.08 (m, 2H, Art’C NMR (DMSO+g) 5 21.94, 117.26,
124.30, 124.89, 125.53, 126.87, 127.11, 128.83,902829.96, 130.30, 130.41, 134.21, 168.70;

HRMS [ESI] calcd for GgH12N20, 249.1028 [M+H], found 249.1034.
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By following the same synthetic procedure as tlidb, the following compounds were

synthesized:
4.2.3. 5-Propionyl-5,6-di hydr ophenanthridine-6-carbonitrile (19c).
Compoundl9c was prepared froh7 (3.6 g, 20.0 mmol), trimethylsilyl cyanide (5.0 p0.0

mmol) and propiony! chloride (2.7 mL, 30.0 mmoljeM 5.0 g (95%); mp 152—154°&4 NMR
(DMSO-dg) § 0.98 (t,J = 7.3 Hz, 3H, Ch), 2.31-2.32 (m, 1H, C§), 2.77-2.85 (m, 1H, C¥, 7.27

(s, 1H, CH), 7.45-7.51 (m, 3H, ArH), 7.56—7.59 (thl, ArH), 7.69—7.70 (m, 1H, ArH), 7.77-7.78
(m, 1H, ArH), 8.05-8.08 (m, 2H, ArH}*C NMR (DMSO4ds) & 9.28, 26.60, 117.30, 124.30, 124.95,
125.67, 126.85, 127.14, 127.28, 128.81, 128.84,183030.28, 130.45, 133.96, 172.21; HRMS

[ESI]: calcd for G7H14N20, 263.1184 [M+H], found 263.1183.

4.2.4. 5-Benzoyl-5,6-dihydrophenanthridine-6-carbonitrile (19d).
Compoundl9d was prepared frorh7 (3.6 g, 20.0 mmol), trimethylsilyl cyanide (5.0 n10.0

mmol) and benzoyl chloride (3.5 mL, 30.0 mmol). [di&.2 g (82%); mp 144-146°¢4 NMR
(DMSO-dg) § 6.76-6.77 (m, 1H, ArH), 7.10-7.12 (m, 2H, 1 x Q#ld x ArH), 7.29-7.36 (m, 5H,
ArH), 7.46-7.53 (m, 2H, ArH), 7.62-7.65 (m, 1H, ArH.83-7.85 (m, 1H, ArH), 8.06-8.07 (m, 1H,
ArH), 8.13-8.15 (m, 1H, ArH)**C NMR (DMSO+g) 6 45.10, 117.22, 124.27, 124.94, 125.52,
126.10, 126.40, 127.13, 128.33, 128.45, 129.03,322930.25, 130.42, 131.57, 133.35, 168.19;

HRMS [ESH] calcd for GyH14N20, 311.1184 [M+H], found 311.1182.

4.2.5. 5-(4-Fluorobenzoyl)-5,6-dihydr ophenanthridine-6-carbonitrile (19¢).

Compoundl9e was prepared fro7 (3.6 g, 20.0 mmol), trimethylsilyl cyanide (5.0 y10.0
mmol) and 4-fluorobenzoyl chloride (3.5 mL, 30.0 oijnYield 5.6 g (85%); mp 156—158°¢H
NMR (DMSO-dg) 8 6.77—6.79 (m, 1H, ArH), 7.09 (s, 1H, CH), 7.12-97(fn, 3H, ArH), 7.29-7.32
(m, 1H, ArH), 7.38-7.41 (m, 2H, ArH), 7.49-7.51 (b, ArH), 7.59-7.63 (m, 1H, ArH), 7.81-7.83
(m, 1H, ArH), 8.04-8.06 (m, 1H, ArH), 8.11-8.12 (i}, ArH); **C NMR (DMSO+g) & 45.17,

115.47, 115.64, 117.18, 124.26, 124.98, 125.53,112826.47, 127.13, 128.41, 129.03, 129.30,
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129.79, 129.81, 130.21, 130.40, 131.90, 131.97,783462.64, 164.63, 167.16; HRMS [E]Sfalcd

for Co1H13FN,O, 329.1090 [M+H], found 329.1089.

4.2.6. 5-(4-Methoxybenzoyl )-5,6-dihydr ophenanthridine-6-carbonitrile (19f).

Compoundl9f was prepared frorh7 (3.6 g, 20.0 mmol), trimethylsilyl cyanide (5.0 n10.0
mmol) and 4-methoxybenzoyl chloride (4.1 mL, 30.0at). Yield 5.4 g (79%); mp 148-150°¢H
NMR (DMSO-dg) 5 3.75 (s, 3H, OCH), 6.78-6.79 (m, 1H, ArH), 6.88—6.89 (m, 1H, Arf)04
(1H, s, CH), 7.14-7.17 (m, 1H, ArH), 7.29-7.33 @H, ArH), 7.49-7.52 (m, 1H, ArH), 7.61-7.64
(m, 1H, ArH), 7.82-7.83 (m, 1H, ArH), 8.05-8.07 (b, ArH), 8.12-8.13 (m, 1H, ArH}*C NMR
(DMSO-dg) 6 45.32, 55.36, 113.76, 117.34, 124.19, 124.94,112325.25, 125.88, 126.08, 127.10,
128.41, 128.95, 129.40, 130.34, 130.36, 131.39,383361.82, 167.80; HRMS [E$Lkalcd for

CooH16N20O5, 341.1290 [M+H], found 341.1369.

4.2.7. Dimethyl pyrrolo[ 1,2-f] phenanthridine-1,2-dicarboxylate (20a).

DMAD (9.7 mL, 80.0 mmol) was slowly added to argtit suspension dBa (5.0 g, 16.0 mmol)
and TEA (2.6 mL, 19.0 mmol) in toluene (80 mL)@aflihe reaction mixture was stirred at 90°C for 2
h (monitored by TLC). The mixture was cooled tarig the solvent was removed in vacuo. The crude
product was purified by silica gel column chromaiggny (SiQ, hexane:ethyl acetate = 80:20 v/v) to
give 20a. Yield 2.6 g (50%); mp 175-177°@4 NMR (DMSO-ds) & 3.85 (s, 3H, COOCH), 3.96 (s,
3H, COOCH), 7.55-7.58 (m, 1H, ArH), 7.60-7.62 (m, 2H, Arf)67—7.68 (m, 1H, ArH), 7.95—
7.97 (m, 1H, ArH), 8.49-8.50 (m, 1H, ArH), 8.56-B&n, 1H, ArH), 8.59-8.61 (m, 1H, ArH), 8.90
(s, 1H, ArH);13C NMR (DMSO4dg) 6 51.73, 52.73, 111.41, 116.63, 116.74, 118.74,221.22.99,
123.48, 123.54, 124.39, 125.69, 125.83, 126.17,162828.95, 129.68, 131.37, 163.27, 167.32,;

HRMS [ESI calcd for GoH1sNO,, 356.0899 [M+Nal], found 356.0893.

4.2.8. Dimethyl 3-methylpyrrolo[ 1,2-f] phenanthridine-1,2-dicarboxylate (20b).
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To a solution oR0b (4.0 gm, 16.0 mmol) in hot acetic acid (100 mL)yvaropwise added
tetrafluoroboric acid (HBJ (3.2 mL, 17.6 mmol). The solution was stirred 3@ min at 60—70°C.
The mixture was cooled, the white precipitate watected by filtration, and the filter cake was
washed with ether to give the desired hydrofluoratesalt. The solid salt was added to a solution
of DMAD (5.0 mL, 40.0 mmol) in dimethylformamide {IF) (25 mL) and heated at 95-100°C for
14 h. The reaction mixture was concentrated in ¥aand the residue was crystallized from
methanol to giv0b. Yield 3.6 g (64%); mp 145-147°&4 NMR (DMSO-ds) § 3.11 (s, 3H, Ch),
3.81 (s, 3H, COOCH), 3.93 (s, 3H, COOCH), 7.54-7.58 (m, 3H, ArH), 7.62—7.65 (m, 1H, ArH),
7.92-7.94 (m, 1H, ArH), 8.39 — 8.40 (m, 1H, ArH)58-8.53 (m, 1H, ArH), 8.60-8.61 (m, 1H,
ArH); 3%C NMR (DMSO4g) 6 16.13, 51.75, 52.65, 111.29, 115.25, 118.86, B22A.73.05, 123.21,
123.83, 124.43, 125.41, 125.74, 127.78, 128.59,872832.42, 132.90, 164.22, 167.79; HRMS

[ESI] calcd for GiH1/NOy, 348.1236 [M+H], found 348.1247.

By following the same synthetic procedure as ti&ob, the following compounds were
synthesized:
4.2.9. Dimethyl 3-ethylpyrrolo[ 1,2-f] phenanthridine-1,2-dicarboxylate (20c).

Compound20c was prepared frori9c (4.0 g, 15 mmol), HBF(3.0 mL, 16.5 mmol) and
DMAD (4.7 mL, 37.5 mmol). Yield 3.2 g (58%); mp 12123°C;*H NMR (DMSO-ds) & 1.38 (t,J =
7.3 Hz, 3H, CH), 3.58 (m, 2H, Ch), 3.82 (s, 3H, COOC}), 3.94 (s, 3H, COOC}), 7.55-7.59 (m,
3H, ArH), 7.67-7.70 (m, 1H, ArH), 7.91-7.93 (m, 1&tH), 8.24-8.26 (m, 1H, ArH), 8.51-8.53 (m,
1H, ArH), 8.61 -8.62 (m, 1H, ArH)l,3C NMR (DMSOdg) 6 13.26, 20.59, 51.80, 52.66, 111.50,
115.05, 118.30, 122.73, 123.02, 123.19, 123.87.682425.56, 125.62, 125.85, 127.82, 128.89,
129.02, 132.60, 137.71, 164.07, 167.81; HRMS [E&dIcd for GoH1gNO4, 362.1392 [M+H],

found 362.1385.

4.2.10. Dimethyl 3-phenylpyrrolo[ 1,2-f] phenanthridine-1,2-dicarboxylate (20d).
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Compound20d was prepared frorh9d (5.0 g, 16.0 mmol), HBH3.2 mL, 17.6 mmol) and
DMAD (5.0 mL, 40.0 mmol). Yield 3.2 g (48%); mp 13234°C;'H NMR (DMSO-dg) & 3.59 (s,
3H, COOCH), 3.95 (s, 3H, COOC¥), 7.04-7.06 (m, 1H, ArH), 7.12-7.16 (m, 1H, ArH)39-7.42
(m, 1H, ArH), 7.47-7.49 (m, 2H, ArH), 7.54—7.59 (&M, ArH), 7.61-7.63 (m, 2H, ArH), 8.15-8.17
(m, 1H, ArH), 8.55-8.58 (m, 2H, ArH}*C NMR (DMSO«dg) 5 51.63, 52.68, 111.24, 117.93,
118.66, 123.06, 123.28, 123.43, 123.78, 124.69,622326.11, 126.88, 127.83, 128.25, 128.89,
129.22, 130.18, 132.29, 132.54, 132.60, 163.60,126 HRMS [EST] calcd for GgH1oNOy4,

410.1392 [M+H], found 410.1393.

