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Abstract

Garratt-Braverman cyclization has been employedsyinthesize a series of dihydroisofuran fused
phenanthridine derivatives. The established prdotpcoposes a simpler synthetic alternative to have
access to these therapeutically relevant cytotegaffolds. Single crystal X-ray data unambiguously
confirmed the structures of the synthesized phémiginie derivatives. UV-Vis absorption titration tbvi
calf-thymus DNA followed by fluorescence-based cetitjye ethidium bromide displacement assay
established the synthesized target compounds astppiNA-intercalating agents with intrinsic binding
constant of the range 3Q0°. Results obtained from the molecular docking fertfustified the

spectroscopically obtained results.

Keywords: PhenanthridineGarratt-Braverman cyclization, UV-Vis absorptionudrescence, Ethidium

bromide, Docking

Introduction

Phenanthridines represent a privileged clasangiularly fused heterocyclic compounds having high
significance in medicinal chemistry and materiai®sce. Many naturally occurring bioactive alkakfd
" such as trispheridine, asiaticumine A, nornitidindecarine, norchelerythrine, noravicine,

norsanguinarinelf7) contain phenanthridine skeletoRiqure 1). Phenanthridine derivatives exhibit a

broad spectrum of biological activities such asibatterial, antitumoral, antileukemic, SPECT scan



tracer (ligands for the brain imaging of 5-HT4 natoes), Bcl-XL inhibitors, and other DNA-binding

cytotoxic activities®" Phenanthridinium moiety is extensively used aslgohndard DNA- and RNA-

fluorescent markers (3,8-diamino-5-ethyl-6-phengipdnthridinium bromide known as ethidium

bromide), and probes for cell viability (propidiuindide)*? Owing to their extensiverconjugated

electron system, fused phenanthridine derivativa falso found application in the development a¥ ne

organic light-emitting materials and new semicorides®

o)

¢

0]

=N

o)
1 O 2

>N

OH

S
g

OMe

MeO O SN HO
o O
3 o 4

Trisphaeridine

OMe

MeO O

SN
0]
. UL

Asiaticumine A

Norchelerythrine

e
Ao :

Noravicine

Nornitidine

/0
o

SN
Ly
o}
Decarine

SN

Ly

Norsanguinarine

Figure 1. Alkaloids with phenanthridine scaffold

Because of the above reasons, extensive ofsbas been done to develop simple, cost-effeetive
selective methodology for the synthesis of phenddittes. Recently several methd¥sfor synthesizing
phenanthridine moiety are reported for improvingcten condition and yield. These works have been
summarized by Kelle?* Some recent works to synthesize phenanthridinivatres involve palladium
catalyzed cascade transition-metal-catalyzed atotim of imines, annulations using arynes, applying
UV radiation to iminyl radicals, photochemical pesses, and cyclizations using microwa&n spite

of all these developments, the overall yield oktheewly developed methods are less than satisfacto

Bicyclization reactions involving radicals orn® have always been an important synthetic tool to
construct diverse structural scaffofdRecent example includes bicyclization involvingridis leading to
the stereoselective formation of naphtho[1,2-clthiene 2,2-dioxides as reportedy Wanget al.
Incidentally, Garratt-Braverman (GB) cyclizatf8h has emerged to be synthetically simple, base
mediated bicyclization reaction involving the formoa of a new 6-membered ring fused to a 5-

membered heterocycle. Herein, we report a simpih hiielding synthesis of dihydrofuran fused



phenanthridine using GB) cyclization as the keylayomatization step. The reaction goes either a
mono-allene or a bis-allene intermediate dependpan the nature of substrate. Which of the twogsing
attains aromaticity (leading to the formation obgucts9 or 10) depends on the pKdifference of the
propargylic hydrogens (indicated in struct8rby the arrows itfFigure 2) in the two arms.In our earlier
work, we have reportélithe formation of furan fused dihydrocarbazole dtiives (the new 6-membered
ring is non-aromatic)via the GB cyclization of indolyl propargyl ethers otving a bis-allene
intermediate. Substituting the electron donatindola moiety with electron withdrawing quinoline or
isoquinoline should widen the gap in acidity of paiogyl hydrogens in the two arms and hence fully
aromatic phenanthridines with a fused dihydroismfumoiety are expected to be formed GB
cyclization involving mono-allene. Our assertionswaroved to be correct and in the process, several
phenanthridine derivatives have been synthesizbd. flised isofuran moeity may act as an additional
handle for functionalization and may help in furtineodification leading to other bioactive motifsge
oxidation to butyrolactone or butyrolact8h)}'*“The synthesized compounds also showed good DNA-
binding affinities via predominantly intercalative mode. The synthesisl &NA binding affinity
includingin silico docking studies are described in this paper.
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Figure 2. Fate of GB cyclization of mono-heteroaryl propareghers

Results and discussion

Retrosynthetic analysis revealed that phenantleiderivatives éndo 11 and exo-isomersl5) can be
obtained using GB cyclization of bis-propargylihets (2 and 16) which in turn can be synthesized
using base mediate®-alkylation of the corresponding propargyl alcoh@$8 and 17). Sonogashira
coupling? of 3-bromo quinoline ¥4)/4-bromo isoquinoline 18) could afford the desired propargyl

alcohols §cheme 1
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Scheme 1Retrosynthetic analysis of dihydroisofuran fusedmanthridine derivatives

A careful analysis revealed that for bis-propamylers of 3-substituted quinoline derivatit®)( the GB
cyclization could take place either in angular fashvia path ‘a’ (involving C3-C4 double bond) to
afford the phenanthridine derivativelj, or in linear fashiowia path ‘b’ (involving C2-C3 double bond)
to afford acridine derivative2f) (Scheme 2. It was expected that the phenanthridine derreatiormed
via path ‘a’ involving C3-C4 double bond) would be aibed selectively in these cases. This regio-
selectivity expected during the cycloaromatizatemuld be explained from the canonical structures of
quinoline moiety {2, 26 and27). These canonical structures indicate that dobbled character of the
C3-C4 bond is higher than C2-C3 bond. So the cgtitbm was expected to occur in angular fashion
(involving the C3-C4 bond with greater double boobaracter) resulting in the formation of
phenanthridine moiety. Another way to explain thegioselectivity is to invoke the loss of resonance
energy in forming the intermediates which will baigh more in case of involvement of the C2-C3
double bond. Cyclization involving C3-C4 bond wdsoaobtained for the 4-subtituted isoquinoline
derivative (6) which could be also rationalized on the basisiofilar argument (greater double bond
character of C3-C4 as evident from the canonicalciires16, 28 and 29). However it is worth
mentioning that unlikel2, for 16 there are no other possible sites for the GB egtibbn to occur other

than through C3, hence no issue of regio-selegtantses for the isoquinoline derivatié.
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Accordingly, we synthesized a series of quinoli@6, 37, 38, 39a-b, 40) and isoquinoline43, 44, 45,
46a-b, 47) based bis-propargyl ether derivatives (as GB yssns) following the synthetic protocol
shown in Scheme 3and Scheme 4 The first step involved Sonogashira coupling lestw 3-bromo
quinoline/4-bromo isoquinoline 14 and 18 respectively) and propargyl alcohol to afford the
corresponding alcohols3 and17 (Scheme 3. The various propargyl bromide derivativé®a, 32b, 35
were synthesized separately accordin§tbeme 3 Subsequer®-propargylation of the alcohol43 and
17) with the suitable propargyl bromides in preseoicBaH in dry THF at room temperatur@gheme 4
afforded the mono-quinoline/mono-isoquinoline babedpropargyl ether derivative84, 38, 39a-b, 40,
43, 45, 46a-b 47). For the synthesis of the bis-quinoline/bis-isogline based bis-propargyl ether
derivatives 87 and 44 respectively), Sonogashira coupling was carried between mono-
guinoline/mono-isoquinoline bis-propargyl ether idatives @6 and 43 respectively) and 3-
bromoquinoline/4-bromo isoquinolind4 and 18 respectively). Finally these synthesized bis-prgpa

ether derivatives36, 37, 38, 39a-b 40, 43, 44 45, 46a-b, 47) were subjected to GB cyclization by
5



treatment with KCBu in toluene, under refluxing conditions for 2-3 which furnished the

dihydroisofuran fused phenanthridine derivativeslgsively in high yield 41, 48, 50, 51, 52, 53a-b, 55,
56, 57, 58a-b).The exclusive formation of phenanthridine derivesi justified our idea regarding the
regioselectivity observed in GB cyclization. To riease the structural diversity, aldehyde substtute

phenanthridine$4 and59 were also synthesizetlig the alcohol2 and49 as intermediates) as shown

in Scheme 4
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Scheme 3Synthesis of the required propargyl alcohd!3, (19 and bromides32a, 32b, 3%

