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Polynucleotides (DNA/RNA)
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Abstract: Polynucleotides, DNA and RNA (mRNA and non-
coding RNAs) are critically involved in the molecular pathways
of disease. Small molecule binding interactions with poly-
nucleotides can modify functional polynucleotide topologies
and/or their interactions with proteins. Current approaches to
library design (lead-like or fragment-like libraries) are based
on protein-ligand interactions and often include careful
consideration of the 3-dimensional orientation of binding
motifs and exclude mt-rich compounds (polyfused aromatics)
to avoid off-target R/DNA interactions. In contrast to proteins,
where m,m-interactions are weak, polynucleotides can form

strong m,;-interactions with suitable m-rich ligands. To assist
in designing a polynucleotide-biased library, a scaffold-
divergent synthesis approach to polyfused aromatic scaffolds
has been undertaken. Initial screening hits that form moder-
ately stable polynucleotide-ligand-protein ternary complexes
can be further optimized through judicious incorporation of
substituents on the scaffold to increase protein-ligand
interactions. An example of this approach is given for
topoisomerase-1 (TOP1), generating a novel TOP1 inhibitory
chemotype.

J

Introduction

Polynucleotides, DNA and RNA, play critical roles in protein
expression and are involved in effectively all molecular path-
ways of disease."” While most small-molecule drug discovery
efforts are directed to the design of ligands for the encoded
protein products of DNA and RNA, significant potential lies in
the direct targeting of polynucleotides and the protein-
polynucleotide complexes involved in the decoding process
(transcription and translation) and/or in epigenetic modifica-
tions to the code!™ Over the last twenty years, diversity-
oriented synthesis (DOS) and fragment-based drug discovery
(FBDD) have emerged as successful methods for accessing
suitable screening sets for phenotypic and target-based drug
discovery.® " The library design principles employed in these
DOS and FBDD efforts, such as fraction-sp® (Fsp®) and lead-
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likeness, have been principally developed with protein targets
in mind.®"¥ In contrast to proteins, where m,m-interactions are
weak, the binding of small molecules to polynucleotides often
involves strong 7, -interactions, favoring sp*rich
molecules.*™ This is reflected in nature, where a diverse array
of sp’rich bioactive secondary metabolites has been identified
that make strong m,m-interactions with polynucleotides, for
example, DNA intercalators camptothecin 1 and berberine 2
(Figure 1).""® Natural products 1 and 2 and their synthetic
analogues, such as ARC111 3 and indenoisoquinolines LMP744
4, target DNA-topoisomerase | (TOP1) cleavage complexes
(TOP1ccs), disrupting DNA replication and transcription.!'s2"
Transcriptional modification has also been achieved through
the targeting of other DNA-protein complexes (e.g., DNA
complexes with transcription factors, RNA polymerases and
epigenetic modulators) or of functional DNA topologies (e.g., Z-
DNA and G-quadraplexes).”>?” These DNA-small molecule bind-
ing events can lead to changes in the expression of mMRNAs and
of non-coding RNAs (e.g., micro-RNAs), leading to down-stream
changes in protein expression and cellular phenotype. Direct
targeting of RNAs with small molecules is also an area of
intense interest.”® A notable example is the recently approved
drug for spinal muscular atrophy, risdiplam 5, that binds to the
mRNA encoding the dysfunctional survival motor neuron 2
(SMN2) protein and promotes read-through of a stop codon to
give more functional SMN protein.”**” Another example is the
screening hit 6, which selectively binds to a G-quadruplex
within the mRNA encoding the oncogenic N-Ras protein,
suppressing its translation.®” These and the many other
examples of sp’rich compounds targeting polynucleotides
indicate that DOS approaches directed to diverse sets of sp*-
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Figure 1. Polynucleotide targeting agents.

rich scaffolds could prove useful in the discovery of new
therapies based on targeting polynucleotides (DNA, mRNA,
micro-RNA and other non-coding RNAs).