4.2.11. Dimethyl 3-(4-fluorophenyl)pyrrol o[ 1,2-f] phenanthridine-1,2-dicar boxylate (20e).
Compound20e was prepared fro9e (5.3 g, 16.0 mmol), HBH3.2 mL, 17.6 mmol) and
DMAD (5.0 mL, 40.0 mmol). Yield 3.1 g, (45%); mp&4150°C;"H NMR (DMSO-dg) & 3.60 (s,
3H, COOCH), 3.95 (s, 3H, COOC}), 7.07—7.09 (m, 1H, ArH), 7.22—-7.24 (m, 1H, ArR)37-7.44
(m, 3H, ArH), 7.54-7.57 (m, 2H, ArH), 7.61-7.64 (24, ArH), 8.12-8.14 (m, 1H, ArH), 8.55-8.60
(m, 2H, ArH);13C NMR (DMSO4g) 6 51.66, 52.71, 111.34, 115.87, 116.04, 118.61,0823.23.28,
123.35, 123.74, 124.74, 125.66, 126.11, 126.81.9827128.26, 128.94, 131.64, 132.27, 132.55,
132.62, 161.53, 163.49, 167.18; HRMS [HShlcd for GeH1gFNO;4, 450.1118 [M+Nal], found

450.1135.

4.2.12. Dimethyl 3-(4-methoxyphenyl)pyrrolo[ 1,2-f] phenanthridine-1,2-dicarboxylate (20f).
Compound0f was prepared frorhof (4.4 g, 13.0 mmol), HBH2.6 mL, 14.2 mmol) and

DMAD (4.0 mL, 32.5 mmol). Yield 3.0 g (53%); mp :3B40°C;'H NMR (DMSO-dg) & 3.62 (s,

3H, COOCH), 3.88 (s, 3H, OCH}, 3.95 (s, 3H, COOCH), 7.09-7.11 (m, 2H, ArH), 7.18-7.20 (m,

2H, ArH), 7.38-7.41 (m, 3H, ArH), 7.61-7.63 (m, 2&tH), 8.15-8.17 (m, 1H, ArH), 8.54-8.58 (m,

2H, ArH); *C NMR (DMSO4dg) § 51.62, 52.65, 55.22, 111.15, 114.34, 117.95, 114.83.04,

123.24, 123.42, 123.85, 124.39, 124.65, 125.54,112426.68, 127.91, 128.16, 128.86, 159.75,

163.70, 167.19; HRMS [ESlIcalcd for G7H21NOs, 462.1317 [M+Nal], found 462.1314.
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4.2.13. Pyrrolo[ 1,2-f] phenanthridine-1,2-diyldimethanol (21a).

To a stirred suspension of LAH (0.48 g, 12.5 mnmokliethyl ether (25 mL) was portionwise
added20a (1.7 g, 5.0 mmol) in DCM (50 mL) at 0 to°®. The reaction mixture was stirred at this
temperature for 50 min. The excess LAH was decoegby adding water (1 mL), N@H (1 mL)
and more water (1 mL) af@. The mixture was filtered through a pad of Cehlited the filter cake
was washed several times with DCM. The combingchfé and washings were sequentially washed
with water and brine, dried over sodium sulfate eodcentrated to dryness in vacuo. The residue
was crystalized from ether to gi2éa. Yield 1.25 g (89%); mp 194—196°¢4 NMR (DMSO-dg) &
4.65 (d,J = 5.1 Hz, 2H, OCh), 4.82 (d,J = 4.9 Hz, 2H, OCH), 4.89 (t,J = 5.1 Hz, 1H, OH,
exchangeable), 4.93 = 4.9 Hz, 1H, OH, exchangeable), 7.40-7.43 (m,AH), 7.46-7.49 (m,
1H, ArH), 7.56—7.60 (m, 2H, ArH), 8.08 (s, 1H, ArH8.16—8.18 (m, 1H, ArH), 8.41-8.43 (m, 1H,
ArH), 8.46-8.51 (m, 1H, ArH), 8.51-8.53 (m, 1H, Ar{C NMR (DMSO«dg) 5 54.29, 55.40,
111.90, 115.29, 117.76, 120.59, 122.72, 124.04,1824 24 .45, 124.85, 125.58, 125.85, 126.12,
128.21, 128.35, 129.15, 132.53; HRMS [BShlcd for GgH1sNO,, 260.1075 [M+H-HO]", found

260.1101.

By following the same synthetic procedure as tli&la, the following compounds were
synthesized:
4.2.14. (3-Methylpyrrol o[ 1,2-f] phenanthridine-1,2-diyl)dimethanol (21b).

Compound21b was prepared frorg0b (2.1 g, 6.0 mmol) and LAH (0.6 g, 15 mmol). Yieldb1
g (91%); mp 158-160°CGH NMR (DMSO-ds) § 2.86 (s, 3H, Ch), 4.60 (d,J = 5.1 Hz, 2H, OCH),
4.63 (t,J = 5.0 Hz, 1H, OH, exchangeable), 4.82J¢; 5.0 Hz, 2H, OCH), 4.90 (t,J = 5.1 Hz, 1H,
OH, exchangeable), 7.41-7.44 (m, 2H, ArH), 7.52#71/m, 2H, ArH), 8.31-8.33 (m, 1H, ArH),
8.42-8.43 (m, 2H, ArH), 8.52-8.54 (m, 1H, ArHfC NMR (DMSO4dg) & 15.53, 53.31, 54.27,

117.43, 117.63, 122.40, 122.43, 123.80, 124.07,3824124.69, 125.37, 125.43, 125.83, 126.39,
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128.11, 128.33, 134.30; HRMS [EBlcalcd for GgHi/NO,, 274.1226 [M+H-HO]", found

274.1243.

4.2.15. (3-Ethylpyrrolo[ 1,2-f] phenanthridine-1,2-diyl)dimethanol (21c).

Compoundlc was prepared frorB0c (2.5 g, 7.0 mmol) and LAH (0.65 g, 17.5 mmol). Yel
1.85 g (88%); mp 167-169°¢ NMR (DMSO-dg) § 1.32 (t,J = 7.3 Hz, 3H, Ch), 3.32 (m, 2H,
CH,), 4.60 (dJ = 5.0 Hz, 2H, OCH), 4.65 (t,J = 4.9 Hz, 1H, OH exchangeable), 4.82J¢; 4.9
Hz, 2H, OCH), 4.92 (t,J = 5.0 Hz, 1H, OH exchangeable), 7.42-7.44 (m,A&HH), 7.53-7.56 (m,
1H, ArH), 7.58-7.61 (m, 1H, ArH), 8.17-8.19 (m, 1A&tH), 8.42-8.44 (m, 2H, ArH), 8.53-8.55 (m,
1H, ArH); *C NMR (DMSO4d) & 14.46, 20.30, 53.20, 54.28, 117.09, 117.73, 123.33.86,
124.16, 124.21, 124.66, 125.50, 125.67, 125.77482@28.33, 128.46, 130.20, 133.39; HRMS

[ESI] calcd for GoH19NO,, 288.1339 [M+H-HO]", found 288.1387.

4.2.16. (3-Phenylpyrrol o[ 1,2-f] phenanthridine-1,2-diyl)dimethanol (21d).

Compound21d was prepared fror@0d (2.85 g, 7.0 mmol) and LAH (0.65 g, 17.5 mmol). Mie
2.1 g (85%); mp 210-212°CGiH NMR (DMSO-dg) 5 4.36 (d,J = 4.1 Hz, 2H, OCH), 4.77 (tJ = 4.1
Hz, 1H, OH, exchangeable), 4.93 @@,= 3.7 Hz, 2H, OCH), 5.02 (t,J = 4.4 Hz, 1H, OH,
exchangeable), 7.11-7.12 (m, 2H, ArH), 7.29-7.30 Irh, ArH), 7.46—7.54 (m, 6H, ArH), 7.59—
7.62 (m, 1H, ArH), 8.46-8.51 (m, 3H, ArHYC NMR (DMSO+q) & 53.37, 54.34, 118.19, 118.47,
122.47, 122.58, 123.83, 124.46, 124.83, 125.39,0826126.32, 127.15, 127.37, 127.65, 127.94,
128.05, 128.87, 129.90, 133.27, 133.64; HRMS [E&lIcd for G4H19NO», 336.1383 [M+H-HO]",

found 336.1416.

4.2.17. (3-(4-Fluorophenyl)pyrrol o 1,2-f] phenanthridine-1,2-diyl)dimethanol (21€).
Compoundle was prepared frorB0e (2.15 g, 5.0 mmol) and LAH (0.48 g, 12.5 mmol). Mie
1.7 g (91%); mp 190-192°¢ NMR (DMSO-dg) & 4.34 (d,J = 4.9 Hz, 2H, OCH), 4.80 (t,J = 4.9

Hz, 1H, OH, exchangeable), 4.92 {d&s 4.7 Hz, 2H, OCH), 5.03 (t,J = 4.7 Hz, 1H, OH,

21



exchangeable), 7.10-7.12 (m, 1H, ArH), 7.16-7.191(/ ArH), 7.29—-7.32 (m, 1H, ArH), 7.36—
7.40 (m, 2H, ArH), 7.48-7.52 (m, 3H, ArH), 7.59-Z @n, 1H, ArH), 8.46-8.52 (m, 3H, ArH}’C
NMR (DMSO-ds) 6 53.30, 54.30, 115.89, 115.96, 118.07, 118.40,5IR2A.22.58, 123.89, 124.53,
124.83, 125.39, 126.14, 126.26, 126.84, 127.21.,5P27127.86, 128.50, 130.04, 130.07, 131.97,
132.03, 133.20, 160.86, 162.82; HRMS [gShlcd for G4H1sFNO,, 354.1294 [M+H-HO]*, found

354.1316.

4.2.18. (3-(4-Methoxyphenyl)pyrrol o[ 1,2-f] phenanthridine-1,2-diyl)dimethanol (21f).

Compound1f was prepared fror0f (2.0 g, 4.5 mmol) and LAH (0.43 g, 11.3 mmol). el
1.54 g (88%); mp 177-179°¢1 NMR (DMSO-dg) & 3.85 (s, 3H, OCH), 4.35 (d,J = 5.0 Hz, 2H,
OCHy), 4.72 (t,J = 5.0 Hz, 1H, OH, exchangeable), 4.92)d, 4.9 Hz, 2H, OCH), 5.00 (t,J = 4.9
Hz, 1H, OH, exchangeable), 7.09-7.11 (m, 2H, Ai}3-7.16 (m, 1H, ArH), 7.21-7.23 (m, 1H,
ArH), 7.27-7.30 (m, 1H, ArH), 7.37-7.39 (m, 2H, ArH.46—-7.49 (m, 1H, ArH), 7.58-7.61 (m, 1H,
ArH), 8.44-8.50 (m, 3H, ArH)**C NMR (DMSO+) 5 53.46, 54.41, 55.18, 114.32, 117.99, 118.33,
122.45, 122.54, 123.75, 124.41, 124.76, 125.31,812325.95, 126.41, 126.75, 127.43, 127.46,
127.90, 128.45, 131.23, 133.50, 159.00; HRMS [E&dIcd for GsH2:NOs, 366.1494 [M+H-HO]",

found 366.1516.