NOESY spectra of compounsk confirmed the angular cyclization of the propargyher to furnish
phenanthridine moietyHgure 3). The through-space interaction between methytogorand aromatic
proton H confirmed their structural proximity as found inngpound52. This type of interaction should
be absent for the analogous acridine deriva@&e With R=Me).
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Scheme 4Synthesis of dihydroisofuran fused phenanthridieevétives using Garratt-Braverman cyclization

The structures were further confirmed from X-caystallography. The single crystal X-ray diffriact
was obtained for compounds?, 53a 58a 58b. ORTEP view of the crystal structures of these
compounds are shown iRigure 4. Crystal structures also established the planamegéy of the

synthesized phenanthridine skeletons.
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Figure 3.NOESY spectra of compourk® to establish the regioslectivity observed durirayi@tt-Braverman cyclization

Compounds8a Compounds8b

Figure 4. ORTEP view of single-crystal structures of compo&8d53a, 58a, 58b

DNA Binding Studies: Since the crystallographic studies suggestecgaaplstructure for the synthesized
phenanthridine derivatives, we expected the comg®ua show potent cytotoxic acitivitiesa DNA-
intercalation***® To validate our idea we went forward to study rthateraction with DNA through

UV/Vis absorption titratiot**?*3*#and fluorescence based competitive ethidium brendidplacement



assay’®> 413280 o|| studies were carried out using Tris-HCI buftpH 7.2). In case of UV-Vis absorption
titration study, the concentration of the compou(@ 49, 50, 51, 52, 538 53b, 54, 55, 56, 57, 58aand
58Db) (dissolved in acetonitrile-buffer) were kept fixedhile known concentrations of CT DNA solution
were added into both the cuvettes in increasinguamsountil saturation in hypochromism was observed
(Figure 5 shows the hypochromic shifts observed for compo&dds53b and42). The concentration of
DNA used during titration varied in the range 2M g 100 pM. Absorbance values were recorded after
each successive addition of DNA solution and elration. The observed hypochromic shift was
suggestive of DNA-intercalatiort*®®3& 8°Compound59 could not be studied for its DNA-binding
ability because of solubility problems. The datarevéitted to modified Benesi-Hildebrand equatibn
(Equation 1) obtain the intrinsic binding constéfigure 6 shows the linear-fits and the corresponding
binding constants obtained for compoub@8s, 53b and42).

1 1 1 1 1 1 1 :
(Equation 1)

(Ao-A)  (ev- &) [compound) K, (eo- &) [compound) [DNA]

In this equation, A and fare the absorbances of the compound in the presentt@bsence of DNA,
respectively,e, and & are the molar extinction coefficient of compound®Nomplex and free
compound, [compoungljs the concentration of the compound used andAD the concentration of

CT-DNA added. Ratio of intercept to slope from fiet of 1/(A,-A) vs. 1/[DNA] gave us the intrinsic

binding constant (K.

C 53 : )
0.4, 1 ompouncb3a |f 0.4 1 Compouncb3b ff 0.6 l [DNAJ: 2.7-99.1uM
o @ ] ]
o 0.3; Q T A\\[DNAJ: 2.7-21.6pM || € 0.4
= [DNAJ: 2.7-24.3pM || ® 3
202 2 0.21/ A €
5 o i 2 0.2
201 2 0.1 <
< S— Compound42
0.0 — : 0.0 — ' ——— 0.0 . : .
250 300 250 275 300 325 240 260 280 300
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 5. UV-Vis absorption titration spectra of the composiifdenoted on their respective spectrum) in thegmee of CT

DNA. In all cases, the uppermost spectrum represtéreg compound alone in the absence of DNA. Theslospectra
(hypochromic shift) were obtained by the graduat@ase in the concentration of DNA for a fixed camteation of compound.
Decrease in absorbance is indicated by the downesadv. Concentration range of DNA used duringtitration has been

9



shown in each titration spectra for the correspagidiompounds. Concentration of compounds in alctses were kept fixed
at 1x10°M. (Refer to the Sl for the corresponding spectabtained for compoundt9, 50, 51, 52, 55, 56, 57, 583, 58b)

7 300,
Compoundb3a Compoundb3b 4 Compound42
_ b _ 6 < 2004
e < S

g® £ < 100

- 6. Kp=29x16M* |[= 4l Kp=3.7 x16M™ || ¥ Kp=3.6 x 1§ M
- 0-

0.0 01 0.2 0.3 0.4 00 01 0.2 0.3 04 0.0 01 0.2 0.3 0.4
1/[DNA] x 10-6 (M'1) 1/[DNA] x 10-6 (M™) 1/[DNA] x 10-6 (M-1)

Figure 6. Double reciprocal plots are shown for the bindafgdifferent compounds with CT DNA. The linear fitgere
obtained by plotting 1/ (AA) vs. 1/[DNA]. Intrinsic binding constants (Kwere obtained from the ratio of intercept to slop
The experiments were performed three times and makue of the binding constant was reported. (Redethe Sl for the
corresponding plots obtained for compour@s50, 51, 52, 55, 56, 57, 583, 58b)

Compoundsl, 53a 53b with pendant aryl groupefido-isomers) showed best binding interaction with
DNA with 10° order of the intrinsic bindingT@ble 1). It was observed that substitution by —CHH
(hydroxymethyl) group (compoundi and49) decreased the DNA-binding as the order of thelibm
constant dropped to 10Remaining compounds0, 52, 55, 56, 57, 58a and 58b showed moderate
binding interactions with DNA, with TOorder of binding constant. The study further rés@ahat the
aryl substitution in thendo position of phenanthridiné{, 53a 53b) showed higher binding interaction
(10° order of binding constant) as compared to thecaue havingexo-substituted aryl group with 10
order of binding constant§, 58a 58b). Compound54 showed no binding interaction with DNA as it

showed no change in the absorption spectra withrpssive addition of DNA.

Table 1.Intrinsic binding constants ¢Xobtained from the Benesi-Hildebrand plots.

Compound Intrinsic binding constant (Kp)
42 3.6x10GM*
49 46x16Mm*
50 1.8x1dM?
51 1.1x16M*
52 48x1dm*
53a 29x16m?
53b 3.7x16Mm*

10



55 23x1dMm*
56 44x1dm?
57 51x1dM™
58a 8.9x1dMm*
58b 42x1dm?

Since hypochromic shift was observed in UV-Vis apsion titration which is indicative of DNA-

f4aP 13280 55 19 further ascertain the mode of compound-DiNtraction, competitive

intercalatio
ethidium bromide (EB) displacement assay was aarra@ut by using fluorescence emission
spectroscopy>®%1328The concentration of the DNA and EB (in buffer)revdept fixed, while known

concentrations of the compound solutions were adttedhe cuvette in increasing amounts quenching o

fluorescence intensity was observed for compouild9, 50, 51, 52, 53ab, 55, 56, 57, 58ab (Figure 7

shows the fluorescence quenching for compo&dds53b and42).