In this study, we describe a scaffold-divergent approach to
heteroacenes based on electrophilic cyclization of alkynes

(Scheme 1A). The divergent methods employed in this work are
complemented by several recent studies that we have under-
taken to attain other heteroacene scaffolds from the same
substrates (Scheme 1B).2>2* By analogy with “fragment-growth”
approaches in FBDD,*™* we anticipate that by initially
establishing positive mt,m-interactions with nucleotide bases, the
polynucleotide binding fragment can be “grown” through SAR-
and/or structure-guided approaches to make additional inter-
actions with a protein binding partner (Scheme 1C). To
exemplify this possibility we have biased our new scaffolds
towards TOP1 inhibitory activity through incorporation of N,N-
dimethylaminoethylene group [Scheme 1A, R=—(CH,),NMe,]
present in a number of non-camptothecin TOP1 inhibitors, such
as 3 and have identified a novel TOP1 inhibitor class."”
Moreover, we anticipate this DOS method could be employed
in the discovery of new polynucleotide targeting agents with
novel modes of action.

Results and Discussion

The electrophilic cyclization of alkynes has emerged as a
functional group tolerant method of synthesis for a range of
aromatic heterocycles and carbocycles.”' ™ In this work, we
have sought to achieve a diversification of a discrete set of
substrates by modifying the nature of the nucleophile (Nu) or
electrophile (E) and X (X=halide, amide, or ester) (Scheme 1A).
For reactions proceeding through diazonium and nitrilium
intermediates one-step bicyclization methods have been devel-
oped (Scheme 1). For those proceeding through a dihalide
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Scheme 1. Scaffold-morphing approach to access sp*rich scaffolds.**>*
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intermediate (I/Br or Br/Br), second ring closure can potentially
be achieved through various methods.* =" In this work we
have employed an Ullmann coupling cyclization (UCC) 7—8
and a Pd-mediated carboxyamidation cyclization (PdCC) se-
quence 7—9a,b—10a,b (Schemes 1 and 2). The PdCC can be
achieved in a single operation using catalytic Pd(OAc), and

O (PACC), however, in cases where this stalls at the amide
9a,b, Ullmann conditions (UCC) are employed to complete
cyclization to 10a,b (PACC?. The regioselectivity of this process
can be controlled based on the relative reactivity of | and Br to
Pd-insertion, i.e., 7 (X=I, Y=Br) gives lactam 10a and 7 (X=Br,
Y=I) gives lactam 10b. In this work, all UCC and PdCC reactions
have been performed with 1,1-dimethylethylenediamine (DMD),
to give 8-10 R=(CH,),NMe,, so as to bias the product towards
TOP1 inhibition. This R-group can be further diversified in a
broader screening set.

Our first series of heteroacenes incorporated a strategy to
optionally diversify the positioning of a carbonyl atom in
related scaffolds 16a,b, 17a,b, 19a,b, 23 and 27 (Scheme 3,
Part A). Sequential Sonogashira coupling of terminal alkynes
12a,b (accessed from 11a,b) with either 1,2-diiodobenzene or
1-bromo-2-iodobenzene furnished substrates 13a,b and 14a,b
in good to excellent yields (64%-100%). lodocyclization of
bromides 13a,b with molecular iodine furnished iodo-bromo
compounds 15a,b (78%-95%). The bromocyclization of iodides
14a,b required greater experimentation, though the best yields
were obtained using CuBr, for the methylsulfide 14a and N-
methylpyrrolidin-2-one hydrotribromide (MPHT) for the methyl
ether 14b to give corresponding bromo-iodo compounds
18a,b (42%-81%).5? UCC and PdCC'? of 15a,b with DMD gave
pyrroles 16a,b (29%-42%) and lactams 17a,b (43 %-46%),
respectively. Attempted formation of the regioisomeric lactams
19a,b through PACC? of 18a,b with DMD was successful for the
thiopheno system 18a—19a (63%) but stalled at the amide
stage for furano system 18b (amide not shown), which could
not be ring-closed to 19b, reflecting a limitation in the method
for scaffold 19 (Nu=0).

Further transposing of the carbonyl was achieved in the
synthesis of scaffold analogues 23 and 27 (attempted for Nu=
SMe only). For 23 this involved reaction of lithiated alkyne 12a