4.2.19. General procedures for the preparation of bis(alkylcarbamate) derivatives (22a-f and 23a-f).
Alkyl isocyanate (4.0 equivalents) and TEA (4.0 igglents) were added to a solution of

bis(hydroxymethyl) derivative2(a-e, 1.0 equivalent) in anhydrous THF or DMF. The tiac

mixture was stirred at ambient temperature for 3k-4inder an argon atmosphere. After completion

of the reaction, the reaction mixture was concéetkto dryness in vacuo. The desired product was

obtained by crystallization.

4.2.19.1. Pyrrolo[ 1,2-f] phenanthridine-1,2-diyl bis(methyl ene)bi s(ethyl car bamate (22a).
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Compound22a was prepared fror@la (0.42 g, 1.5 mmol), TEA (0.84 mL, 6.0 mmol) andykth
isocyanate (0.48 mL, 6.0 mmol). Yield 0.38 g (60%hp 145—-147°C*H NMR (DMSO-dg) & 1.01 (t,
J=7.3Hz, 6H, 2 x C), 3.01-3.04 (m, 4H, 2 x G#}{ 5.20 (s, 2H, OCB}, 5.40 (s, 2H, OCH),
7.09-7.13 (br s, 2H, 2 x NH, exchangeable), 7.42-{n, 4H, ArH), 8.17-8.26 (m, 3H, ArH),
8.54-8.56 (m, 2H, ArH)}*C NMR (DMSO«s) § 15.02, 35.05, 57.19, 57.50, 112.99, 114.13, 115.49
120.67, 123.09, 123.46, 123.59, 124.24, 124.68,202325.38, 126.32, 126.53, 128.60, 129.33,
132.06, 155.99, 156.18; HRMS [EBtalcd for GaHosN3Ou, 244.1125 [M+H-2(OCONHEH:)]",

found 244.1144.

4.2.19.2. (3-Methylpyrrol o[ 1,2-f] phenanthridine-1,2-diyl)bis(methyl ene)bis(ethyl carbamate) (22b).
Compound22b was prepared frorglb (0.3 g, 1.0 mmol), TEA (0.55 mL, 4.0 mmol) and éthy
isocyanate (0.33 mL, 4.0 mmol). Yield 0.24 g (52%) 172—-174°C*H NMR (DMSO-dg) & 0.98
(t, J= 7.3 Hz, 3H, CH), 1.01 (tJ = 7.3 Hz, 3H, CH), 2.87 (s, 3H, Ch), 2.97-3.04 (m, 4H, 2 x
CHy), 5.22 (s, 2H, OC}), 5.40 (s, 2H, OCH), 7.05 (br s, 1H, NH, exchangeable), 7.12 (b, 1
NH, exchangeable), 7.45-7.50 (m, 2H, ArH), 7.5561r6, 2H, ArH), 8.13-8.15 (m, 1H, ArH),
8.33-8.34 (m, 1H, ArH), 8.47-8.49 (m, 1H, ArH), B-8.57 (m, 1H, ArH)>*C NMR (DMSOs) &
15.00, 15.50, 35.06, 56.14, 57.37, 112.73, 111428,58, 122.46, 122.77, 123.18, 124.15, 124.37,
125.11, 125.66, 126.12, 126.31, 128.29, 128.57,803356.04, 156.16; HRMS [ESLkalcd for

CasH27N304, 258.1282 [M+H-2(OCONHgHs)] ¥, found 258.1289.

4.2.19.3. ((3-Ethylpyrrol o 1,2-f] phenanthridine-1,2-diyl) bis(methyl ene)bis(ethyl car bamate)) (22c).
Compound22c was prepared fror@lc (0.32 g, 1.0 mmol), TEA (0.55 mL, 4.0 mmol) andyéth
isocyanate (0.33 mL, 4.0 mmol). Yield 0.3 g, (64%p 180—182°C*H NMR (DMSO-dg) & 0.99 (t,
J=7.1Hz, 3H, CH), 1.02 (tJ = 7.1 Hz, 3H, CH), 1.30 (t,J = 6.0 Hz, 3H, Chj), 2.99-3.05 (m, 4H,
2 x CH), 3.34 (m, 2H, Ch), 5.22 (s, 2H, OCH), 5.40 (s, 2H, OCH), 7.05 (br s, 1H, NH,
exchangeable), 7.13 (br s, 1H, NH, exchangeablé®—-7.50 (m, 2H, ArH), 7.55-7.58 (m, 1H, ArH),

7.61-7.64 (M, 1H, ArH), 8.13-8.14 (m, 1H, ArH), 8-8.23 (m, 1H, ArH), 8.48-8.50 (m, 1H, ArH),
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8.57—8.58 (m, 1H, ArH)**C NMR (DMSOds) & 14.20, 15.00, 20.31, 35.02, 35.05, 57.98, 57.39,
112.80, 117.39, 121.50, 22.38, 122.76, 123.22,3IR4124.46, 125.08, 125.69, 126.20, 126.62,
128.58, 128.67, 132.04, 133.47, 155.97, 156.15; ISRESI] calcd for GeHogN3Os 272.1438

[M+H-2(OCONHGHs)]", found 272.1464.

4.2.19.4. (3-Phenylpyrrol o[ 1,2-f] phenanthridine-1,2-diyl)bis(methyl ene)bis(ethyl carbamate) (22d).
Compound22d was prepared frordld (0.7 g, 2.0 mmol), TEA (1.1 mL, 8.0 mmol) and dthy
isocyanate (0.64 mL, 8.0 mmol). Yield 0.53 g (54%) 200—202°C*H NMR (DMSO-dg) & 1.02
(t, J= 4.9 Hz, 6H, 2 x Ch), 2.99-3.05 (m, 4H, 2 x Gij| 4.92 (s, 2H, OCH), 5.47 (s, 2H, OCH),
7.05-7.12 (m, 4H, 2 x NH, exchangeable, and 2 x)Ar83-7.34 (m, 1H, ArH), 7.43-7.44 (m, 2H,
ArH), 7.55-7.63 (m, 5H, ArH), 8.20-8.21 (m, 1H, ArHB.52-8.53 (m, 2H, ArH)}*C NMR
(DMSO-dg) 6 14.99, 35.00, 35.08, 56.32, 56.38, 113.21, 11812@.48, 122.95, 123.08, 123.76,
124.41, 124.52, 125.58, 125.69, 126.72, 127.57,6¥27128.63, 128.74, 129.10, 129.66, 129.99,
132.81, 133.01, 155.77, 156.14; HRMS [BSI calcd for GgH2N30s4 320.1438

[M+H-2(OCONHG;Hs)]", found 320.1451.

4.2.19.5.

(3-(4-Fluorophenyl)pyrrol o[ 1,2-f] phenanthridine-1,2-diyl ) bis(methyl ene) bi s(ethyl car bamate) (22€).
Compound22e was prepared fror@le (0.37 g, 1.0 mmol), TEA (0.55 mL, 4.0 mmol) andyéth

isocyanate (0.33 mL, 4.0 mmol). Yield 0.28 g (55%) 175—-177°C*H NMR (DMSO-dg) & 0.99

(t, J= 6.9 Hz, 3H, CH), 1.02 (tJ= 7.1 Hz, 3H, CH), 2.94-3.06 (m, 4H, 2 x G 4.91 (s, 2H,

OCH,), 5.46 (s, 2H, OC}J, 7.04 (br s, 1H, NH, exchangeable), 7.10-7.111(r,ArH), 7.15 (br s,

1H, NH, exchangeable), 7.20-7.22 (m, 1H, ArH), #842 (m, 3H, ArH), 7.47-7.50 (m, 2H, ArH),

7.54-7.57 (m, 1H, ArH), 7.61-7.64 (m, 1H, ArH), 8-8.21 (m, 1H, ArH), 8.53-8.55 (m, 2H, ArH);

13C NMR (DMSO4g) 6 15.01, 35.01, 35.09, 56.23, 57.36, 113.20, 116.08,25, 118.18, 122.52,

122.98, 123.37, 123.78, 124.49, 124.61, 125.53,/12326.79, 127.76, 128.51, 128.78, 129.44,
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132.21, 132.28, 132.77, 155.75, 156.14, 161.16,126HRMS [ESI]: calcd for GoH2gFN3O4,

338.1344 [M+H-2(OCONHgH:s)]*, found 338.1376.

4.2.19.6.
(3-(4-Methoxyphenyl)pyrrol o] 1,2-f] phenanthridine-1,2-diyl)bis(methyl ene)bi s(ethyl -car bamate)
(22f).

Compound22f was prepared froralf (0.4 g, 1.0 mmol), TEA (0.55 mL, 4.0 mmol) and éthy
isocyanate (0.33 mL, 4.0 mmol). Yield 0.35 g (64%)p 155-157°C*H NMR (DMSO-ds) 5 0.99
(t, J= 7.1 Hz, 3H, CH), 1.02 (t,J = 7.2 Hz, 3H, CH), 2.97-3.06 (m, 4H, 2 x G} 3.86 (s, 3H,
OCHg), 4.90 (s, 2H, OCH), 5.45 (s, 2H, OCH), 7.04 (br s, 1H, NH, exchangeable), 7.10-7.22 (m,
5H, 1 x NH, exchangeable, and ArH), 7.32-7.35 (hh, BrH), 7.52—7.55 (m, 1H, ArH), 7.60-7.63
(m, 1H, ArH), 8.18-8.19 (m, 1H, ArH), 8.51-8.53 (&H, ArH); *C NMR (DMSO+4g) § 15.01,
35.00, 35.08, 55.19, 56.45, 57.43, 113.06, 114138,08, 122.46, 122.94, 123.69, 124.35, 124.49,
125.02, 125.63, 125.67, 126.62, 127.35, 127.67,7128.29.64, 131.34, 133.04, 155.82, 156.16,

159.34; HRMS [ES] calcd for GiHziNsOs, 350.1544 [M+H-2(OCONHgHs)]*, found 350.1565.

4.2.19.7. Pyrrolo[ 1,2-f] phenanthridine-1,2-diyl bi s(methyl ene)bi (i sopr opyl carbamate) (23a).
Compound23a was prepared fron2la (0.42 g, 1.5 mmol), TEA (0.84 mL, 6.0 mmol) and
isopropyl isocyanate (0.6 mL, 6.0 mmol). Yield 0BG3%); mp 166—168°CH NMR (DMSO-dg) &
1.04-1.06 (M, 12H, 4 x Gjf 3.60-3.64 (m, 2H, 2 x CH), 5.19 (s, 2H, OLH.39 (s, 2H, OCH),
7.02-7.06 (br s, 2H, 2 x NH, exchangeable), 7.48-1m, 1H, ArH), 7.52-7.55 (m, 1H, ArH),
7.58-7.64 (m, 2H, ArH), 8.16-8.21 (m, 2H, ArH), 8.%, 1H, ArH), 8.52-8.57 (m, 2H, ArHy*C
NMR (DMSO-dg) 6 22.54, 12.31, 57.03, 57.37, 113.04, 114.13, 115129.67, 123.10, 123.45,
123.60, 124.26, 124.69, 125.20, 125.39, 126.29,5B26128.60, 129.35, 132.07, 155.30, 155.52;

HRMS [ESI] calcd for GeHzgN304, 244.1126 [M+H-2(OCONHEH-)] ", found 244.1156.