> Compounds3a 6000 Compounds3b || 5000 Compound42

2 i i

£ 2 g

E b= £ 4000/

g : :

] s s /

(%) [} [7) ”

I3 (% (%]

4 @ 2 3000/

3 : : : S , , - , , \

w 580 600 620 i 580 600 620 i 580 600 620
Wavelength (nm) Wavelenghth (nm) Wavelength (nm)

Figure 7. Emission spectra of the CT DNA-EB system in tri€Hduffer based on the titration with compoundsn(ed on
their respective spectra). Quenching of the fluoease is indicated by the arrow. [EB] = 20 pM, [DNA26 pM, in buffer
(150 mM NaCl and 1 mM Tris-HCI at pH 7.2), emissiaavelength = 588 nm. (Refer to the Sl for the esponding
spectrum obtained for compound! 50, 51, 52, 55, 56, 57, 584, 58b)
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Figure 8. Relative quenching in fluorescence intensity obsgmupon gradual increase in the concentratiohetbompound
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A plot of F/R, versus the concentration of compounds was madeepictdthe relative fluorescence
quenching of EB, induced by these compourkdgure 8). Thereafter, the Stern-Volmer constang(K
was determinedT@ble 2) for these compounds to evaluate their quenchffigiency using Equation

2 .17a—b

FolF = 1 + Ke\.[Q] (Equation 2)

[Q] is the quencher concentration. The Stern—Volptets for the compounds3a 53b and42 have been
shown inFigure 9. The Stern—Volmer plot of DNA-EB reveals that theenching of EB bound to DNA

by each compound is in good agreement (R = 0.99) the linear Stern—Volmer equation (Equation 2).

1.3; 1.3 1.15;
Compound28a Compound28b <~ Compoundl7
1.2 1.2. 1.10]
L g L =

S 14 . ° . i R £ 1.05]
KSV: 75X16M stz 7.6 x 16 M_l st= 3.5x 16 M-l

1.04 1.0- 1.00
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40

[Compound] (uM) [Compound] (:M) [Compound] (uM)

Figure 9. Stern—Volmer quenching plot of EB bound to CT®Ny titrating with compounds (denoted on theirpedive
spectra). The corresponding Stern-Volmer consté€¢s) were obtained from the slopes. The experiment® werformed
three times and mean value of the binding consia# reported. (Refer to the Sl for the correspandgilots obtained for
compoundgt9, 50, 51, 52, 55, 56, 57, 58a, 58b)

Table 2. Stern Volmer constants ) obtained from the Stern Volmer plots.

Compound Stern Volmer constant (Ksy)
42 35x1GMm?
49 3.4x10Mm*
50 52x1GMm?
51 6.9x1GMm*
52 42x16m*
53a 75x16GMm?
53b 76x1GMm*
55 53x10M*
56 56x1GM?
57 4.0x16m™

12



58a 6.2x 16 M?

58b 6.0x 10 M?

It can be concluded that the reduction in fluoraseeintensity is occurring due to partial subsiiutof
EB bound to DNA by the compounsi® DNA-intercalation*>*3# A comparative study 6fable 1 and
2 reveals that the trend observed in the competiiBedisplacement assay (both in terms of Stern-
Volmer constant and the relative fluorescence dquieng is in accordance with the corresponding trend

of DNA-binding obtained from UV-Vis absorption ion.

Although the order of the magnitude varies®tb01C in case of UV, and £on case of fluorescence),
such variations have been reported in the pasteiraiure. There are reported cd&&8where for a given
compound, Ky is greater in order than corresponding ¥hile there are also repot&®on the reverse
situation, that is, Kis greater in order than the correspondirg.KThe rationale behind such variation is
probably arising from the fact that the binding stamt obtained from UV-Vis Absorption titration &k
account of every possible binding interaction thlhé compound has with DNA (intercalation,
electrostatic, co-operative interactions etc), wher EB displacement assay only considers the
intercalative mode of binding. This might be theasen for the observed difference between the

magnitudes of two binding constants,@ad Ksy).

To further understand the interaction of these caumgds with DNA, molecular docking studies were
carried out using Hex 8.0.0 docking sefleThe pdb file used for ds DNA was downloaded fiRMSB
protein data bank (PDB Id: 1XRW). As evident frohe tdocked imaged-{gure 10), the planarz-
electron rich phenanthridine skeletons intercaldtedugh stacking in-between the nucleobase pairs.
Thus the docking results were in accordance withstiectroscopically obtained results. It is knBwhat
1Tt stacking between the-skeleton of DNA nucleobases and tieekeleton of the molecular probe, is
one of the major stabilizing forces responsibleifibercalation of a probe with ds DNA. It is repeft®®

that for DNA-intercalation the interplanar distartoetween the aryl rings of the probe and that ef th
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adjacent nucleobase should be ~ 3.4 A (which i® a@sfavourable factor fom-Tt stacking®).
Accordingly, we tried to analyse the DNA-bindingaractions of compoun@3b (which showed the
highest intrinsic binding constant of the order)18nd 42 (which showed the lowest intrinsic binding
constant of the order i0based on the docking images. These images revélade the compounds
showed selectivity towards CG complementary bags.pBhe average interplanar distance (between the
fused aryl rings of synthesized phenanthridine vdgities and the nearest heterocyclic rings of the
nucleobases) in case of compoubis 3.55 A Figure 10A), whereas fo#2, interplanar distance is
3.85 A Figure 10C). Lesser the interplanar distance, stronger is therdalatior??® In case of53b,
although the pendant aryl ring is not oriented xactly parallel position with therskeleton of the
nucleobase aryl ring$-{gure 10B), however some kind of weak interaction mightl & possible as the
pendant heterocyclic rings is at an average irdegpl distance of ~ 4.95 A. Probably all these facto
together contribute towards the higher binding tamisobtained for compouna3b. Overall, we can
conclude that probably some kind of synergestioperative effeét®® of two conjoint aryl systems is
responsible for the greater DNA-intercalating apilof the compound$1, 53a and 53b. However

further studies are needed to be carried out ttagxthe comparative binding affinities in greatietails.




Figure 10. Docking images of compoun&8b and42 with ds DNA. A shows the interplanar distancesneen the aryl rings
of the fused phenanthridine moiety of compo&Bt and the adjacent nucleobases; B shows the iatephbistances between
the aryl rings of the pendapimethoxy phenyl moeity of compoui@b and the adjacent nucleobases; C shows the intepla
distances between aryl rings of the fused phenigliriermoiety of compound2 and adjacent nucleobases

Conclusion

We have successfully developed a simple, straigh#fad and cost-effective methodology for
synthesizing dihydroisofuran fused phenanthridieeivétives using Garratt-Braverman cyclization in
moderate to good yields. The current work estabtish newer synthetic alternative to functionalize t
phenanthridine scaffold with greater potential bioaty. All the synthesized compounds showed DNA-
intercalation (except compoundg! and 59) with three compounds5{, 53a 53b) having binding
constant of the order of 10The regioselectivity obtained during the cycliaatstep provides a deeper
insight in the manifestation of ‘double bond fixati upon cycloaromatization transformations. This
relatively simpler synthetic protocol would leadetasier access to these cytotoxic scaffolds widhrin
would facilitate their application as molecular lpes to understand DNA-small molecule interactions.
Further work on synthesizing a more diverse libi@rpNA-binding heterocyclic cores is going on iaro

laboratory.
Experimental
Synthesis and spectral data of compounds

All *H and**C NMR spectra for all the compounds were recordetD8/500/600 and 100/125/150 MHz
respectively. The spectra were recorded in deutéwomform (CDC}) as solvent at room temperature
unless mentioned otherwise. The following abbréwt are used to describe the peak patterns where
appropriate: s = singlet, d = doublet, t = triplgt= quartet, m = multiplet, ABg = AB quartet, dd =
doublet of doublet, app. = apparent, and b = beigilal. All coupling constants (J) are given in Hzgh
resolution mass spectra were recorded in ESI+ niothetrap) while LCMS were recorded under low
resolution. All the dry solvents used for reactiavere purified according to the standard protocois.

butyl amine was distilled from calcium hydride. @mits used for column chromatography were distilled
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prior to use. In most of the column chromatogragiudfications, ethyl acetate (EtOAc) and hexane of
boiling range 60-80 °C were used as eluents. Catwvere prepared with silica gel (Si-gel, 60-120 and

230-400 flash, SRL).

