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Abstract

G-quadruplexes (G4s) are non-canonical nucleic acid (NA) structures adopted by single
strands rich in guaninel*. The basic constituent of such structures is the guanine quartet,
formed by four of such nucleobases interconnected in a peculiar hydrogen bond net. Two or
more of such quartets pile on top of each other, interacting via -t stacking. Monovalent
cations such as K* and Na* greatly stabilize such assemblies, by sitting in the inner channel?..
Despite these common features, G4s are highly polymorphic and differ for example in
molecularity — number of single strands involved in the folding — and topology, which is
defined by the mutual orientation of the G tracts at the tetrads corners®. In the last two
decades increasing attention has been focused on the search of small molecules able to
stabilize such structures, yielding cores with extremely varied characteristics. Such great deal
of effort is justified by the distribution of putative G4 sequences in key genomic regions. In
fact, after the identification of the basic G4 motif in the telomeric repeats, increasing number
of reports demonstrated their location in the transcription promoters of genes, in replication
origins and 5’-UTRs of mRNAL. This specific distribution led to the hypothesis, supported by
several experimental evidences, that G4s regulate biological processes involving genome
manipulation, such as replication, transcription, translation and alternative splicing, as well
as telomere maintenance. As these findings extend to viruses!®, parasites!® and bacterial”l,
the leading idea is that these mechanisms might be evolutionarily conserved. This also
suggests that the G4 folding state control might be a valuable approach to tackle a wide
variety of pathologies associated to these processes and organisms. However, many
questions remain to date unaddressed, regarding for example the clarification of their
biological roles and folding state along the cell cycle. The panel of tools available to date for
such investigation could thus be profitably expanded to help shedding light on these aspects

and to possibly provide additional ligands for therapeutic strategies implementation!®.

For the task, two strategies have been proposed and described in this thesis (Scheme 1). The
first concerns the implementation of a new family of oligo-heteroaromatic ligands for G4
binding. These could in fact mimic the structure of Telomestatin®, an extremely potent

natural occurring G4 ligand, while rendering the synthetic access and diversification easier.
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Moreover, the use of acyclic derivatives instead of a macrocyclic one like Telomestatin itself,
might shift the interaction of the ligands to the grooves, instead of the end tetrads. This
interaction mode has often been regarded as more selective for specific topologies over
others, while possibly maintaining the selectivity over duplex DNA, and might thus prove
extremely beneficiall*?l. The second strategy is based on G4 alkylation with photo-activatable
moieties. These would in fact enable to form covalent and thus more stable adducts, with
the advantage that the insertion and removal of the alkylating moiety might be thoroughly
controlled in time and space. This would pave the way for a number of applications besides
the mere therapeutic targeting. In fact, permanent fluorescent tagging and G4 forming

sequences pull-down might be envisaged in live cells.
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Scheme 1: General structure of the main multimodal tools targeting G-quadruplex nucleic acids developed in this thesis.

Concerning the first strategy, a family of eight heptacyclic compounds were designed and
synthesized with the aim to improve the characteristics of the previously reported oligo-
heteroaromatic ligands. In particular, the heptacyclic design, presented as more performing
with respect to the pentacyclic one, was combined with the lower steric hindrance of
oxadiazoles with respect to oxazoles, which allow higher conformational flexibility™%.

Moreover, the novel compounds were decorated with water-solubilizing tertiary amines and
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the effect of the six-membered rings nature (pyridine vs benzene) was assessed. The central
ring was also functionalized with a primary amine group, so as to provide a possible tethering
point for functional moieties. For the scope an optimized synthetic strategy was set up and
was easily adapted to obtain considerable structural variety upon tuning of the starting
building blocks. Thus, the compounds were tested as G4 ligands with standard biophysical
assays. In particular, FRET experiments revealed good stabilization of quadruplex DNA, with
remarkable selectivity over ds-DNA. Higher stabilizations were measured for compounds
featuring pyridine rings, in particular in the central position. The interaction was confirmed
by means of CD experiments, which revealed the formation of an induced CD band,
ascribable to the ligand. Interestingly, FID revealed only partial displacement of TO, even at
high ligand concentration. However, the analysis of analogous G4-TO-ligand mixtures by
native MS highlighted the presence of ternary complexes, suggesting that the two
compounds might target different binding sites. Analysis of the signals ratio suggested that
the ligands binding mutually affect each other’s interaction. Such aspect was also supported
by docking studies, which suggested a mixed binding mode for the heptacyclic compounds,
accommodating one half of the structure in the groove while protruding the other half on

the end quartet.