25



4.2.19.8. (3-Methyl pyrrol o[ 1,2-f] phenanthridine-1,2-diyl)bis(methyl ene)bi s(isopropyl carbamate)
(23Db).

Compound23b was prepared fron2lb (0.3 g, 1.0 mmol), TEA (0.55 mL, 4.0 mmol) and
isopropyl isocyanate (0.4 mL, 4.0 mmol). Yield @.863%); mp 186—188°CH NMR (DMSO-dg) 5
1.02-1.05 (m, 12H, 4 x G 2.88 (s, 3H, Ch), 3.59-3.65 (m, 2H, 2 x CH), 5.22 (s, 2H, OFH
540 (s, 2H, OCH), 6.96-6.97 (br s, 1H, NH, exchangeable), 7.04-7(br s, 1H, NH,
exchangeable), 7.46—-7.50 (m, 2H, ArH), 7.54-7.60 Zkh, ArH), 8.14-8.15 (m, 1H, ArH), 8.33—
8.35 (m, 1H, ArH), 8.48-8.50 (m, 1H, ArH), 8.56-8.fm, 1H, ArH); 3C NMR (DMSOds) &
15.51, 22.52, 42.24, 42.31, 55.96, 57.20, 112.80,8D, 121.61, 122.46, 122.78, 123.21, 124.17,
124.39, 125.11, 125.68, 126.13, 126.30, 128.32,562833.81, 155.35, 155.50; HRMS [EStalcd

for C27H31N304, 258.1283 [M+H-2(OCONH§H7)]+, found 258.1302.

4.2.19.9. (3-Ethylpyrrolo[ 1,2-f] phenanthridine-1,2-diyl)bis(methyl ene)bi s(isopropyl car bamate)
(23c).

Compound23c was prepared fron2lc (0.31 g, 1.0 mmol), TEA (0.55 mL, 4.0 mmol) and
isopropyl isocyanate (0.4 mL, 4.0 mmol). Yield 0288%); mp 196-198°CH NMR (DMSO-ds)
$ 0.99-1.06 (M, 12H, 4 x G 1.29 (t,J = 6.4 Hz, 3H, CH), 3.31-3.35 (m, 2H, C§), 3.59-3.65 (m,
2H, 2 x CH), 5.21 (2H, s, OCGH 5.40 (s, 2H, OC}h), 6.96-6.97 (br s, 1H, NH, exchangeable),
7.05-7.06 (br s, 1H, NH, exchangeable), 7.49-7®12H, ArH), 7.54-7.57 (m, 1H, ArH), 7.62—
7.65 (m, 1H, ArH), 8.13-8.14 (m, 1H, ArH), 8.22-8.gm, 1H, ArH), 8.49-8.50 (m, 1H, ArH),
8.57-8.59 (m, 1H, ArH),13C NMR (DMSO4g) 6 14.18, 20.33, 22.53, 23.26, 42.30, 55.80, 57.22,
112.88, 117.40, 121.55, 122.40, 122.78, 123.27,3R24124.49, 125.10, 125.72, 126.22, 126.63,
128.57, 128.70, 132.04, 132.49, 155.32, 155.50; BRASI] calcd for GgHs3N3Os 272.1439

[M+H-2(OCONHGH-)]", found 272.1461.

4.2.19.10. (3-Phenylpyrrolo[ 1,2-f] phenanthridine-1,2-diyl)bis(methyl ene)bis(isopropyl car bamate)

(23d).
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Compound23d was prepared frorgld (0.7 g, 2.0 mmol), TEA (1.1 mL, 8.0 mmol) and
isopropyl isocyanate (0.8 mL, 8.0 mmol). Yield 0{55%); mp 212—214°CH NMR (DMSO-ds)
$1.05 (dJ = 5.5 Hz, 12H, 4 x C}), 3.57-3.65 (m, 2H, 2 x CH), 4.91 (s, 2H, O%H5.47 (s, 2H,
OCH,), 6.98 (br s, 1H, NH, exchangeable), 7.10-7.143h,1 x NH, exchangeable, and ArH),
7.33-7.34 (m, 1H, ArH), 7.42—7.45 (m, 2H, ArH), 5-5.64 (m, 5H, ArH), 8.19-8.20 (m, 1H, ArH),
8.52-8.54 (m, 2H, ArH)%3C NMR (DMSO4dg) 6 22.54, 42.34, 56.12, 57.20, 113.29, 118.28, 122.51
122.98, 123.18, 123.78, 124.44, 124.55, 125.61,712326.73, 127.60, 127.65, 128.65, 128.74,
129.12, 129.66, 130.00, 132.81, 133.02, 155.1050651RMS [ESI] calcd for GoHzaN304,

320.1409 [M+H-2(OCONHgH-)]*, found 320.1449.

4.2.19.11.
(3-(4-Fluorophenyl)pyrrol o[ 1,2-f] phenanthridine-1,2-diyl ) bis(methyl ene)bi s(i sopr opyl car bamate)
(23e).

Compound23e was prepared fror@le (0.37 g, 1.0 mmol), TEA (0.55 mL, 4.0 mmol) andyéth
isocyanate (0.4 mL, 4.0 mmol). Yield 0.16 g (55%)p 184—186°C*H NMR (DMSO-dg) & 1.02—
1.06 (M, 12H, 4 x Ch), 3.56-3.66 (M, 2H, 2 x CH), 4.91 (s, 2H, O15.47 (s, 2H, OCH), 6.97
(br s, 1H, NH, exchangeable), 7.08-7.11 (m, 2H,NHx exchangeable, and ArH), 7.19-7.22 (m,
1H, ArH), 7.34-7.41 (m, 3H, ArH), 7.48-7.49 (m, 2&tH), 7.54-7.57 (m, 1H, ArH), 7.60-7.63 (m,
1H, ArH), 8.19-8.20 (m, 1H, ArH), 8.54-8.55 (m, 2&tH); 1°C NMR (DMSO+g) 5 22.53, 22.35,
56.03, 57.17, 116.07, 116.25, 118.19, 122.53, B2A.83.79, 124.49, 124.61, 125.55, 125.71,
126.78, 127.69, 127.76, 128.49, 128.74, 129.46,203132.26, 132.77, 155.05, 155.49, 161.16,

163.12; HRMS [ES] calcd for GoH3oFN3O4, 338.1345 [M+H-2(OCONHEH,)]*, found 338.1394.

4.2.19.12.
(3-(4-Methoxyphenyl)pyrrol o[ 1,2-f] phenanthridine-1,2-diyl)bis(methyl ene)bi s(i so-propyl carbamate)

(23f).
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Compound23f was prepared fron2lf (0.4 g, 1.0 mmol), TEA (0.55 mL, 4.0 mmol) and
isopropyl isocyanate (0.4 mL, 4.0 mmol). Yield 0866%):; mp 170-172°CH NMR (DMSO-dq)
$ 1.03-1.07 (m, 12H, 4 x G} 3.57-3.66 (m, 2H, 2 x CH), 3.87 (s, 3H, OF;H-.90 (s, 2H, OCH),
5.45 (s, 2H, OCH), 6.97 (br s, 1H, NH, exchangeable), 7.06—7.123Hhh, 1 X NH, exchangeable,
and ArH), 7.16-7.22 (m, 2H, ArH), 7.34—7.35 (m, 3H), 7.50-7.55 (m, 1H, ArH), 7.59-7.62 (m,
1H, ArH), 8.17-8.19 (m, 1H, ArH), 8.51-8.53 (m, 2&tH); 1°C NMR (DMSO+) & 22.53, 42.24,
42.33, 55.20, 56.25, 57.29, 113.14, 114.55, 11820,47, 122.95, 123.71, 124.35, 124.51, 125.05,
125.63, 125.68, 126.61, 127.32, 127.67, 128.69,6B2931.35, 133.05, 155.14, 155.52, 159.35;

HRMS [ESI] calcd for GsHasN3Os, 350.1545 [M+H-2(OCONHgH-)]*, found 350.1563.

4.2.20. Phenanthren-9-ylmethanol (25).

Sodium borohydride (5.7 g, 150.0 mmol) was suspeiml@ solution of 9-phenanthrene
carboxaldehyde2d, 10.3 g, 50.0 mmol) in dry THF (200 mL). Isopropba(i00 mL) was slowly
added at rt. The mixture was allowed to stir fdr dntil the reaction was complete. The solvents
were evaporated under reduced pressure to affdrg esidue, and the crude product was triturated
with water (1000 mL), filtered and washed with wategive25. Yield 10.0 g (96%); mp 146—
148°C;™H NMR (DMSO-dg) & 5.02 (d,J = 4.1 Hz, 2H, OCH), 5.42 (t,J = 4.7 Hz, 1H, OH
exchangeable), 7.61-7.72 (m, 4H, ArH), 7.88 (s,AHH), 7.96—-7.98 (m, 1H, ArH), 8.12-8.14 (m,
1H, ArH), 8.79-8.80 (m, 1H, ArH), 8.85-8.86 (m, 1&tH); *C NMR (DMSO+g) 5 61.40, 122.71,
123.24, 126.49, 126.73, 126.85, 128.35, 129.43,842929.89, 131.20, 136.02; HRMS [ESialcd

for C1sH120, 191.0860 [M+H-HO]", found 191.0861.

4.2.21. 9-(Bromomethyl)phenanthrene (26).

Phosphorus tribromide (4.6 mL, 24.0 mmol) was sjoadded to a solution @ (10.0 g, 48.0
mmol) in DCM (100 mL) at 8C. The reaction mixture was stirred at 0°C for Zte reaction
mixture was sequentially washed with 5 % NaH@Queous solution (100 mL), 10% sodium

thiosulfate solution (100 mL) and water (100 mLjeTseparated organic layer was dried over
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sodium sulfate and concentrated under reducedyreess afford26. Yield 10.28 g (79%), mp 118—
120°C;*H NMR (DMSO-ds) § 5.27 (s, 2H, Ch), 7.66—7.79 (m, 4H, ArH), 7.98-7.99 (m, 1H, ArH),
8.08 (s, 1H, ArH), 8.25-8.27 (m, 1H, ArH), 8.82-8(@n, 1H, ArH), 8.89-8.91 (m, 1H, ArtH’C
NMR (DMSO-dg) 6 33.57, 122.90, 123.47, 124.81, 126.95, 127.08,287127.71, 128.68, 128.86,
129.08, 130.18, 130.35, 130.72, 131.99; HRMS TESIcd for GsH11Br, 271.0122 [M+H], found

271.0182.