General procedure for Sonogashira Coupling

Synthesis of compounds (37, 44, 31a, 31b, 13, IIf).a solution of bromo aryl derivative (1 mmol) in
dry degassed n-butylamine (7 mL), P@Ph), (3 mol %), corresponding alkyne compound (1.2 ¥qui
in were added under an inert atmosphere, and tRauraiwas refluxed for 4 h. The mixture was then
poured into ethyl acetate, and the organic layes washed with brine. The organic layer was theaddri
over anhydrous N&QO, and evaporated, and the purified product was oéthiia flash chromatography

by using hexane—ethyl acetate as eluent.

3-phenylprop-2-yn-1-ol (31a).Following the general procedure, pure proddta was isolated by flash
chromatography on silica gel (hexane:EtOAc 2State liquid; yield: 103 mg,78%; Experimental data

properly matched with previously reported dhe.

3-(4-methoxyphenyl)prop-2-yn-1-ol (31b). Following the general procedure, pure prodGtb was
isolated by flash chromatography on silica gel @rexEtOAc 2:1)State liquid; yield: 133 mg,82%;

Experimental data were properly matched with presfipreported on&

3-(quinolin-3-yl)prop-2-yn-1-ol (13). Following the general procedure, pure prodl@tvas isolated by
flash chromatography on silica gel (hexane:EtOAQ.State liquid; yield: 142 mg,78%; Experimental
data were properly matched with previously repodad."H NMR (400 MHz, CDCY) § 9.027 (s, 1H),
8.25 (1H, s), 8.12 (dI= 8.4 Hz, 1H), 7.79 ( dJ= 8.4 Hz, 1H), 7.748 (t}= 7.2 Hz, 1H), 7.58 (t, J= 8 Hz,
1H), 4.58 (s, 2H); (100 MHz, CD@I$§ 151.9, 146.2, 139.1, 130.5, 128.7, 127.7, 12726,3, 117.0,

92.1, 82.1, 51.0. Calcd for;@10NO (M+H) " 184.0762, found 184.0764.
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3-(isoquinolin-4-yl)prop-2-yn-1-ol (17).Following the general procedure, pure produtivas isolated
by flash chromatography on silica gel (hexane:EtQAJ. State liquid; yield: 152 mg,83%;'H NMR
(400 MHz, DMSO 9.29 (s, 1H), 8.60 (s, 1H), 8.18 (k= 3.3 Hz, 1H), 8.16 (d = 3.1 Hz, 1H), 7.89 (t,
J=7.6 Hz, 1H), 7.75 () = 7.6 Hz, 1H), 5.51 (t) = 6.0 Hz, 1H), 4.45 (d] = 5.9 Hz, 2H)*C NMR (100
MHz, DMSQO)é 152.24, 145.75, 134.74, 131.72, 128.33, 128.28,3172 124.25, 114.83, 97.55, 78.55,

49.67; Calcd for @H1gNO (M+H) " 184.0762, found 184.0766.

3-(3-(3-(quinolin-3-yl)prop-2-ynyloxy)prop-1-ynyl)quinoline (37). Following the general procedure,
pure product37 was isolated by flash chromatography on silica(gekane:EtOAc 1:1)State liquid;
yield: 250 mg,72%;H NMR (400 MHz, CDCJ) § 8.92 (d,J = 1.5 Hz, 2H), 8.23 (s, 2H), 8.07 (= 8.4
Hz, 2H), 7.88 — 7.60 (m, 4H), 7.53 Jt= 7.5 Hz, 2H), 4.64 (s, 4H}°C NMR (100 MHz, CDGJ) § 152.1,
147.1, 138.9, 130.4, 129.5, 127.7, 127.5, 127.8,61187.7, 84.4, 57.8; HRMS: Calcd fop,8:/N,0

(M+H) " 349.1341, found 349.1341.

4-(3-(3-(isoquinolin-4-yl)prop-2-ynyloxy)prop-1-ynyl)isoquinoline  (44). Following the general
procedure, pure produ@4 was isolated by flash chromatography on silica (pelxane:EtOAc 2:1).
State: yellow liquid; yield: 243 mg,70%;*H NMR (400 MHz, CDCJ) § 9.20 (s, 2H), 8.72 (s, 2H), 8.26
(d, J = 8.4 Hz, 2H), 7.99 (d] = 8.1 Hz, 2H), 7.76 (t) = 7.5 Hz, 2H), 7.65 (t) = 7.5 Hz, 2H), 4.80 (s,
4H); 3¢ NMR (125 MHz, CDQJ) 6 152.5, 147.0, 135.8, 131.4, 128.1, 128.0, 12728,Q, 115.2, 91.8,

82.4, 57.9; Calcd for £H;7N,0 (M+H)" 349.1341, found 349.1348.

General procedure for OTHP Protection of alcohol

Synthesis of compounds (34)To a solution of but-2-yne-1,4-diol (Immol) in 284 dry DCM, 3,4-
dihydro-pyran (0.5 equiv) was added and mixture stased at room temperature for 4h. The mixture
was then poured into DCM, and the organic layer washed with brine. The organic layer was then
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dried over anhydrous N8O, and evaporated, and the purified product was woéthvia flash
chromatography by using hexane—ethyl acetate anelu

4-((tetrahydro-2H-pyran-2-yl)oxy)but-2-yn-1-ol (34). Following the general procedure, pure proda4t
was isolated by flash chromatography on silica(gekane:EtOAc 5:1)State liquid; yield: 110 mg,65

%; Experimental data were properly matched withviotesly reported oné®

General procedure for Bromination of alcohol

Synthesis of compounds (32a, 32b, 350 a solution of alcohol derivative (0.75 mmol)dry DCM,
CBr, (1.2 equiv), PPh(1.5 equiv) were added under an inert atmosphef® C, and the mixture was
stirred at room temperature for 2h. The mixture e poured into DCM, and the organic layer was
washed with brine. The organic layer was then daeedr anhydrous N&QO, and evaporated, and the

purified product was obtaineda flash chromatography by using hexane—ethyl acemuent.

(3-bromoprop-1-yn-1-yl)benzene (32a). Following the general procedure, pure prodd@awas isolated
by flash chromatography on silica gel (hexane:EtOAt). State liquid; yield:, 113 mg, 82%;

Experimental data were properly matched with presfip reported oné’

1-(3-bromoprop-1-yn-1-yl)-4-methoxybenzene (32b). Following the general procedure, pure prodii
was isolated by flash chromatography on silica (gelkane:EtOAc 4:1)State liquid; yield: 141 mg,

84%; Experimental were data properly matched wigviously reported on&.
2-((4-bromobut-2-yn-1-yl)oxy)tetrahydro-2H-pyran (35). Following the general procedure, pure product
34 was isolated by flash chromatography on silica(gekane:EtOAc 5:1)State liquid; yield: 142 mg,

82 %; Experimental data were properly matched wi#viously reported on@.
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General Procedure forO-Propargylation

Synthesis of compound$36-40and43-47: To an ice-cold solution of alcoh@B/17 (0.5 mmol) in dry
THF (6 mL) was added NaH (2 equiv, 60% suspensianineral oil), and the solution was stirred for 30
min at room temperature under, Mitmosphere. After the alkoxide was generated,esponding
propargyl bromide (1.2 equiv) was added dropwisé’a®, and the mixture was stirred for 1 h at room
temperature. It was then partitioned between edbgtate and water. The organic layer was washdd wit
brine, and the organic layer was dried with anhydrblaSO,. The solvent was removed, and the crude

residue was purified by flash chromatography (3$jdgexane—ethyl acetate mixture as eluent).