PdCC'"2

with Weinreb amide 20 to give propynone 21 (71%), which
underwent efficient iodocyclization to 22 (100%) and UCC with
DMD to give 23 (36%) in modest yield.*™ For 27, reaction of
lithiated 11a (Li for | exchange) with propynamide 24 afforded
propynone 25 (71%), that underwent iodocyclization to 26
(52%) and UCC with DMD to give 27 (78%). These syntheses
required two recent innovations in iodocyclization
chemistry.®>*¥ Firstly, the iodocyclization of alkynes with
unfavourable electronic bias 21—22, using high iodine concen-
trations at elevated temperatures.”**” Secondly, endo/exo
control in the iodocyclization of 25, where more polar iodonium
sources (ICl in CH,CN) favour 6-endo iodocyclization and iodine
in CH,Cl, favors 5-exo cyclization.®” It should be noted that the
iodocyclization of alkynes bearing the carbonyl on the carbon
undergoing the nucleophilic attack, as in 21—22, cannot be
achieved for furans and indoles (i.e., where SMe is replaced
with OMe and NMe,).”¥ However, 6-endo iodocyclization is
highly favoured related substrates to 25, where SMe is replaced
with OMe or NMe,,®** suggesting plausible access to chroma-
none and quinolone equivalents to 27.

In Scheme 3(Part B), we exemplified two other modes of
divergent heteroacene synthesis. Firstly, the 1,2-dihalobenzene
used to access 13-14a,b can be replaced with 2,3-dibromothio-
phene (and potentially other dihaloheterocycles) to progress
through the Sonogashira coupling (28, 58%), iodocyclization
(29, 97 %) and PdCC? sequence to give the thiophene analogue
of 17a, 30 (44%). In the second example, another latent
nucleophile (SMe) is introduced onto the alkyne 12a to give 31
(96 %), which enables a sequence of iodocyclization (32, 91 %),
Sonogashira coupling and iodocyclization (34, 48 %), followed
by PdCC? to give 35 (57 %).

We next investigated the construction of a series of
equivalent pyridyl analogues 40, 41, and 43 (Scheme 4, Part A).
This approach centered on the halocyclization of imines 38a,b.
The synthesis of 38a,b involved Sonogashira coupling of 2-
iodobenzaldehyde 36 with bromoethynylbenzene 33 to give 37
(92%) followed by Schiff base condensation with MeONH,
(Method A) to give 38a (94%) or t-BuNH, (Method B) to give
38b (not isolated). Bromocyclization of 38a was achieved using
the method previously described by Yu etal®” employing

UCC (PdCC?)

r»bf

Scheme 2. Late-stage ring closure of dihalides 7. Ullmann coupling cyclization (UCC): R-NH,, Cul 20-40 mol %, K;PO,, n-BuOH, ethylene glycol. Pd-mediated
carboxyamidation cyclization-1 (PdCC"): R-NH,, Pd(OAc), 10 mol %, PPh,, CO, Et;N, NMP. Pd-mediated carboxyamidation cyclization-2 (PdCC?): as for PdCC'

then UCC
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Scheme 3. Preparation of 16a,b, 17a,b, 19a,b, 23, 27, 30 and 35*%

CuBr, in DMA at 100°C, giving 39a (34%). The yield of this
reaction was limited by a competing oxidative-cyclization to
give lactam 39b (44%) as the major by-product.”® Oxime 38a
could not be iodocyclized, though the corresponding t-Bu-

aldimine 38b could be by employing ICl in

base (NaOAc) to give product 42 (51%).”” UCC of dibromide

Chem. Eur. J. 2022, 28, €202201925 (4 of 11)

39a with DMD gave the heterotetracene 40 (53%). PdCC' of
dibromide 39a with DMD proved surprisingly regioselective,
favoring lactam 41 (44%) as the major product (no regioiso-
meric lactam could be detected).®™ A possible explanation for
this regioselectivity is that under the thermal reaction con-
ditions (80°C in N-methyl-2-pyrrolidone) nucleophilic aromatic

CH,CN with a weak

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 4. Preparation of 40, 41, 43, 48, 49, and 51.%

substitution of the bromo group on the isoquinoline precedes
Pd-mediated carbonylative ring closure onto the bromophenyl
ring. This regioselectivity is reversed in the PdCC® of the
iodobromo substrate 42 with DMD, giving 43 (45%). In this
case, Pd-mediated carboxyamidation with DMD precedes ring
closure onto the bromophenyl, in a separate UCC step.