4.2.22. Ethyl 2-((diphenyl methylene)amino)-3-(phenanthren-9-yl)propanoate (27).
Diphenylmethylene-glycine ethyl ester (5.91 g, 22a0l) and KCO; (16.66 g, 120.0 mmol)
were stirred in acetonitrile (100 mL) for 30 minrat26 (5.45 g, 20.0 mmol) was added, and the
reaction mixture was heated to reflux and stirretthia temperature for 20 h. The®0O; was
removed by filtration, and the filtrate was concatéd under reduced pressure. The crude product
was purified by column chromatography and eluteith @+4% ethyl acetate in hexane to gire
Yield 7.4 g (80%); mp 69-71°CH NMR (DMSO-ds) & 1.09 (t,J = 8.8 Hz, 3H, Ch)), 3.45-3.50 (m,
1H, CHp), 3.71-3.75 (m, 1H, CH), 4.00-4.14 (m, 1H, OCH| 4.37-4.41 (m, 1H, CH), 6.46 (s, 1H,
ArH), 7.10-7.14 (m, 2H, ArH), 7.26-7.35 (m, 3H, ArH.38-7.45 (m, 5H, ArH), 7.52—7.68 (m, 5H,
ArH), 7.83-7.85 (m, 1H, ArH), 8.76-8.78 (m, 2H, Ar{C NMR (DMSO«g) 5 14.20, 37.08,
37.13,61.12, 65.58, 122.32, 122.93, 124.18, 12d.P4.18, 126.41, 126.56, 127.20, 127.31, 127.66,
127.72, 128.69, 128.76, 129.81, 131.17, 131.90,583335.64, 139.29, 170.90, 170.98, 171.99,

172.04; HRMS [ES] calcd for GoHpNO,, 458.2120 [M+H], found 458.2140.

4.2.23. Ethyl 2-amino-3-(phenanthren-9-yl)propanoate hydrochloride (28).

Con. HCI (3.0 mL) was added to a stirred solutib26(4.6 g, 10.0 mmol) in ethyl acetate (50
mL). The reaction mixture was stirred for 3 h aflitte solid product was collected by filtration,
washed with ethyl acetate, and dried to aff28dYield 2.92 g (88%); mp 223—-225°¢H NMR
(DMSO-dg) § 0.76 (m, 3H, Ch)), 3.47-3.51 (m, 1H, CH, 3.85-3.95 (m, 3H, 1 x G+éand 1 x OCH),

4.21-4.24 (m, 1H, CH), 7.64—7.77 (m, 5H, ArH), 28B4 (m, 1H, ArH), 8.26-8.28 (m, 1H, ArH),
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8.82-8.84 (m, 1H, ArH), 8.90-8.92 (m, 4H, PHCI and ArH):**C NMR (DMSOds) § 13.42, 34.11,
52.41, 61.43, 122.77, 123.69, 124.10, 126.82, B28.97.03, 127.19, 128.24, 128.82, 129.39, 129.68,
130.15, 130.29, 130.94, 169.06; HRMS [H®hlcd for GgH1gNO,, 294.1494 [M+H], found

294.1512.

4.2.24. Ethyl 1,2,3,4-tetrahydrodibenzo f,h] isoquinoline-3-carboxylate (29).

Formalin solution (37%, 3 mL) was added to a dfigelution of28 (3.3 g, 10.0 mmol) in DCM
(95 mL). TFA (5 mL) was slowly added, and the reactmixture was then stirred for 12 h at rt. The
reaction mixture was extracted with DCMXB00 mL), and the organic layer was washed with
saturated NaHCg@aqueous solution, dried over sodium sulfate amteotrated to dryness in vacuo.
The crude product was purified by column chromapby and eluted with 0-3% MeOH to yielé.
Yield 2.6 g (85%); mp 122—-123°@1 NMR (CDCk) & 1.36 (t,J = 7.2 Hz, 3H, CH), 3.23-3.28 (m,
1H, CHp), 3.48-3.52 (m, 1H, C#), 3.87-3.90 (m, 1H, CH), 4.27-4.34 (m, 2H, Of;H.45 (d,J =
16.3 Hz, 1H, NCH), 4.65 (dJ = 16.3 Hz, 1H, NCH), 7.59-7.64 (m, 4H, ArH), 7.84-7.86 (m, 1H,
ArH), 8.01-8.03 (m, 1H, ArH), 8.69-8.71 (m, 2H, Ar{C NMR (CDCE) § 14.28, 29.05, 45.65,
55.69, 61.23, 122.45, 122.86, 122.96, 123.04, 12646.86, 127.26, 128.37, 129.22, 129.47, 129.54,

131.14, 173.22; HRMS [ESlIcalcd for GoH1gNO,, 306.1494 [M+H], found 306.1485.

4.2.25. Ethyl 2-acetyl-1,2,3,4-tetrahydr odibenzol f,h] isoquinoline-3-car boxyl ate (30a).

To a stirred suspension 29 (2.75 g, 9.0 mmol) and TEA (1.9 mL, 13.5 mmol) HA (50 mL)
was dropwise added acetic anhydride (1.0 mL, 10r®hat rt, and the mixture was stirred for 10 h at
rt. The solvent was evaporated in vacuo to affoddyaesidue, which was then diluted with
chloroform (100 mL) and washed with a saturatedtgmt of NaHCQ (100 mL). The organic layer
was dried over dried sodium sulfate and concertrat@ryness, and the resulting residue was
crystallized from ether to giv@da. Yield 1.8 g (58%); mp 110-112°&4 NMR (DMSO-dg) § 0.99 (t,
J=7.2 Hz, 3H, ChH), 2.25-2.50 (br s, 3H, COGH 3.27-3.31 and 3.42-3.47 (each m, 1HpCH

3.83-3.96 (m, 1H, CH), 3.96-4.04 (m, 2H, OCH 4.45 (d,J = 18.0 Hz, 1H, NCH), 5.10 (d,J = 16.8
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Hz, 1H, NCH), 5.75 (m, 1H, CH), 7.68—7.71 (m, 4H, ArH), 7.96& (m, 1H, ArH), 8.11-8.12 (m,
1H, ArH), 8.84-8.86 (m, 2H, ArH)*C NMR (DMSO4s) § 13.85, 21.88, 27.24, 43.81, 48.94, 54.17,
61.16, 122.82, 123.27, 123.40, 125.24, 125.836528.26.70, 127.27, 127.32, 127.44, 128.45,
128.87, 128.99, 129.97, 170.40, 170.57; HRMS [ESilcd for G-H21NOs, 348.1600 [M+H], found

348.1605.

By following the same synthetic procedure as tlid&0a, the following compounds were
synthesized:
4.2.26. Ethyl 2-propionyl-1,2,3,4-tetrahydrodibenzo[ f,h] isoquinoline-3-carboxyl ate (30b).

Compound30b was prepared frorg9 (2.75 g, 9.0 mmol), TEA (1.9 mL, 13.5 mmol) and
propionic anhydride (1.4 mL, 10.8 mmol). Yield 3 $58%); mp 127—-129°CH NMR (CDCk) &
1.06-1.11 (m, 3H, C§), 1.26-1.30 (m, 3H, C¥, 2.50—2.57 (m, 1H, COGH 2.65-2.72 (m, 1H,
COCH), 3.33-3.40 (m, 1H, CH, 3.93-4.01 (m, 1H, CH, 4.02—4.09 (m, 2H, OCH 4.79 (dJ =
17.8 Hz, 1H, NCH), 5.11 (d,J = 16.1 Hz, 1H, NCk), 5.99-5.99 (m, 1H, CH), 7.64—7.68 (m, 4H,
ArH), 7.87-7.88 (m, 1H, ArH), 8.05-8.07 (m, 1H, Art8.69-8.73 (m, 2H, ArH):*C NMR (CDCE)
0 9.11, 14.02, 26.76, 27.18, 43.49, 49.57, 61.40,88, 122.92, 123.23, 123.39, 124.53, 126.46,
126.62, 126.95, 127.13, 127.15, 128.91, 129.58,682930.50, 171.81, 174.10; HRMS [ESialcd

for Co3H23NO3, 362.1756 [M"‘H], found 362.1768.

4.2.27. Ethyl 2-benzoyl-1,2,3,4-tetrahydrodibenzo f,h] isoquinoline-3-car boxyl ate (30c).
Compound30c was prepared frorg9 (3.38 g, 11.0 mmol), TEA (3.1 mL, 22.0 mmol) and
benzoyl chloride (1.93 mL, 16.6 mmol). Yield 2.353%); mp 190-192°CH NMR (DMSO-dg) 5
0.98-1.12 (m, 3H, C#), 3.51-3.53 (m, 1H, CH), 3.77—3.90 (m, 1H, C#}, 3.97—4.12 (m, 2H, OCH
4.77 (d,J = 17.8 Hz, 1H, NCh), 4.96 (d,J = 16.6 Hz, 1H, NCk), 5.89 (m, 1H, CH), 7.56-7.73 (m,
9H, ArH), 8.05-8.16 (m, 2H, ArH), 8.84-8.87 (m, 2&tH); 1°C NMR (DMSO+g) § 13.93, 27.12,

45.57,55.68, 61.42, 122.51, 123.22, 123.37, 123.34.70, 126.08, 126.70, 126.79, 127.01, 127.37,
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127.54, 128.11, 128.85, 129.03, 130.00, 130.234833.70.05, 171.17; HRMS [E$kalcd for

Ca7H2aN O3, 410.1756 [M+H], found 410.1728.

4.2.28. Ethyl 2-(4-fluorobenzoyl)-1,2,3,4-tetrahydrodibenzo] f,h] isoquinoline-3-car boxyl ate (30d).
Compound30d was prepared fror9 (3.38 g, 11.0 mmol), TEA (3.1 mL, 22.0 mmol) and
4-fluorobenzoyl chloride (1.96 mL, 16.6 mmol). We2.6 g (55%); mp 167-169°¢4 NMR
(DMSO-dg) § 0.96-1.12 (m, 3H, C¥), 3.51-3.55 (m, 1H, CH, 3.78-3.90 (m, 1H, CH, 3.97-4.11
(m, 2H, OCH), 4.74 (dJ = 18.4 Hz, 1H, NCh), 5.11 (dJ = 17.0 Hz, 1H, NCh), 5.87 (m, 1H, CH),
7.36-7.39 (m, 2H, ArH), 7.63-7.73 (m, 6H, ArH), 8-8.15 (m, 2H, ArH), 8.85-8.89 (m, 2H, ArH);
3¢ NMR (DMSO4) 6 13.84, 27.05, 45.68, 55.75, 61.43, 115.95, 122183,23, 123.37, 123.50,
124.64, 126.16, 126.71, 126.83, 127.40, 127.55,582828.87, 129.03, 129.45, 129.99, 131.88,

163.87, 169.90, 170.39; HRMS [EBtalcd for G/H2FNOs, 428.1662 [M+H], found 428.1660.

4.2.29. Ethyl 2-(4-methoxybenzoyl)-1,2,3,4-tetr ahydr odibenzo| f,h] isoquinoline-3-car boxyl ate (30e).
Compound30e was prepared frorg9 (3.38 g, 11.0 mmol), TEA (3.1 mL, 22.0 mmol) and
4-methoxybenzoyl chloride (2.24 mL, 16.6 mmol). Mig.7 g (56%); mp 182—184°¢4 NMR
(DMSO-dg) § 1.00-1.10 (m, 3H, C#), 3.51-3.52 (m, 1H, C#), 3.78-3.82 (m, 1H, CH, 3.84 (s, 3H,
OCHg), 3.99-4.09 (m, 2H, OCH 4.74 (dJ = 17.1 Hz, 1H, NCh), 5.11 (dJ = 16.3 Hz, 1H, NCh),
5.84 (m, 1H, CH), 7.09 (m, 2H, ArH), 7.56—7.73 @h, ArH), 8.02-8.11 (m, 2H, ArH), 8.85-8.86
(m, 2H, ArH);13C NMR (DMSO4dg) 6 13.86, 27.14, 45.81, 55.27, 61.30, 64.89, 1141.93,47,
123.19, 123.37, 123.47, 124.91, 126.65, 126.77,3827127.47, 128.84, 129.00, 129.34, 130.02,

160.60, 170.08, 170.15; HRMS [EBtalcd for GgHpsNO,, 440.1862 [M+H], found 440.1827.