3-(3-(prop-2-ynyloxy)prop-1-ynyl)quinoline (36). Following the general procedure, pure prod&tvas
isolated by flash chromatography on silica gel @rexEtOAc 3:1)State liquid; yield: 86 mg, 78%;'H

NMR (400 MHz, CDC}) § 8.89 (d,J = 1.2 Hz, 1H), 8.22 (d] = 1.5 Hz, 1H), 8.08 (d] = 8.5 Hz, 1H),
7.82 — 7.63 (m, 2H), 7.55 (d,= 7.8 Hz,1H), 4.54 (s, 2H), 4.35 (@= 2.3 Hz, 2H), 2.50 (t) = 2.3 Hz,
1H); *C NMR (100 MHz, CDGJ) § 152.0, 146.9, 139.0, 130.4, 129.4, 127.7, 12723,2, 116.6, 87.7,

84.1, 78.9, 75.4, 57.3, 56.9; HRMS:8:,NO (M+H)" 222.0919, found 222.0919.

3-(3-(but-2-ynyloxy)prop-1-ynyl)quinoline (38). Following the general procedure, pure prodd@twas
isolated by flash chromatography on silica gel @rexEtOAc 5:1)State liquid; yield: 85 mg,72%;*H
NMR (400 MHz, CDC}) & 8.91 (d,J = 1.9 Hz, 1H), 8.24 (s, 1H), 8.08 @@= 8.5 Hz, 1H), 7.78 (d] =
8.1 Hz, 1H), 7.73 (t) = 8.3 Hz, 1H), 7.57 (] = 7.5 Hz, 1H), 4.53 (s, 2H), 4.31 (s, 2H), 1.893d); °C
NMR (125 MHz, CDCY) 6 152.0, 146.9, 138.6, 130.1, 129.3, 127.5, 1222,4, 116.6, 83.7, 83.4, 74.3,

57.4,57.0, 3.6; HRMS: Calcd for &14NO (M+H) " 236.1075, found 236.1077.

3-(3-(3-phenylprop-2-ynyloxy)prop-1-ynyl)quinoline (39a) Following the general procedure, pure

product39awas isolated by flash chromatography on silica(gekane:EtOAc 4:1)State liquid; yield:
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104 mg, 70%*H NMR (400 MHz, CDC}) & 8.93 (d,J = 2.0 Hz, 1H), 8.25 (d] = 1.5 Hz, 1H), 8.09 (d]
= 8.5 Hz, 1H), 7.85 — 7.69 (m, 2H), 7.57Jt= 7.4 Hz, 1H), 7.52 — 7.44 (m, 2H), 7.39 — 7.31 @H),
4.62 (s, 2H), 4.59 (s, 2HJ*C NMR (100 MHz, CDGJ) § 152.1, 147.0, 138.9, 131.9, 130.3, 129.4, 128.7,
128.4, 127.7, 127.4, 127.2, 122.5, 116.7, 88.(2,894.2, 84.1, 57.8, 57.5; HRMS: Calcd forld;gNO

(M+H)* 298.1232, found 298.1244.

3-(3-(3-(4-methoxyphenyl) prop-2-ynyloxy)prop-1-ynyl)guinoline(39b). Following  the general
procedure, pure produ®b was isolated by flash chromatography on silica (pelxane:EtOAc 2:1).
State liquid; yield: 121 mg,74%;*H NMR (400 MHz, CDC)) 6 8.92 (d,J = 2.0 Hz, 1H), 8.23 (s, 1H),
8.08 (d,J = 8.4 Hz, 1H), 7.83 — 7.65 (m, 2H), 7.55Jt 7.5 Hz, 1H), 7.49 — 7.32 (m, 2H), 6.83 Jc:
8.8 Hz, 2H), 4.60 (s, 2H), 4.56 (s, 2H), 3.79 (4);3*C NMR (100 MHz, CDGJ) § 160.0, 152.2, 147.1,
138.9, 133.5, 130.4, 129.5, 127.7, 127.4, 127.8,8.1114.6, 114.1, 88.1, 87.2, 84.0, 82.9, 58.04,57

55.4; HRMS: Calcd for &H1gNO, (M+H)" 328.1338, found 328.1335.

3-(3-(4-(tetrahydro-2H-pyran-2-yl oxy)but-2-ynyl oxy)prop-1-ynyl)quinoline (40). Following the general
procedure, pure produetO was isolated by flash chromatography on silica (elxane:EtOAc 4:1).
State liquid; yield: 134 mg,80%;*H NMR (400 MHz, CDCJ) 6 8.91 (d,J = 1.7 Hz, 1H), 8.25 (s, 1H),
8.09 (d,J = 8.4 Hz, 1H), 7.82 — 7.69 (m, 2H), 7.57Jt 7.5 Hz, 1H), 4.83 () = 3.3 Hz, 1H), 4.54 (s,
2H), 4.45 — 4.25 (m, 4H), 3.90 — 3.79 (m, 1H), 3-59.49 (m, 1H), 1.98 — 1.50 (m, 6HfC NMR (100
MHz, CDCk) 6 152.2, 147.1, 139.0, 130.4, 129.5, 127.8, 1272%,8, 116.7, 97.8, 87.9, 84.1, 83.5, 81.2,

62.2,57.4,57.3, 54.4, 30.4, 25.5, 19.2. HRMSc@#&br GH,NO; (M+H)" 336.1600, found 336.1627.

4-(3-(prop-2-ynyloxy)prop-1-ynyh)isoquinoline (43). Following the general procedure, pure proddigt
was isolated by flash chromatography on silica (@exane:EtOAc 4:1)State liquid; yield: 81 mg,

73%:*H NMR (400 MHz, CDCJ) 5 9.21 (s, 1H), 8.70 (s, 1H), 8.23 (= 8.4 Hz, 1H), 8.00 (d] = 8.2
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Hz, 1H), 7.80 (tJ = 7.4 Hz, 1H), 7.67 (1 = 7.5 Hz, 1H), 4.66 (s, 2H), 4.41 @= 2.3 Hz, 2H), 2.52 (1
= 2.3 Hz, 1H);*C NMR (100 MHz, CDGJ) § 152.5, 147.0, 147.0, 135.8, 131.3, 128.0, 12728,1

115.2,91.7, 82.2, 79.0,75.4, 57.5, 56.9; HRMSc@&br GsH;o,NO (M+H)" 222.0919, found 222.0917.

4-(3-(but-2-ynyloxy)prop-1-ynyl)isoquinoline (45). Following the general procedure, pure proddst
was isolated by flash chromatography on silica(pekane:EtOAc 3:1).State: yellow liquid; yield: 88
mg, 75%;*H NMR (400 MHz, CDC}) § 9.15 (d,J = 1.8 Hz, 1H), 8.65 (s, 1H), 8.19 (@ = 8.3 Hz, 1H),
7.93 (ddJ = 7.8, 2.8 Hz, 1H), 7.73 (8,= 7.6 Hz, 1H), 7.60 (] = 7.4 Hz, 1H), 4.59 (s, 2H), 4.33 (s, 2H),
1.86 (s, 3H);*C NMR (100 MHz, CDGJ) § 152.3, 146.8, 135.6, 131.2, 127.9, 127.7, 12516,2, 92.1,

83.5, 81.7, 74.3, 57.5, 57.3, 3.7; HRMS: CalcdGgH1s,NO (M+H)" 236.1075, found 236.1073.

4-(3-(3-phenylprop-2-ynyloxy)prop-1-ynyl)isoquinoline (46a) Following the general procedure, pure
product46awas isolated by flash chromatography on silica(lgekane:EtOAc 3:1)State: yellow liquid,;
yield: 108 mg, 73%H NMR (400 MHz, CDC}) 5 9.28 (s, 1H), 8.78 (s, 1H), 8.25 (= 8.4 Hz, 1H),
7.99 (d,J = 8.1 Hz, 1H), 7.77 (t) = 7.6 Hz, 1H), 7.65 (t) = 7.5 Hz, 1H), 7.49-7.47 (dd,= 7.3, 2.1 Hz,
2H), 7.41 — 7.20 (m, 3H), 4.72 (s, 2H), 4.63 (s);2fC NMR (100 MHz, CDGJ) § 152.3, 146.8, 135.8,
132.0, 131.8, 131.4, 128.8, 128.5, 128.4, 128.8,112125.2, 122.5, 92.1, 87.2, 84.3, 82.1, 57.86;57
HRMS: Calcd for GiH1gNO (M+H)" 298.1232, found 298.1233.