In Scheme 4(Part B), alkyne 12a was converted into 3-
iodobenzo[b]thiophene-2-carbaldehyde (44) by formylation and
iodocyclization. lodoaldehyde 44 was then subject to a related
series of reactions to those used in Part A to generate a series
of thiopheno-fused systems 48, 49 and 51.°*

In earlier work, we had demonstrated the utility of triazenes
to operate as masked diazoniums that could be unmasked by
acid in the presence of a nucleophile Nu (tethered or
untethered) to give a cinnoline (Scheme 5 Box).?* In this study,
we exploited this chemistry in the rapid assembly of a series of
cinnolines 56a-d from 2-iodoaniline 52 (Scheme 5). Terminal
alkyne 53 was prepared in three steps, involving diazotisation
and triazene formation, followed by Sonogashira coupling with

Chem. Eur. J. 2022, 28, €202201925 (5 of 11)

46b, NIS,
DCE, 60 °C

50 76% 51 40%

TMS-acetylene and deprotection. A Cu-free Sonogashira cou-
pling was employed to couple alkyne 53 to iodobenzenes 54 a-
d, giving tolans 55a-d (42%-96%). Treatment of tolans 55a—c
with MeSO;H unmasked the diazonium cation and induced
electrophilic co-cyclization to give 56a-c. Treatment of the
ester 55d with MeSO;H in the presence of tetraethylammonium
chloride gave a chlorocinnoline 57 (unpurified). Reaction of 57
with DMD at elevated temperature afforded 56d (a previously
described TOP1 inhibitor)®” through a domino nucleophilic
aromatic substitution/lactamization sequence in excellent yield
(95 %).

Given the success of the diazonium cyclizations to give
cinnolines, we proposed to explore the related cyclization on
nitrilium ion 62 to give 63 and 64 (Scheme 6). Sonogashira
coupling of 2-iodophenylformamide 58 to alkynes 59 and 33
gave tolans 60a and 60b, respectively (66-67 %). Reaction of
60a with Burgess reagent and of 60b with POCl; and
diisopropylethylamine (DIPEA) gave rise to the isonitriles 61a
and 61b, respectively. Both isocyanides 61a,b were stable in

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 5. Preparation of 56 a—d""

solution ("H NMR), but reverted to the formamides 60a,b upon
attempted extractive work up, consequently, they were not
isolated but used directly in the next reaction. Attempted
protonation and cyclization of 61a and 61b to quinolines 63
and 64 respectively, via nitrilium ion 62 failed. Rather, 61a gave
the regioisomeric quinoline 67 (21% from 60a) and 61b
reverted to the formamide 60b. Bromocyclization of 61b to
give 69 (72%) was achieved upon addition of n-Bu,N.Br without
acid, in a process previously described by Mitamura et al.*? This
involves nucleophilic cyclization of a bromide adduct ion 68
with concomitant protonation by residual diisopropylethylam-
monium ion (from isonitrile formation). Ring closure of
dibromide 69 under UCC and PdCC? conditions gave 70 (52 %)
and 71 (32%), respectively.

Finally, since 19a (Scheme 3) proved to be active as a TOP1
inhibitor (see below), we also prepared an analogue 77
(Scheme 7) that bears the additional TOP1 protein binding
methoxy and methylenedioxy groups seen in 3 and 4

Chem. Eur. J. 2022, 28, €202201925 (6 of 11)

55¢ X = NHy, 42%
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55c,
3.4 equiv. MeSO3zH,
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55d,

3 equiv. MeSOzH,
2 equiv. Et4N.Cl,
CHCly rt

DMD, CH3CN,
microwave, 120 °C
it Bk

56d 95%
(from 55d)

(Scheme 1)." Sonogashira coupling of aryliodide 72 and
arylalkyne 73 afforded tolan 74 (89%). lodocyclization of 74
proceeded chemoselectively through the methylsulfide (and
not the ester) to give benzo[blthiophene 75 (94%). The ester
was efficiently converted to the amide 76 (92% over 3 steps)
and cyclized under Buchwald-Hartwig conditions to furnish the
target compound 77 (51 %).