4.2.30. 2-Acetyl-1,2,3,4-tetrahydrodibenzol f,h] isoquinoline-3-carboxylic acid (31a).
To a stirred suspension 8da (1.75 g, 5.0 mmol) in ethanol (25 mL) was addéd dqueous
sodium hydroxide solution (5 mL). The mixture wésred for 3 h at rt and then concentrated to

dryness under reduced pressure. The residue wsaswdid in water (50 mL) and acidified withNL
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aqueous hydrochloric acid with stirring. The resgjtwhite precipitate was collected by filtration,
rinsed with water and dried to affodda. Yield 1.4 g (85%); mp 192—194°¢&4 NMR (DMSO-dg) &
2.17 and 2.33 (each s, 3H, COg}B.18-3.22 and 3.28-3.33 (each m, 1H,)CB.85-3.90 (m, 1H,
CH,), 4.48 and 5.35 (each d@l= 18.0 Hz, 1H, NCH), 5.07 and 5.62 (each m, 1H, CH), 5.11 and 5.16
(each dJ=17.2 Hz, 1H, NCh), 7.68-7.71 (m, 4H, ArH), 8.06—8.08 (m, 1H, Arid)10-8.12 (m, 1H,
ArH), 8.83-8.88 (m, 2H, ArH)%3C NMR (DMSO4dg) 6 21.97, 27.02, 40.00, 48.99, 54.62, 122.79,
123.15, 123.23, 123.49, 125.38, 126.31, 126.48,512427.27, 127.38, 128.76, 128.84, 128.96,

130.15, 170.37, 172.51; HRMS [EBtalcd for GoH17/NOz, 320.1287 [M+H], found 320.1312.

By following the same synthetic procedure as ti&la, the following compounds were
synthesized:
4.2.31. 2-Propionyl-1,2,3,4-tetr ahydr odibenzo[ f,h] isoquinoline-3-carboxylic acid (31Db).

Compound3lb was prepared frorB0b (1.8 g, 5.0 mmol) and il aqueous sodium hydroxide
solution (5 mL) in ethanol (25 mL). Yield 1.4 g @% mp 203—205°C*H NMR (DMSO-dg) & 1.03—
1.11 (m, 3H, CH), 2.36-2.41 (m, 1H, COGH 2.67-2.69 (m, 1H, COGH 3.14-3.22 (m, 1H, CH,
3.86-3.90 (m, 1H, C}), 4.62 and 5.35 (each @l= 17.8 Hz, 1H, NCH), 4.96 and 5.59 (each m, 1H,
CH), 5.10 and 5.14 (each m, 1H, NgH7.66—7.70 (m, 4H, ArH), 8.02-8.03 (m, 1H, Arig)p8—
8.10 (m, 1H, ArH), 8.83-8.84 (m, 2H, ArHYC NMR (DMSO4dg) § 9.11, 25.79, 27.97, 43.07,
49.46, 53.99, 122.73, 123.09, 123.22, 123.47, 129.86.34, 126.52, 126.59, 127.20, 127.30,
128.71, 128.82, 128.92, 130.26, 172.60, 173.18; BREBI] calcd for GiH10NOs, 334.1443

[M+H]*, found 334.1439.

4.2.32. 2-Benzoyl-1,2,3,4-tetrahydrodibenzo[ f,h] isoquinoline-3-carboxylic acid (31c).

Compound3lc was prepared frorB0c (2.08 g, 5.0 mmol) and Ml aqueous sodium hydroxide
solution (5 mL) in ethanol (25 mL). Yield 1.75 ¢0@); mp 243-245°C*H NMR (DMSO-dg) &
3.46-3.48 (m, 1H, C), 3.78-3.92 (m, 1H, C#)\, 4.82 and 5.56 (each d= 17.9 Hz, 1H, NCh),

4.93 and 5.13 (each d~= 16.8 Hz, 1H, NCH), 5.85 (m, 1H, CH), 7.55-7.72 (m, 9H, ArH), 8.07—
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8.15 (m, 2H, ArH), 8.83-8.87 (m, 2H, ArHYC NMR (DMSO«s) 5 27.40, 45.59, 55.65, 122.48,
123.22, 123.37, 123.56, 124.83, 126.30, 126.75042127.34, 127.56, 128.71, 128.83, 128.89,
129.03, 129.96, 130.08, 135.73, 171.05, 171.94; ISRESI] calcd for GsH1gNOs, 382.1443

[M+H]*, found 382.1418.

4.2.33. 2-(4-Fluorobenzoyl)-1,2,3,4-tetrahydr odibenzo[ f,h] isoquinoline-3-carboxylic acid (31d).
Compound3ld was prepared frorB0d (1.93 g, 4.5 mmol) and Ml aqueous sodium hydroxide
solution (5 mL) in ethanol (25 mL). Yield 1.44 ¢0@); mp 206—208°C*H NMR (DMSO-dg) &
3.44-3.46 (m, 1H, C), 3.78-3.91 (m, 1H, C#)\, 4.80 and 5.53 (each d= 18.0 Hz, 1H, NCh),
4.88 and 5.81 (each m, 1H, CH), 4.92 and 5.15 (datk 16.8 Hz, 1H, NCh), 7.34-7.38 (m, 2H,
ArH), 7.63-7.71 (m, 6H, ArH), 8.04-8.14 (m, 2H, Art8.86—8.87 (m, 2H, ArH):*C NMR
(DMSO-dg) 6 27.40, 45.68, 55.84, 115.87, 122.45, 123.21, 123.33.54, 124.82, 126.43, 126.65,
126.72, 127.33, 127.53, 128.68, 128.86, 129.01,382929.84, 130.10, 132.30, 163.77, 170.20,

171.68; HRMS [ES] calcd for GsH1gFNOs, 400.1349 [M+H], found 400.1349.

4.2.34. 2-(4-Methoxybenzoyl)-1,2,3,4-tetrahydr odibenzo[ f,h] isoquinoline-3-carboxylic acid (31€).
Compound3lewas prepared frorB0e (2.3 g, 5.2 mmol) and il aqueous sodium hydroxide
solution (5 mL) in ethanol (25 mL). Yield 1.80 (84%np 222—224°C*H NMR (DMSO-dg) & 3.17—
3.22 (m, 1H, CH), 3.84 (s, 3H, OC}J, 3.93-3.96 (m, 1H, CHi, 4.52 and 5.39 (each m, 1H, CH),
4.83 and 5.37 (each d= 17.6 Hz, 1H, NCh), 4.89 and 5.52 (each @l= 17.6 Hz, 1H, NCHh),
6.99-7.04 (m, 2H, ArH), 7.52-7.73 (m, 6H, ArH), 8:8.14 (m, 2H, ArH), 8.80-8.86 (m, 2H, ArH);
¥C NMR (DMSO4g) 6 18.57, 28.77, 40.88, 57.22, 57.67, 113.54, 122438,00, 123.22, 123.67,
125.90, 126.16, 126.21, 126.99, 127.24, 127.81.,682828.80, 129.21, 129.28, 130.77, 159.90,

170.43, 172.09; HRMS [ESlIcalcd for GeH21NOy, 412.1549 [M+H], found 412.1546.

4.2.35. Dimethyl 1-methyl-9,14-dihydrodibenzol f,h] pyrrolo[ 1,2-b] isoquinoline-12,13-dicarboxylate

(32a).
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To a stirred suspension 8fa (1.3 g, 4.0 mmol) in A€ (20 mL) was dropwise added DMAD
(0.74 mL, 6.0 mmol) at rt. The mixture was thentadat 100°C for 5 h. After completion of the
reaction as indicated by TLC, the solvent was exatpd in vacuo to afford a dry residue, and the
residue was triturated with cold MeOH (50 mL). ®eparated solid product was collected by
filtration, washed with cold MeOH and dried to gi32a. Yield: 1.4 g (86%); mp 200—202°¢H
NMR (CDCh) & 2.56 (s, 3H, Ch), 3.91 (s, 6H, 2 x COOCJ{ 4.49 (s, 2H, Ch), 5.11 (s, 2H,
NCH,), 7.67—7.69 (m, 4H, ArH), 7.77-7.78 (m, 1H, Arig)p7-8.08 (m, 1H, ArH), 8.65-8.70 (m,
2H, ArH); 3%C NMR (CDCh) 6 10.82, 25.54, 29.71, 43.39, 51.31, 51.69, 109.08,86, 120.74,
121.85, 122.91, 123.31, 123.81, 124.25, 126.67,0027127.23, 127.33, 128.35, 129.66, 129.74,
129.81, 131.77, 132.56, 165.34, 166.51; HRMS [E&lIcd for GsH21NO,, 422.1368 [M+Nal],

found 400.1362.

By following the same synthetic procedure as tlidé2a, the following compounds were
synthesized:

4.2.36. Dimethyl 11-ethyl-9,14-dihydrodibenzo[ f,h] pyrrolo[ 1,2-b] isoquinoline-12,13-dicarboxyl ate
(32b).

Compound32b was prepared fror@lb (1.35 g, 4.0 mmol) and DMAD (0.74 mL, 6.0 mmol) in
Ac,0 (20 mL). Yield 1.4 g (84%); mp 245—247°t NMR (CDCk) 6 1.32 (t,J = 7.5 Hz, 3H, CH),
2.95 (g,J = 7.5 Hz, 2H, Ch), 3.91 (s, 6H, 2 x COOCJ{ 4.42 (s, 2H, Ch), 5.14 (s, 2H, NCh),
7.63-7.66 (M, 4H, ArH), 7.72—7.73 (m, 1H, ArH), B-8.03 (m, 1H, ArH), 8.61-8.66 (m, 2H, ArH);
¥C NMR (CDCB) 6 14.50, 18.43, 25.35, 42.88, 51.24, 51.65, 109.08,42, 120.72, 121.73,
122.81, 123.22, 123.70, 124.18, 126.58, 126.93,1427127.25, 128.25, 129.55, 129.66, 132.28,

137.07, 165.24, 166.45; HRMS [EBtalcd for GeH23NOy, 436.1525 [M+Na], found 436.1520.