4-(3-(3-(4-methoxyphenyl) prop-2-ynyloxy)prop-1-ynyl)isoquinoline  (46b). Following the general
procedure, pure produditb was isolated by flash chromatography on silica (pelxane:EtOAc 2:1).
State: yellow liquid; yield: 114 mg,70%;*H NMR (400 MHz, CDCJ) & 9.19 (s, 1H), 8.70 (s, 1H), 8.24
(d,J = 8.4 Hz, 1H), 7.97 (d] = 8.2 Hz, 1H), 7.76 (1] = 7.6 Hz, 1H), 7.64 () = 7.5 Hz, 1H), 7.41 (d] =
8.7 Hz, 2H), 6.83 (dJ = 8.7 Hz, 2H), 4.70 (s, 2H), 4.61 (s, 2H), 3.7938); *C NMR (100 MHz,
CDCls) 6 160.0, 152.4, 147.0, 135.8, 133.4, 131.3, 1286,0, 127.8, 125.1, 115.3, 114.6, 114.1, 92.1,

87.2, 82.9, 82.0, 57.9, 57.5, 55.4; HRMS: Calcddgt;sNO, (M+H)" 328.1338, found 328.1335.
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4-(3-(4-(tetrahydro-2H-pyran-2-yl oxy)but-2-ynyl oxy)prop-1-ynyl)isoquinoline (47).

Following the general procedure, pure proddictwas isolated by flash chromatography on silica gel
(hexane:EtOAc 3:1)State liquid; yield: 131 mg,78%;*H NMR (400 MHz, CDCJ) § 9.20 (s, 1H), 8.69

(s, 1H), 8.23 (dJ = 8.4 Hz, 1H), 7.99 (d] = 8.3 Hz, 1H), 7.79 (t) = 8.2 Hz, 1H), 7.66 () = 7.6 Hz,
1H), 4.83 (tJ = 3.3 Hz, 1H), 4.64 (s, 2H), 4.49 — 4.23 (m, 4Bi87-3.81 (m, 1H), 3.68 — 3.34 (m, 1H),
1.90 — 1.48 (m, 6H)**C NMR (126 MHz, CDGCJ) & 152.4, 146.8, 135.7, 131.3, 128.0, 128.0, 127.8,
125.0, 115.2, 97.0, 91.8, 83.4, 82.0, 81.1, 62715,557.2, 54.3, 30.3, 25.4, 19.1; HRMS: Calcd for

C21H22NO3 (M+H)" 336.1600, found 336.15809.

General Procedure for the Garratt—Braverman Cyclizdion: Synthesis of compounds (50-53, 41, 55-
58, 48).To a solution of bispropargyl ether (0.2 mmol) afuene (3 mL), KOBU(2.5 equiv) was added,
and the mixture was refluxed at I'IDfor 6 h. The reaction mixture was then partiéidrbetween ethyl
acetate and water. The organic layer was washddwihe, and the combined organic layer was dried
with anhydrous Ng0O,. The solvent was removed, and the crude residuge puaified by flash

chromatography (Si-gel, hexane—ethyl acetate mexasreluent).

8,10-dihydrofuro[3,4-j]phenanthridine (50). Following the general procedure, pure prod&6ftwas
isolated by flash chromatography on silica gel @rexEtOAc 3:1)State white solid; mp 169-173°C;
yield: 40 mg, 90%:H NMR (600 MHz, CDCY)) § 9.24 (s, 1H), 8.52 (d] = 8.1 Hz, 1H), 8.43 (s, 1H),
8.19 (d,J = 8.1 Hz, 1H), 7.86 (s, 1H), 7.74 {t= 7.5 Hz, 1H), 7.67 (§ = 7.5 Hz, 1H), 5.33 (s, 2H), 5.30
(s, 2H);13C NMR (151 MHz, CDQJ) 6 153.45, 144.71, 143.60, 139.66, 132.66, 130.28,82 127.24,
126.33, 124.34, 122.23, 120.80, 114.00, 73.46, 173HRMS: G:sH1:,NO (M+H)" 222.0919, found

222.0925.

8,10-dihydro-11-(quinolin-3-yl)furo[3,4-j]phenanthridine (51). Following the general procedure, pure

product51 was isolated by flash chromatography on silica(pekane:EtOAc 3:1)State white solid;
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mp 128-130 °Cyield: 61 mg,87%; *H NMR (600 MHz, CDCJ) § 9.29 (d,J = 5.2 Hz, 1H), 8.85 (s, 1H),
8.26 (d,J = 8.5 Hz, 1H), 8.22 — 8.09 (m, 2H), 7.95 Jos 7.0 Hz, 1H), 7.92 — 7.79 (m, 2H), 7.66Jt
7.5 Hz, 1H), 7.55 () = 8.3 Hz, 1H), 7.46 (d] = 8.5 Hz, 1H), 7.07 (1) = 7.7 Hz, 1H), 5.38 (s, 2H), 5.01
(d, J = 13.7 Hz, 1H), 4.88 (d] = 13.6 Hz, 1H);*°C NMR (150 MHz, CDCJ) § 153.9, 150.4, 147.7,
146.0, 145.1, 139.0, 134.9, 134.1, 130.6, 130.8,812129.0, 128.4, 128.2, 128.1, 128.0, 127.7,5.26.

126.3, 124.4, 121.7, 73.9, 73.8; HRMS: Calcd feiHz/N,O (M+H) " 349.1341, found 349.1343.

11-methyl-8,10-dihydrofuro[3,4-j]phenanthridine (52). Following the general procedure, pure product
52 was isolated by flash chromatography on silica(pekane:EtOAc 2:1)State liquid; yield: 43 mg,
92%;*H NMR (400 MHz, CDCY) § 9.21 (s, 1H), 8.82 (d] = 8.4 Hz, 1H), 8.24 (d] = 8.0 Hz, 1H), 7.79
—7.73 (m, 2H), 7.67 (1] = 7.2 Hz, 1H), 5.38 (s, 4H), 2.95 (s, 3HJC NMR (101 MHz, CDG)) § 154.1,
145.5, 143.6, 143.6, 138.0, 138.0, 131.0, 130.8.313127.7, 126.2, 125.4, 118.9, 73.8, 73.7, 21.6;

HRMS: Calcd for GeH14NO (M+H) " 236.1075, found 236.1086.

8,10-dihydro-11-phenylfuro[ 3,4-j]phenanthridine (53a) Following the general procedure, pure product
53awas isolated by flash chromatography on silica(gekane:EtOAc 2:1)State white solid; mp 130-
134°C;yield: 55 mg,92%;H NMR (500 MHz, CDC}) & 9.23 (s, 1H), 8.13 (d} = 8.0 Hz, 1H), 7.84 (s,
1H), 7.59-7.52 (m, 5H), 7.30 (d,= 6.3 Hz, 2H), 7.13 () = 7.6 Hz, 1H), 5.35 (s, 2H), 4.92 (s, 2Hic
NMR (125 MHz, CDC}) & 153.9, 145.8, 144.1, 140.8, 138.6, 133.0, 13@22,8], 128.3, 128.2, 128.1,

127.9, 126.6, 126.0, 124.7, 120.8, 73.8; HRMS: €éic C;H1NO (M+ H)" 298.1232, found 298.1231.

8,10-dihydro-11-(4-methoxyphenyl)furo[ 3,4-j]phenanthridine (53b). Following the general procedure,
pure product3b was isolated by flash chromatography on silica(gekane:EtOAc 1:1)State white
solid; mp 154-156°Cyield: 57 mg,87%:; 5 *H NMR (400 MHz, CDCJ) & 9.26 (s, 1H), 8.14 (d1 = 7.9

Hz, 1H), 7.89 (s, 1H), 7.64 (d,= 8.6 Hz, 1H), 7.58 (1) = 7.5 Hz, 1H), 7.29 — 7.15 (m, 3H), 7.08 Jd;
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8.6 Hz, 2H), 5.38 (s, 2H), 4.96 (s, 2H), 3.94 (4):3°C NMR (125 MHz, CDGJ) 5 159.4, 158.4, 153.9,
148.0, 146.0, 145.0, 138.4, 132.8, 132.7, 130.0,113129.3, 127.9, 127.8, 126.5, 126.0, 124.8,5,20.