Topoisomerase | inhibitory activity

TOP1 plays a key role modifying and maintaining DNA topology
during cellular replication and transcription.'”*® TOP1 inhib-
itors, such as 1-4, exert their cytotoxic effect on cancer cells by
binding to TOP1/DNA cleavage complexes (TOP1cc), forming
stable ternary complexes that collide with replication forks
leading to DNA damage and apoptosis."’?" TOP1 inhibitors also
influence transcription, for example, in hypoxic cancer cells
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Scheme 7. Preparation of fully decorated compound 77.

compounds 1 and 2 selectively suppress the expression of
hypoxia inducible factor HIF-1a, which is a driver of tumour
progression.** |n this scenario, inhibition of TOP1 increases in
the transcription of micro-RNAs, miR-17-5p and miR-155, that
promote selective degradation of HIF-1c. mRNA."*”

While the purpose of this study has been to develop a DOS
of heteroacenes using electrophilic alkyne activation, several
scaffolds generated in this work are reminiscent of DNA
intercalators that inhibit TOP1, such as 2-4 (Figure 1) To
further bias these scaffolds to interact with TOP1cc we included
the N,N-dimethylaminoethylene group in ARC111 to many of
the synthesised compounds.

Chem. Eur. J. 2022, 28, €202201925 (7 of 11)

76 92% over 3 steps

All new scaffolds (Figure 2) were tested for TOP1 inhibition
at 100, 10, 1, and 0.1 pM in a TOP1-mediated DNA cleavage
assay.® This assay uses 3'-radiolabeled DNA substrates to
identify compounds that stabilise TOP1ccs. Active TOP1 inhib-
itors were also tested for cytotoxicity towards prostate cancer
PC3 cells. Two of the scaffolds tested, 78 and 79, were
generated using our previously described double-electrophilic
cyclization  chemistry, which complements this work
(Scheme 1Bii).?**¥ Of all the scaffolds studied only 19a and 56d
showed significant TOP1 inhibition in a dose-dependent
manner (Figure 3).

Aspects of the scaffold SAR are quite steep. For example,
replacement of one nitrogen in cinnoline 56d for a CH-group in

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Research Article
Chemistry—A European Journal

doi.org/10.1002/chem.202201925

Chemistry

Europe

Compounds generated in this study:

NMe;,
Me,N MeoN S
\\\ \\\ o)
N N N
. paly
O s o s
16a 16b 17a

NMe,

o

Q N
N
QX (st
30

35

NMe,

Top1 inhib: 10-100 uM
PC3: Glgo = 4.4 uM

Reltated scaffolds generated previously (ref 32, 33):

NMe NMe;
C o O :K o
S I,P\\, S
PN O
78 79

. N
O

f’/

® 5 RS
N
SN
Crirh, U
N o N0 / O
7
67 70

NMe;, MeoN
2

— P

19a 23
Top1 inhib: 10-100 uM
PC3: Glsp =2 uM

NMe,
NM62 MezN o
Z MezN\/\N
oY ®
L LI
_N ~.N
40 41

56a

NMe,

Me,N
©2 P
N
SO
[e] S
OMe
77
Top1 inhib: 1-10 uM
PC3: Glsg = 0.23 uM

Top1 inhibitors (ref 19, 21, 72):
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brOWI"I [19,21,32,33,72]

isoquinoline 41 led to a complete loss in activity, as did a swap
in the location to the carbonyl in 19a vs. 17 a. The carbonyl and
ring heteroatoms of other related TOP1 inhibitors are known to
facilitate protein-binding within the TOP1cc. Crystal structures
of camptothecin and non-camptothecin ligands bound to the
TOP1cc reflect a similar scenario to that depicted in Scheme 1C.
where the m-rich TOP1 inhibitor is sandwiched (intercalated)
between two sets of DNA base pairs through m,mt-interactions
and the ring-heteroatoms, carbonyls and other substituents at

Chem. Eur. J. 2022, 28, €202201925 (8 of 11)

the “edge” of this sandwich make important interactions with
the TOP1 protein amino-acid sidechains.”®”" Accordingly, while
the polyaromatic core of 56d, 41, 19a and 17a makes
important m,m-interactions with DNA in the Toplcc, small
differences in the location of the edge-groups has significant
impact on overall stability of the ternary complex and
associated potency. Other substituents attached to this core
also impact potency, presumably through ligand-protein inter-
actions. The inactivity of 56 c compared to 56d suggests that
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A & inhibition.”” The relative potency of 19a, 56d, and 77 as TOP1
éz‘*oéz 533 19a . 77 _ 56d . inhibitors is reflected in their inhibition of the PC3 cancer cell
I i 2|z 2283 e8[3 38w growth: 19a~56b < 77 (Figure 4).
RN b Abad kot |t
36 —» - -
“T EWECCEE. —Ee o Conclusion
== :"’ :: -:: -- A scaffold-divergent synthesis strategy for the generation of a
sp’rich polynucleotide-biased fragment library has been de-
e - -— vised based on the electrophilic cyclization of alkynes
(Scheme 2). Scaffold modifications include the use of intermo-
lecular and intramolecular electrophiles and variations in the
nature of the second (dihalide) ring closure (Schemes 2-6). The
iterative use of halocyclization further extends the range
e - ——— o heteroacene scaffolds that can be accessed (Scheme 3 Part B
and Scheme 4 Part B). These methods are yet further comple-
1 2 34 5 6 7 8 9 1011 1213 14 15 16 mented by our other heteroacene syntheses using electrophilic
cyclization (Scheme 1B).?**! The methods are also applicable to
B 1f 316 4? the generation of more substituted systems for further library