4.2.37. Dimethyl 11-phenyl-9,14-dihydrodibenzo[ f,h] pyrrolo[ 1,2-b] isoquinoline-12,13-dicar boxylate

(320).
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Compound32c was prepared fror@lc (1.55 g, 4.0 mmol) and DMAD (0.74 mL, 6.0 mmol) in
Ac,0 (20 mL). Yield 1.6 g (85%); mp 262—264°t NMR (DMSO-ds) & 3.65 (s, 3H, COOCH),
3.85 (s, 3H, COOCH, 4.58 (s, 2H, Ch), 5.32 (s, 2H, Ch), 7.46—7.48 (m, 1H, ArH), 7.53-7.66 (m,
7H, ArH), 7.69-7.72 (m, 1H, ArH), 7.73-7.76 (m, 1&fH), 8.04-8.06 (m, 1H, ArH), 8.81-8.82 (m,
2H, ArH); °C NMR (DMSO«s) § 25.12, 44.10, 51.21, 51.68, 108.55, 116.35, 122.28.13,
123.18, 123.25, 123.36, 126.76, 126.99, 127.40,5127127.76, 128.58, 128.61, 128.92, 129.13,
129.18, 129.65, 130.18, 132.29, 132.66, 163.96,916HRMS [EST] calcd for GoH23NOy,

462.1705 [M+H], found 462.1722.

4.2.38. Dimethyl

11-(4-fluorophenyl)-9,14-dihydrodibenzo[ f,h] pyrrol of 1,2-b] isoquinoline-12,13-dicar boxyl ate (32d).
Compound32d was prepared fror@ld (1.2 g, 3.0 mmol) and DMAD (0.55 mL, 4.5 mmol) in

Ac,0O (15 mL). Yield 1.15 g (80%); mp 236-238°€t NMR (CDCk) § 3.75 (s, 3H, COOCH),

3.93 (s, 3H, COOCH), 4.53 (s, 2H, Ch), 5.04 (s, 2H, NCh), 7.23-7.26 (m, 2H, ArH), 7.38—7.39

(m, 1H, ArH), 7.51-7.63 (m, 6H, ArH), 8.03-8.04 (i, ArH), 8.60-8.61 (m, 2H, ArH}*C NMR

(CDCls) 6 25.58, 44.37, 51.39, 51.96, 109.16, 115.68, 119.86.80, 121.15, 121.72, 122.76,

123.08, 123.65, 123.86, 126.07, 126.58, 126.93,0027127.25, 128.07, 129.47, 129.55, 129.64,

132.01, 132.38, 132.45, 133.55, 162.04, 164.02,786466.32; HRMS [ES] calcd for

CaoH22FNOQy, 480.1611 [M+H], found 480.1624.

4.2.39. Dimethyl 11-(4-methoxyphenyl)-9,14-dihydrodibenzo[ f,h] pyrrolo[ 1,2-b] -
isoquinoline-12,13-dicarboxylate (32€).

Compound32e was prepared fror@le (1.65 g, 4.0 mmol) and DMAD (0.74 mL, 6.0 mmol) in
Ac,0 (20 mL). Yield 1.67 g (85%); mp 248—-250°Et NMR (CDCk) & 3.76 (s, 3H, OCH), 3.93 (s,
6H, 2 x COOCH), 4.64 (s, 2H, Ch), 5.15 (s, 2H, NCh), 7.06—7.08 (m, 2H, ArH), 7.46—7.49 (m,
3H, ArH), 7.51-7.54 (m, 1H, ArH), 7.59-7.62 (m, 1&tH), 7.65—7.67 (m, 2H, ArH), 8.10-8.11 (m,

1H, ArH), 8.64-8.66 (m, 2H, ArH}2C NMR (CDCE) & 25.72, 44.46, 51.34, 51.94, 55.33, 108.95,
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114.04, 116.36, 121.52, 121.89, 122.19, 122.82,112323.75, 124.05, 126.55, 126.91, 127.08,
127.27, 128.23, 129.54, 129.71, 131.81, 133.05,373359.95, 164.96, 166.62; HRMS [ESfalcd

for C33H2sNOs, 514.1630 [M+Nal], found 514.1672.

4.2.40. (11-Methyl-9,14-dihydrodibenzo[ f,h] pyrrol o[ 1,2-b] isoquinoline-12,13-diyl) dimethanol
(33a).

To a stirred suspension of LAH (0.29 g, 7.5 mmoljliethyl ether (100 mL) was dropwise
added32a (1.2 g, 3.0 mmol) in DCM (200 mL) at 0 to°®. The reaction mixture was stirred for 8 h
at rt. The excess LAH was decomposed by the additiavater (1 mL), NEOH (1 mL) and more
water (1 mL). The mixture was filtered through @ & Celite, and the filter cake was washed
several times with DCM. The filtrate was sequehtialashed with water and brine, dried over
sodium sulfate and concentrated to dryness in vadue residue was crystalized from ether to give
33a. Yield 0.8 g (78%); mp 128-130°&4 NMR (DMSO-ds) & 2.40 (s, 3H, Ck), 4.42—4.47 (m, 5H,
1 x OCH, 1 x CH and 1 x OH, exchangeable), 4.48)(t 5.2 Hz, 1H, OH, exchangeable), 4.56 (d,
J=5.2 Hz, 2H, OCh), 5.44 (s, 2H, NCh), 7.73—7.77 (m, 4H, ArH), 8.12-8.14 (m, 1H, Arig)23—
8.25 (m, 1H, ArH), 8.89-8.90 (m, 2H, ArHYC NMR (DMSOds) § 9.37, 23.20, 25.48, 42.67,
54.15, 54.20, 116.29, 119.34, 120.66, 123.13, 723.23.23, 123.42, 123.85, 124.80, 126.58,
126.74, 127.27, 127.33, 128.66, 128.97, 129.22,912HRMS [EST] calcd for GsHo1NO,,

326.1545 [M+H-HO]", found 326.1564.

By following the same synthetic procedure as tfi&3a, the following compounds were
synthesized:
4.2.41. (11-Ethyl-9,14-dihydrodibenzo[ f,h] pyrrolo[ 1,2-b] isoquinoline-12,13-diyl) dimethanol (33b).
Compound33b was prepared fror@2b (1.25 g, 3.0 mmol) and LAH (0.29 g, 7.5 mmol). el
0.78 g (72%); mp 137-139°¢4 NMR (DMSO-dg) & 1.23 (t,J = 7.4 Hz, 3H, Ch), 2.88 (qJ = 7.4
Hz, 2H, CH), 4.40-4.48 (m, 5H, 1 x OGH1 x CH and 1 x OH, exchangeable), 4.50)( 5.3 Hz,

1H, OH, exchangeable), 4.57 (= 5.3 Hz, 2H, OCH), 5.51 (s, 2H, NCh), 7.74-7.77 (m, 4H,
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ArH), 8.17-8.19 (m, 1H, ArH), 8.26-8.27 (m, 1H, Art8.90-8.91 (m, 2H, ArH)-*C NMR
(DMSO-ds) & 15.94, 16.78, 23.19, 54.08, 54.19, 116.42, 119.20,69, 123.18, 123.23, 123.53,
123.85, 124.94, 126.58, 126.76, 127.31, 127.34,612828.97, 129.22, 129.33, 129.93; HRMS

[ESI] calcd for GaH23NOy, 340.1701 [M+H-HO]*, found 340.1704.

4.2.42. (11-Phenyl-9,14-dihydrodibenzo[ f,h] pyrrol o[ 1,2-b] isoquinoline-12,13-diyl) dimethanol
(330).

Compound33c was prepared frorB2c (1.5 g, 3.25 mmol) and LAH (0.30 g, 8.12 mmol). Mdie
1.05 g (79%); mp 170-172°&4 NMR (DMSO-dg) 5 4.37 (d,J = 5.0 Hz, 2H, OCHh), 4.56 (s, 2H,
CHy), 4.63 (t,J = 5.0 Hz, 1H, OH, exchangeable), 4.68-4.69 (m,BM,OCH and 1 x OH,
exchangeable), 5.49 (s, 2H, NgH7.43-7.46 (m, 1H, ArH), 7.54-7.57 (m, 1H, ArH)64-7.70 (m,
5H, ArH), 7.74-7.78 (m, 2H, ArH), 8.30-8.32 (m, 1AtH), 8.88-8.90 (m, 2H, ArH):*C NMR
(DMSO-dg) 6 23.35, 43.95, 54.17, 54.40, 117.87, 121.74, 122332.24, 123.39, 123.53, 123.68,
123.92, 125.02, 126.60, 126.86, 127.03, 127.43,362828.51, 128.97, 129.04, 129.23, 129.78,

130.09, 131.73; HRMS [EYlIcalcd for GgH23NO,, 388.1701 [M+H-HO]", found 388.1702.

4.2.43. (11-(4-Fluorophenyl)-9,14-dihydrodibenzo[ f,h] pyrrolo[ 1,2-b] isoquinoline-12,13-diyl)
dimethanol (33d).

Compound33d was prepared fror@2d (1.0 g, 2.1 mmol) and LAH (0.2 g, 5.2 mmol). Yield
0.75 g (85%); mp 152-156°C¢H NMR (DMSO-ds) & 4.35 (d,J = 5.1 Hz, 2H, OCh), 4.54 (s, 2H,
CHy), 4.65 (t,J=5.1 Hz, 1H, OH, exchangeable), 4.66—4.69 (m,BH,OCH and 1 x OH,
exchangeable), 5.45 (s, 2H, NgH7.37-7.41 (m, 1H, ArH), 7.65-7.71 (m, 5H, ArH)73-7.79 (m,
2H, ArH), 8.28-8.30 (m, 1H, ArH), 8.87—8.89 (m, 2&tH); 1°C NMR (DMSO+;) § 23.33, 43.86,
54.12, 54.30, 115.32, 115.49, 117.78, 124.81, ¥2A23.23, 123.35, 123.49, 123.60, 123.90,
124.91, 126.61, 126.86, 127.41, 127.99, 128.17,342828.96, 129.23, 129.78, 132.10, 132.16,

160.48, 162.42; HRMS [EYlcalcd for GgH2,FNO,, 406.1601 [M+H-HO]", found 406.1579.

38



4.2.44. (11-(4-Methoxyphenyl)-9,14-dihydr odibenzo[ f,h] pyrrol o] 1,2-b] isoquinoline-12,13-diyl)
dimethanol (33e).

Compound33ewas prepared fror@2e (1.5 g, 3.0 mmol) and LAH (0.28 g, 7.5 mmol). Yield
1.1 g (83%); mp 181-183°CiH NMR (DMSO-ds) & 3.87 (s, 3H, OCH), 4.36 (d,J = 4.9 Hz, 2H,
OCH,), 4.51 (s, 2H, CH), 4.66 (t,J = 4.9 Hz, 1H, OH, exchangeable), 4.67-4.68 (m,3H,0OCH
and 1 x OH, exchangeable), 5.39 (s, 2HCHA.11-7.13 (m, 2H, ArH), 7.55-7.56 (m, 2H, ArH),
7.65-7.67 (m, 3H, ArH), 7.71-7.77 (m, 2H, ArH), B@n, 1H, ArH), 8.86 (m, 1H, ArH)-*C NMR
(DMSO-dg) 6 23.33, 43.84, 54.24, 54.50, 55.14, 113.97, 117.88,25, 122.29, 122.87, 123.19,
123.34, 123.64, 123.87, 124.00, 125.03, 126.55,812427.38, 128.35, 128.82, 128.94, 129.20,
129.79, 131.42, 158.44; HRMS [EPtalcd for GgH2sNOs, 418.1807 [M+H-HO]", found
418.1817.