115.2, 73.9, 73.8, 55.4;. HRMS: Calcd fori;gNO, (M+H) * 328.1338, found 328.1334.

8,10-dihydro-11-((tetrahydro-2H-pyran-2-yloxy)methyl )furo[ 3,4-j]phenanthridine (41). Following the
general procedure, pure proddd was isolated by flash chromatography on silica(gekane:EtOAc
2:1). State liquid; yield: 59 mg,88%;*H NMR (400 MHz, CDCJ) § 9.21 (s, 1H), 8.87 (d] = 8.4 Hz,
1H), 8.22 (dJ = 8.1 Hz, 1H), 7.87 (s, 1H), 7.77 §t= 7.5 Hz, 1H), 7.68 (t) = 7.7 Hz, 1H), 5.49 (s, 2H),
5.35-5.32 (m, 3H), 5.00 (d,= 11.8 Hz, 1H), 4.91 () = 3.1 Hz, 1H), 4.04-3.99 (m, 1H), 3.67-3.64 (m,
1H), 1.93 — 1.54 (m, 6H}*C NMR (101 MHz, CDGCJ) § 153.9, 145.8, 145.7, 139.1, 132.5, 130.1, 128.5,
128.1, 127.4, 127.3, 126.9, 124.5, 121.5, 98.8[,783.4, 66.6, 62.8, 30.8, 25.5, 19.5; HRMS: Cdtod

C21H22NO3 (M+H)" 336.1600, found 336.1595.

8,10-dihydrofuro[3,4-b]phenanthridine (55). Following the general procedure, pure prodbabtwas
isolated by flash chromatography on silica gel @rexEtOAc 2:1)State white solid; mp 115-118 °C;
yield: 39 mg, 89%H NMR (400 MHz, CDCJ) § 9.25 (s, 1H), 8.55 (d] = 8.3 Hz, 1H), 8.39 (s, 1H),
8.06 — 7.99 (m, 2H), 7.85 {,= 8.2 Hz, 1H), 7.70 () = 7.4 Hz, 1H), 5.32 (s, 4H¥°C NMR (101 MHz,
CDCl;) & 153.44, 144.45, 140.95, 139.21, 132.71, 131.18.922 127.58, 126.41, 123.73, 122.06,

121.87, 114.09, 73.35, 73.34; HRMS: Calcd fgsHG.NO (M+H)" 222.0919, found 222.0916.

8,10-dihydro-7-(isoquinolin-4-yl)furo[ 3,4-b]phenanthridine (56). Following the general procedure, pure
product56 was isolated by flash chromatography on silica(pekane:EtOAc 2:1)State white solid;
mp 178-180 °Cyield: 64 mg,92%;*H NMR (400 MHz, CDC)) § 9.38 (s, 1H), 9.11 (s, 1H), 8.69 (b=
8.3 Hz, 1H), 8.61-8.56 (m, 2H), 8.09 @= 8.1 Hz, 1H), 8.01 (dJ = 7.8 Hz, 1H), 7.91 (tJ = 7.7 Hz,

1H), 7.73 (tJ = 7.4 Hz, 1H), 7.62 () = 7.4 Hz, 1H), 7.53 () = 7.5 Hz, 1H), 7.32 (d] = 8.4 Hz, 1H),
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5.46 (s, 2H), 5.10 (d] = 13.3 Hz, 1H), 4.81 (d = 13.3 Hz, 1H)**C NMR (125 MHz, CDGJ) § 153.4,
152.7, 143.3, 143.3, 141.4, 138.8, 134.9, 132.1,3,3130.7, 129.9, 129.0, 128.2, 127.9, 127.4,226.

125.2,124.3, 122.1, 114.6, 74.0, 73.3; Calcd faHGN,O (M+H)" 349.1341, found 349.1340.

8,10-dihydro-7-methylfuro[ 3,4-b]phenanthridine (57). Following the general procedure, pure prodaict
was isolated by flash chromatography on silica(gpekane:EtOAc 2:1)State white solid; mp 162-165
°C; yield: 42 mg, 90%:; *H NMR (400 MHz, CDC}) 5 9.27 (s, 1H), 8.56 (d] = 8.3 Hz, 1H), 8.27 (s,
1H), 8.05 (dJ = 7.9 Hz, 1H), 7.83 (] = 8.1 Hz, 1H), 7.69 (1] = 7.4 Hz, 1H), 5.35 (s, 2H), 5.30 (s, 2H),
2.74 (s, 3H):**C NMR (125 MHz, CDG)) § 151.7, 142.6, 139.3, 137.9, 132.8, 130.6, 1302B.6]
127.2,125.9, 123.5, 121.8, 111.2, 74.0, 73.2,;HRMS: Calcd for GgH14NO (M+H)" 236.1075, found

236.1086.

8,10-dihydro-7-phenylfuro[ 3,4-b]phenanthridine (58a). Following the general procedure, pure product
58awas isolated by flash chromatography on silica(gekane:EtOAc 2:1)State white solid; mp 145-
149 °C;yield: 54 mg,91%;H NMR (400 MHz, CDCJ) § 9.25 (s, 1H), 8.64 (d} = 8.3 Hz, 1H), 8.48 (s,
1H), 8.04 (dJ = 7.9 Hz, 1H), 7.88 () = 7.6 Hz, 1H), 7.72 () = 7.5 Hz, 1H), 7.62 — 7.34 (m, 5H), 5.41
(s, 2H), 5.17 (s, 2H)**C NMR (125 MHz, CDGJ) § 153.0, 142.1, 139.9, 138.7,138.0, 135.1, 132.8,
131.0, 130.1, 128.8, 128.3, 127.7, 127.6, 126.24.3] 122.1, 113.4, 74.0, 73.6; HRMS: Calcd for

C21H1eNO (M+H)"298.1232, found 298.1234.

8,10-dihydro-7-(4-methoxyphenyl)furo[ 3,4-b]phenanthridine (58b). Following the general procedure,
pure product8b was isolated by flash chromatography on silica(pekane:EtOAc 2:1).State white
solid; mp 160-165 °Cyield: 58 mg,88%;'H NMR (400 MHz, CDCY)  9.26 (s, 1H), 8.63 (d] = 8.3
Hz, 1H), 8.44 (s, 1H), 8.03 (d,= 7.8 Hz, 1H), 7.87 (1 = 7.7 Hz, 1H), 7.71 () = 7.4 Hz, 1H), 7.43 (d]

= 8.7 Hz, 2H), 7.05 (d] = 8.7 Hz, 2H), 5.40 (s, 2H), 5.19 (s, 2H), 3.893H); *C NMR (125 MHz,
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CDCly) § 159.0, 152.7, 142.0, 139.7, 138.47, 134.5, 13P3%,2, 130.8, 130.0, 129.0, 127.4, 125.9,
124.1, 121.9, 113.7, 112.9, 73.8, 73.5, 55.3; HRI@Slcd for G,H:gNO, (M+H)* 328.1338, found

328.1335.

8,10-dihydro-7-((tetrahydro-2H-pyran-2-yloxy)methyl)furo[ 3,4-b]phenanthridine (48). Following the
general procedure, pure prod@3 was isolated by flash chromatography on silica(pekane:EtOAc
3:1). State liquid; yield: 62 mg, 93%: H NMR (400 MHz, CDC}) 5 9.27 (s, 1H), 8.58 (d] = 8.3 Hz,
1H), 8.38 (s, 1H), 8.06 (&, = 7.8 Hz, 1H), 7.85 (t) = 7.4 Hz, 1H), 7.71 (t) = 7.5 Hz, 1H), 5.79 — 5.26
(m, 6H), 4.88 (tJ = 3.3 Hz, 1H), 4.11 — 3.87 (m, 1H), 3.62-3.59 (h% 10.8, 4.7 Hz, 1H), 2.02 — 1.48
(m, 6H); *C NMR (100 MHz, CDGJ) § 152.2, 141.7, 139.6, 139.2, 132.7, 130.9, 13®8,7], 127.4,
126.0, 123.4, 121.9, 113.0, 98.8, 73.8, 73.0, 68282, 30.7, 25.6, 19.5; HRMS: Calcd fos18,,NO3

(M+H)* 336.1600, found 336.1595.