Figure 3. A. Representative gel of the TOP1-mediated DNA cleavage assay.
From left to right: Lane 1, DNA alone; lane 2, DNA and TOP1 without drug;
lane 3, DNA and TOP1 with CPT (1 uM); lane 4, DNA and TOP1 with LMP744
(1 uM); lanes 5-16, DNA and TOP1 with the tested compounds at 0.1, 1.0, 10,
and 100 pM concentrations, respectively. The arrows and numbers at left
indicate the cleavage site positions. LMP744 is the positive non-camptothe-
cin indenoisoquinoline control. B. Sequence of the 3'-[**P]-labelled 117-bp
DNA (labeled Guanine in red) with the indicated TOP1 cleavage site
positions.®

the ethylene linked dimethylamino group may also make
important protein interactions in the ternary TOP1cc, as do the
methylenedioxy and/or methoxy groups present in 3, which is
approximately 10-fold more potent than 19a in terms of TOP1

diversification and/or lead optimisation (Scheme 7). The small
library of scaffolds generated to date has proven useful in
identifying novel TOP1 inhibitors, targeting the TOP1cc. Our
group is currently engaged in further characterizing the
interactive capacity of the new scaffolds for polynucleotides
and further diversifying the library for target-based and
phenotypic screening.

Experimental Section

General procedure A (Sonogashira coupling)

For the synthesis of alkynes 13a,b, 14a,b, 28, 37, 45, 60a,b, and
74: The respective 2-iodobenzene was dissolved in Et;N (0.2 M) in a
dry round-bottom flask (RBF), followed by addition of Cul (4-
6 mol %) and Pd(PPh;),Cl, (2-3 mol %). The RBF was then degassed
and backfilled with N,(g) three times. Finally, a solution of the
terminal alkyne (1.2 equiv.) in Et;N (1 M) was added dropwise under

Compound 56b Compound 19a Compound 77
120+ 100+ 120+
100+ 80 Q = % 100+
z o 2 8 z o
3 s g
2 60; = = 504
2 40 s > 404
204
201  1Csy=4.437 uM 1C50=1.997 UM 204  1C;=0.225 uM
o]
0- 0- 04
8 T 6 5 4 4 8 7 6 5 -4 s 8 7 & 5
log[Drug] (M) log[Drug] (M) log[Drug] (M)

Figure 4. PC3 cell viability was measured using an MTS colorimetric assay at eight concentrations (107°~10~* M, n=3 per concentration) and is given as the

concentration required to inhibit 50% of cell growth (ICs,).”®
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an N,(g) atmosphere. The reaction mixture was stirred at rt to 60°C
overnight. On completion, the suspension was filtered through
Celite” and rinsed with Et,0. The organic extract was washed with
H,O twice and with brine twice, dried over anhydrous MgSO,,
filtered and concentrated under reduced pressure. The crude
product obtained was purified by flash column chromatography to
yield the desired alkyne.

General procedure B (Cu-free Sonogashira coupling)

For the synthesis of alkynes 55a-d: 54a-d was dissolved in
pyrrolidine (0.5 M), followed by addition of Pd(PPh;), (5 mol%). The
RBF was degassed and backfilled with N,(g) for three times. Finally,
a solution of 53 (1.5 equiv.) in pyrrolidine (3 M) was added dropwise
under N,(g) atmosphere. The reaction mixture was heated at 60°C
for 4-16 h. On completion, the suspension was filtered through
Celite® and rinsed with EtOAc. The organic extract was washed with
H,O three times, dried over anhydrous MgSO,, filtered and
concentrated under reduced pressure. The crude product obtained
was purified by flash column chromatography (1:1 hexanes:EtOAc)
to yield the desired alkynes 55 a-d.