4.3. Biological experiments
4.3.1. Cytotoxicity assays

The cytotoxic effects of the newly synthesized coommls were determined in T-cell acute
lymphocytic leukaemia (CCRF-CEM) and their vinbiastresistant sub-cell lines
(CCRF-CEM/VBL) and a panel of human solid tumoutl dmes, including colon carcinoma
HCT-116, lung cancer H1650 and H460, and pancreaticer PacaS1 cells, by a Presto blue assay
with a 72-h incubation period using a microplatectppphotometer as previously described [18].
The tested compounds were freshly prepared by ddldoserial dilution in DMSO from 10QM.

After the addition of phenazine methosulfate-XTTusion, the cells were incubated at 37°C for 3 h,
and the absorbances at 450 and 630 nm were detgitted microplate reader (EL 340). Thes$C
values were determined from the dose-effect relah@ at six or seven concentrations of each drug
using CompuSyn software by Chou and Martin basethemedian-effect principle and plot [24,25].

The ranges given for the 4¢values are the mean + SE (n = 4).
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4.3.2. Alkaline agarose gel shift assay

The formation of DNA cross-linking was analysed dy alkaline agarose gel electrophoresis
assay as previously described [16]. Briefly, pedfipEGFP-N1 plasmid DNA (1500 ng) was mixed
with various concentrations (1-20 uM) 2ifa, 21b, 33a, and33b in 40 pL of binding buffer (3 mM
sodium chloride/l mM sodium phosphate, pH 7.4, antdM EDTA). The reaction mixture was
incubated at 37°C for 2 h. At the end of the reaxtihe plasmid DNA was linearized by digestion
with BamHI-HF and precipitated with ethanol. The Pigellets were dissolved and denatured in
alkaline buffer (0.5N NaOH-10 mM EDTA). A 20-pL aliquot of DNA solutiofiL,000 ng) was
mixed with 4 uL of 6 X alkaline loading dye and nhelectrophoretically resolved on a 0.8%
alkaline agarose gel with NaOH-EDTA buffer at 4&Iectrophoresis was carried out at 18 V for 22
h. After staining the gels with an ethidium bromgtdution, the DNA was then visualized under UV

light.

4.3.3. Céll cycleanalysis

The effects of compoun@8la on cell cycle progression were analysed by flowometry as
previously described [18]. Briefly, 1x1HCT116 and H460 cells were seeded in 6-well péate
incubated overnight at 37°C in 5% g@cubator. The cells were then treated with various
concentrations of compourlla for different time periods. At the end of treathethe attached
cells were trypsinized, fixed in ice-cold 70% EtCaid stored at -20°C overnight. The cells were
then stained with 4 pg/mL propidium iodide (Pl)phosphate-buffered saline (PBS) containing 0.1
mg/mL RNase A and 1% Triton X-100 and subjectedlao cytometry analysis (FACScan flow
cytometer, Becton Dickinson, San Jose, CA). Thé @galle phase distribution was analysed with

ModFit LT 3.0 software (Verity Software House, Topm, ME) based on the DNA histograms.

4.3.4. Apoptosis assay
As previously described [21], H460 cells were tedatvith compoun@la or cisplatin for 24,

48, and 72 h. Apoptotic cell death was determingidgian Annexin V-FITC Apoptosis Detection

Kit (eBioscienceTM, San Diego, CA, USA) and a flewtometer according to the manufacturer's
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instructions. Annexin V-positive cells, includindhet bottom right and top right quadrants,

represented the early and late apoptotic populsti@spectively.

4.3.5. Antitumour activity

The antitumour activity of compoundla was assessed in xenograft tumour models. All
animals (5 weeks of age) were obtained from theioNat Laboratory Animal Center, Taipei,
Taiwan, and kept in-house under 12 h light and Hatkness for a week prior the experiment. To
implant xenograft tumours, H460 (5¥)@r HCT116 (5x18) cells were suspended in 100 of
50:50 media and Matrigel and injected into the trigip flank of the mice. When the tumour size
reached 80—100 nihin size, vehicle or drug wass. administered. The solution @la was freshly
prepared in a mixture of ethanol/PEG400/Cremophdf®R% saline (10:10:10:70; v/viviv), and
oxaliplatin was dissolved in 5% dextrose salineimals remained to survive when compo2ic
was administrated at dose of 150 mg/kg that ismh&imum soluble dose. The maximum tolerant
dose of compound 21a is presumed over 150 mg/kgtréatment, compoun#la at a dose of 30
mg/kg wasi.v. injected once every day for five days (&&), and this five-day cycle was repeated
twice with a 2-day interval. Oxaliplatin (7.5 mgjkgas given via.v. injection once a week for two
weeks [43]. The growth of the tumour was measuxetyeday using callipers. The tumour size was
calculated by the following formula: Tumour volurse(length x widtf)/2. Mouse body weights

were also measured and recorded as an indicagystédmic toxicity.
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Table 1.Cytotoxicities of the newly synthesized pyrrolo[f]ghenanthridine

derivatives 21a-f, 22a-f and23a-f) and dibenzd[h]pyrrolo[1,2-b]Jisoquinoline B3a-

e).
21a-f, 22a-f and
23a-f
a
Compound R R? IC 50 (UM)
CCRF-CEM CEM/VBL

21a H H 0.37 £0.01 0.38 + 0.01 [1.03X]
21b Me H 0.91 £0.05 0.55 + 0.01 [0.68]
21c Et H 7.39+1.21 2.89 +0.18 [0.39]
21d CeHs H 9.82 +1.59 10.93 +0.70 [1.14]
21e 4'-F-CgHa H 8.09 + 0.43 6.44 + 0.39 [0.86]
21f 4" -MeO-GH4 H 6.34 + 0.46 4.77 +0.74 [0.75]
22a H CONHEt | 1.28+0.34 1.24 + 0.55 [0.9¥]
22b Me CONHEt 0.37 £0.05 0.37 £ 0.06 [1.08]
22¢ Et CONHEt | 1.89+0.20 1.68 + 0.15 [0.89]
22d CsHs CONHEt 4.09 £ 0.55 2.48 + 0.39 [0.68]
22e 4'-F-CgH4 CONHEt | 3.41+0.34 3.40 +0.29 [1.08]
22f 4’-MeO-GH; | CONHEt 3.01 £0.58 2.85 £ 0.39 [0.9%]
23a H CONH4-Pr| 1.75+0.19 2.21+ 1.29 [1.26]
23b Me CONH4-Pr| 0.35+0.02 0.34 £ 0.02 [0.98]
23c Et CONH4-Pr| 1.89+0.30 1.55 + 0.07 [0.82]
23d CoHs CONH--Pr| 3.15+0.45 0.48 +0.31 [1.48]
23e 4-F-C¢Hs | CONH4-Pr| 4.10 +0.08 3.17 +0.17 [0.7%]
23f 4"-MeO-GH4 | CONH+4-Pr| 2.19 +0.16 2.76 + 0.86 [1.26]
33a Me -H 0.36 £0.03 0.34 £ 0.00 [0.94]
33b Et -H 1.38 +0.35 1.08 +0.01 [0.78]
33c CeHs -H 3.21+0.58 3.66 + 0.23 [1.14]
33d 4'-F-CgHa -H 6.50 + 1.40 6.14 + 0.66 [0.94]
33e 4'-MeO-CsH, -H 2.99+0.72 2.83 +0.55 [0.95]

Vinblastine® 1.41 +0.10 392.5 + 44.7 [278]

®The data represent the mean + STDEV from thre&timdependent experiments.
PResistance factor, ¥ CCRF-CEM/IGo CCRF-CEM/VBL
‘nM.



Table 2. In vitro cytotoxicities of new pyrrolo[1,2Zlphenanthridine and
dibenzof,h]pyrrolo[1,2-blisoquinoline derivatives against human solid tumoel|

growthin vitro.

ICs0(HM)

Compd. HCT-116 H1650 H460 PacaS1
2la 1.12 £0.37 3.73+1.1 3.14+£0.32 1.41 +0/36
21b 1.88 +0.44 4.46 £ 0.88 2.87 £0.25 3.50 +0.25
21c 11.54 +1.24] 13.56 +3.48] 9.48+1.28 6.20 + 0.27
21d 73.32 £5.63] 38.98+2.20] 37.46+2.34| 36.67+1.7p
22a 1.80+0.36] 5.73+0.84 425+0.75 4.41+0.95
22b 2.10+0.49] 4.47+0.89] 1.20+0.17| 2.26+0.48
22¢ 8.53+0.14| 10.12+3.24] 9.09+0.34 5.05+0.49
22d 21.02+0.44] 18.15+0.57] 9.03+1.40| 11.13+0.50
23a 2.27 £0.35] 9.62 +2.05 7.20+0.97 15.31 £0.80
23b 2.12+0.30] 5.17+0.87] 1.19%0.20 1.80+0.10
23c 16.20£1.03] 10.21+0.90 4.98 +1.07 4.58 £ 0.10
23d 16.24 +2.27| 16.30+1.95 14.91+2.10] 13.76+2.50
33a 157+0.29] 2.69+0.22] 0.18+0.07 1.80+1.13
33b 270+0.74] 2.39+0.11] 1.33+0.03 2.66+1.75
33c 599+0.76] 7.95+0.34] 2.34+0.11 4.45 + 0.66

Cigplatin 11.82 +0.27| 10.35%0.1P 3.60+045 27.86+3.13
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Figure 6. Cell cycle progression interference by compound 21a. (A) Human colorectal cancer
HCT-116 cells; and (B) Human non-small cell lung cancer H460 cells. The cells were treated
with various concentrations of compound 21a for 12, 24, and 36 h and subjected for flow

cytometric analysis.
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analysis. Percentages of annexin V' were calculated.
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Figure 8. Therapeutic effect of 21a: 30 mg/kg (QDx5+Rest)x2 cycle, oxaliplatin: 7.5 mg/kg
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Scheme 1. Chemical synthesis of pyrrolo[1,2-f]phenanthridine derivatives®



¢ R"=CgHs
d R' = 4'-F-CgH,
e R" = 4-MeO-C4H,

%Reagents and reaction conditions: (a) NaBH4/THF, IPA, rt, (b) PBr3, DCM, 0°C,
(c) diphenylmethylene-glycine ethyl ester, K;CO3, ACN, 80°C, (d) Ethylacetate: HCI, rt, (e)
HCHO, TFA, 50°C, (f) R'COCI or (R'C0),0, TEA, THF, rt, (g) Ethanol/ 1 N NaOH solution, rt,
(h) DMAD/Ac,0, 100°C, (i) LiAlH,4, ether/DCM, 0°C,

Scheme 2. substituted phenanthroindolizine derivatives



Highlights

Conjugation of phenanthridine and pyrrole creates novel anticancer agents.
Phenanthridine may enhance the DNA/drug interaction.
Bis(hydroxymethyl)pyrrole is a noteworthy DNA crosslinking moiety.
Hybrid conjugates potently induced DNA interstrand crosslinks.

Compound 21a potently suppresses the growth of tumor xenografts in nude mice.