General Procedure for OTHP deprotection: Synthesi®f compounds (42 and 49)To a solution of
OTHP (0.15 mmol) protected alcohol in ethanol, PRT.S equiv) was added, and the mixture was stirred
at 50°C for 12 h. After that, ethanol was evaporated a&nade residue was purified by column

chromatography (Si-gel, hexane—ethyl acetate mexaisreluent).

(8,10-dihydrofuro[ 3,4-j]phenanthridin-11-yl)methanol (42). Following the general procedure, pure
product42 was isolated by flash chromatography on silica(pekane:EtOAc 1:1)State white solid,;
mp 199-203 °Cyield: 36 mg,95%;H NMR (400 MHz, DMSOY 9.31 (s, 1H), 9.07 (d = 8.4 Hz, 1H),
8.14-8.12 (m, 2H), 7.80 (§,= 7.4 Hz, 1H), 7.72 () = 7.6 Hz, 1H), 5.84 (1} = 5.2 Hz, 1H), 5.42 (s, 2H),
5.26 (s, 2H), 4.95 (d] = 5.2 Hz, 2H)*C NMR (125 MHz, DMSO) 154.0, 145.2, 144.9, 139.1, 131.1,
130.4, 129.6, 128.4, 127.7, 127.6, 126.7, 124.0,2,272.6, 72.3, 60.2; HRMS: Calcd fores814NO,

(M+H)* 252.1025, found 252.1032.
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(8,10-dihydrofuro[ 3,4-b]phenanthridin-7-yl)methanol (49). Following the general procedure, pure
product49 was isolated by flash chromatography on silica(pekane:EtOAc 3:1)State white solid;

mp 154-157 °Cyield: 37 mg, 98%*H NMR (500 MHz, CDCJ) § 9.17 (s, 1H), 8.53 (dl = 8.3 Hz, 1H),
8.29 (s, 1H), 8.05 (d] = 7.9 Hz, 1H), 7.86 (t) = 7.6 Hz, 1H), 7.71 (t) = 7.5 Hz, 1H), 5.31 (d] = 4.9

Hz, 4H), 5.12 (s, 2H)**C NMR (125 MHz, CDG)) § 151.9, 143.0, 139.0, 138.2, 132.9, 131.4, 131.3,
129.1, 127.7, 126.0, 124.2, 122.0, 113.2, 73.65,782.0; HRMS: Calcd for gH14NO, (M+H)"

252.1025, found 252.1035.

General Procedure for oxidation of alcohol to aldepde: Synthesis of compounds (54 and 590 a
solution of alcohol in Dry DCM (0.10 mmol), Dess-Nla-Periodinane reagent (0.1 mmol) was added at
0°C and stirred at room temperature for 1 h. Thetiea mixture was then partitioned between DCM and
water. The organic layer was washed with saturatedium thiosulpahate solution and sodium
bicarbonate solution. The organic layer was washiéd brine solution, and the combined organic layer
was dried with anhydrous sodium sulfate. The sdlveas removed, and the crude residue was purified

by column chromatography (Si-gel, hexane-ethylaeanixture as eluent).

8,10-dihydrofuro[3,4-j]phenanthridine-11-carbaldehyde (54). Following the general procedure, pure
product54 was isolated by flash chromatography on silica(pekane:EtOAc 2:1)State white solid,;
mp 135-140 °Cyield: 22 mg,90%;*H NMR (600 MHz, CDC}) & 10.65 (s, 1H), 9.23 (s, 1H), 8.24 (,

= 8.1 Hz, 1H), 8.16 — 7.91 (m, 2H), 7.81 (m, 1HBF(t,J = 8.2 Hz, 1H), 5.46 (s, 2H), 5.28 (s, 2HC
NMR (150 MHz, CDC}) 6 191.4, 153.1, 146.5, 145.9, 140.4, 132.6, 1329,8], 128.2, 127.5, 127.4,

127.2,125.1, 122.6, 74.8, 72.4; HRMS: Calcd fegHz:NO, (M+H)" 250.0868, found 250.0864.

8,10-dihydrofuro[ 3,4-b]phenanthridine-7-carbal dehyde (59).
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Following the general procedure, pure prodb@twas isolated by flash chromatography on silica gel
(hexane:EtOAc 3:1)State white solid; mp 244-246 °Gjield: 23 mg,92%:;*H NMR (400 MHz, CDC})

§ 11.60 (s, 1H), 9.39 (s, 1H), 8.92 — 8.45 (m, 2H)4 (d,J = 7.5 Hz, 1H), 7.93 () = 6.9 Hz, 1H), 7.79

(t, J = 6.9 Hz, 1H), 5.62 (s, 2H), 5.33 (s, 21 NMR (100 MHz, CDGJ) § 194.3, 154.1, 144.6, 143.3,
140.0, 132.3, 131.7, 129.2, 128.3, 126.3, 124.1,92119.8, 75.0, 72.3; HRMS: Calcd fo§s8:2NO,

(M+H)* 250.0868, found 250.0875.

DNA binding assay

a) UV based assayUV-visible absorption titration was carried outings Jasco V spectrophotometer.
Solution of Calf thymus DNA (CT DNA) was preparedlimM Tris-HCI buffer (pH= 7.2). The ratio of
UV absorbances at 260 nm and 280 nm was found td2.8& Concentration of DNA solution was
determined from its extinction coefficient (6600t 260 nm). UV absorption titration experiment was
carried out in Tris-HCI buffer medium at a fixednoentration of compound solution (1 xBI) upon
addition of incremental amount of known concentrat{(2.7 to 100uM) of Calf Thymus (CT) DNA
solution into both the cuvettes. Progressive aolditf CT-DNA solution was continued until saturatio

in hypochromism was observed. Absorbance values vemorded after each successive addition of CT-

DNA solution.

b) Ethidium Bromide displacement assay:EB displacement fluorescence assay was carriedoout
verify DNA intercalation. The CT DNA-EB complex wpsepared by adding 20 uM EB and 26 uM CT
DNA in buffer (150 mM NaCl and 1 mM Tris-HCI Buffeat pH 7.4). Fluorescence emission spectra
(excitation wavelength = 546 nm) were recorded08€3 The assay was performed by gradual addition
of certain amount of a solution of the compound itite solution of the DNA-EB complex. The
influence of the addition of each compound to tHeABEB complex solution has been obtained by

recording the variation of fluorescence emissioecsa. A plot of F/Fversus the concentration of
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compounds was made to compare relative quenchinghefcompounds. Here F and &re the

fluorescence intensities of EB-DNA complex in preszand absence of compounds.

c) Molecular Docking Study: Molecular docking studies were carried out using H€0.0 docking

servef. The pdb file used for ds DNA was downloaded flR®SB protein data bank (PDB Id: 1XRW).
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Highlights

 Employing Garratt-Braverman cyclization for the synthesis of a series of
dihydroisofuran fused phenanthridine derivatives and their subsequent structure
establishment using NOESY and X-ray crystallography.

» Significance of quinoline/isoquinoline as propargylic substitution in directing the
cycloaromatization through mono-allene intermediate.

» Control of the regioselectivity during Garratt Braverman cyclization through double-
bond fixation.

* UV, fluorescence and molecular docking based DNA-binding studies for better
understanding of the binding parameters.

* DNA intercalating activity shown by al the compounds with intrinsic binding
constant (K,) of the order 10°-10° and Stern-Volmer constant (Ks,) of the order 10°.