General procedure C (Sonogashira Coupling-Desilylation)

For the synthesis of alkynes 53, 59, and 73: The respective 2-
iodobenzene was dissolved in Et;N (0.2 M) in a dry round-bottom
flask (RBF), followed by addition of Cul (4-6 mol%) and Pd(PPh;),Cl,
(2-3 mol%). The RBF was then degassed and backfilled with N,(g)
three times. Finally, trimethylsilylacetylene (1.2 equiv.) was added
dropwise under an N,(g) atmosphere. The reaction mixture was
stirred at rt overnight. On completion, the suspension was filtered
through Celite® and extracted with Et,0 twice and washed with
H,O twice and with brine twice. The combined organic extracts
were dried over anhydrous MgSO,, filtered, and concentrated under
reduced pressure. The crude product was purified by a silica plug
(100% hexanes) to yield the TMS-protected terminal alkyne, which
was then dissolved in MeOH/Et,O (2:1, 0.2 M), followed by addition
of K,CO; (1-2equiv.). The reaction mixture was stirred at rt
overnight. On completion, the mixture was concentrated to a
residue, taken up in Et,0, washed with H,O twice and with brine
twice. The organic extract was dried over anhydrous MgSO,,
filtered, and concentrated to yield the desired terminal alkyne,
which was directly used in the next step without further
purification.

General procedure D (lodocyclization)

For the synthesis of iodides 15a,b, 22, 29, 34, 44, 75: |, (1.2-
3 equiv.) was added to a stirred solution of the respective alkyne
substrate in dry CH,Cl, (0.2 M) under an N,(g) atmosphere. The
reaction mixture was stirred at rt for 1-18 h. On completion, the
reaction mixture was quenched with saturated Na,S,0; solution
and extracted with CH,Cl, twice. The combined organic extracts
were washed with H,O twice and with brine twice, dried over
anhydrous MgSO,, filtered, and concentrated under reduced
pressure to yield the desired iodocyclized product.

General UCC procedure

For the final ring closure of 15a,b, 22, 26, 394, 47, 69: In a dry RBF,
the respective dihalide was dissolved in dry n-butanol or DMF (0.1-
0.2 M). K;PO, (4 equiv.), ethylene glycol (12 equiv.), 1,1-dimeth-
ylethane-1,2-diamine (DMD) (15 equiv.) and Cul (10-40 mol %) were
added sequentially into the flask. The RBF was degassed and

Chem. Eur. J. 2022, 28, €202201925 (10 of 11)

backfilled with N,(g) three times, and the reaction mixture was
heated at 80-110°C. On completion, the reaction mixture was
cooled down to rt, quenched with saturated NH,CI solution and
extracted with EtOAc twice. The combined organic extracts were
washed with H,0O three times and with brine twice, dried over
anhydrous MgSO,, filtered, and concentrated under reduced
pressure. The crude product obtained was purified by flash column
chromatography to yield the desired alkyne.

General PdCC" procedure

For the final ring closure of 15a, 39a, 47: The respective dihalide,
Pd(OAc), (10 mol%), Cul (10 mol%), PPh; (1.5equiv.), DMD
(15 equiv.), Et;N (2 equiv.) and dry NMP (0.1-0.15 M) was added to a
dry RBF. The RBF was degassed and backfilled with CO(g) for three
times, the reaction mixture was then heated at 80°C for 15-49 h
under CO(g) atmosphere. On completion, the reaction mixture was
cooled down to rt, quenched with saturated NH,Cl solution and
extracted with EtOAc twice. The combined organic extracts were
washed with H,0O three times and with brine twice, dried over
anhydrous MgSO,, filtered, and concentrated under reduced
pressure. The crude product obtained was purified by flash column
chromatography to yield the desired final product.

General PdCC? procedure

For the final ring closure of 15b, 184, 29, 34, 42, 50, 69: Step 1: use
General PdCC' Procedure to form the secondary amide; step 2: use
a modified UCC Procedure to close the ring and form final products
(use N,N,N',N'-tetramethylethane-1,2-diamine (TMD) in lieu of DMD).

Supporting Information
TOP1-mediated DNA cleavage assay gel of tested compounds,

PC3 cell viability assays, Experimental procedures and character-
ization data, 'H and "®*C NMR Spectral Data
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