In the second part, the feasibility of the photo-alkylation strategy was first assessed, as little
information is available on effective application of such tools to G4s. Particular care was put
onto the absorption wavelengths of the alkylating moieties, trying to red-shift them in the
visible region. More in detail, the study focused on naphtho- and benzo- quinone methide
precursors (QMP). The former already absorb in the visible region due to the extended
aromatic systems, while the latter needed the functionalization with arylethynil moieties to
obtain the required red-shift. QM photo-generation efficiency was hence assessed for both
building blocks, featuring a variety of substituents. For arylethynil QMPs*?, the QM
generation was proven by laser flash photolysis and trapping with a number of nucleophiles.
Analysis of the process efficiency highlighted a performance improvement with aryl moieties
positioned in para- to the hydroxyl groups and featuring electron-donating substituents,
besides the expected advantages of holding a good leaving group. Naphtho-QMPs were
found to absorb up to 450 nm at physiological pH and to be particularly performing in photo-

generation when an ester functionality is present at position 7. These moieties were then
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used to construct putative G4 ligands, containing at least two alkylating moieties. This would
in fact provide higher alkylation efficiency and prevent off-target migration due to the
thermal and photochemical reversibility of the process. Three ligands featuring naphtho-
QMPs and six containing benzo-QMPs were synthesized. Assessment of their G4 binding
activity by FRET-melting assays revealed modest but selective stabilization. Again, the
interaction was confirmed by CD titrations, in which an ICD band was sometimes observed,
and absorption titrations, displaying moderate Ka values (10°-10° M per binding site).
Negative FID likely suggested a different binding mode with respect to the end tetrad. G4
photo-alkylation was then attempted, irradiating the DNA-compounds complexes at 365 nm.
Gel electrophoresis analysis showed that all compounds alkylate the G4s at some extent. The
three most performing compounds were analysed in more detail, confirming that the
covalent complex is formed in varying quantities depending on both the peculiar G4 and
nature of the ligands. Moreover, the G4 alkylating activity was retained also in the presence
of a duplex competitor. Notably, the covalent adducts had remarkable thermal stability,
showing little degradation even at 95°C. Unfortunately, due to this intrinsic stability the

alkylation sites could not be identified with simple experiments.
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CHAPTER 1 : Introduction






1.1 Structure and biology of G-Quadruplex nucleic acids

About 60 years ago, DNA double helical structure was unveiled by Franklin, Watson and Crick.
This way of assembling the two strands is governed by precise nucleobase pairing rules. In
turn, these depend on the complementary hydrogen bonding patterns of the pairs cytosine-
guanine and thymine-adenine. However, the double helix can be described as the dormant
form of DNA. In fact, whenever a biological process involving DNA has to take place, the two
strands need to be separated. This is true, for example, for replication and transcription.
Moreover, RNA, the ribonucleotide copy of DNA, carries out its functions as a single strand

or, at least, not in the canonical double helix form.

It is however unlikely for this single stranded “active” form of nucleic acids to simply be
linear. In fact, a wealth of hydrogen-bond interactions, canonical or not, can be established
between nucleobases of the same strand or of more strands normally unpaired, when
positioned at the right distance. This results in the folding into various secondary structures,
profoundly different from the renowned double helix (Figure 1). These comprehend, among

others, G-quadruplexes, i-motifs, triplexes, hairpins and Holliday junctions!*l.
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Figure 1: Representative non-B DNA structures and their molecular structures. (a) G-Quadruplex. (b) i-motif. (c) Hairpin. (d)
Parallel triplex. (e) A-motif. (f) Hoogsteen-type non-canonical duplex structure.

G-quadruplexes (G4s) have gained a lot of attention in the last fifteen years for two main

reasons: their location in ‘hot’ genomic regions and their putative biological functions. Before
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discussing in more detail these two aspects, a brief introduction on the constitutive elements

of these structures will be given.

1.1.1 Quadruple helix DNA and RNA

G-quadruplexes can be formed by nucleic acids strands rich in guanine, at high alkaline
cations concentration and physiological pH!?. When such strands contain at least four
guanine tracts separated by a certain number of nucleobases, the assembly of guanine
quartets is favoured. As the name already suggests, these are formed by four guanines each,
binding through an unconventional hydrogen bonds net!®. This is possible thanks to the
peculiar nature of guanine structure, which has appropriate hydrogen bond donor and
acceptor groups on opposite faces of the molecule (Figure 2). Through the pairing of 0% and
N’ acceptors on one guanine with N and N? donors of the following one, a square structure
is assembled. Two or more quartets can then pile on top of each other, via m-mt stacking

interactions.

; G-quartet
s q

c G
G L 3 ﬁ.—
A .4’\ 7/ . d
T K* _ L
b :r‘.—-fr

G-quadruplex ‘?‘

Figure 2: Folding of a single strand DNA oligonucleotide into a G-quadruplex structure.

Thus, an empty channel is formed in the middle of the resulting 3D structure. As each guanine
has an oxygen atom, O°, pointing towards such channel, a considerable negative electron
density is accumulated. The resulting repulsion is relieved by positioning positively charged
alkaline cations on the inside, notably K*and Na* “l. Depending on the specific cation’s size,
this can sit at different heights in the channel. For example, K* has the right size to insert

between two quartets, coordinating as high as eight oxygen atoms. Conversely, Na* is small
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enough to lie in the middle of a quartet and form a complex with the four carbonyl groups
involved. Other cations have the right size to stabilize G quartets. These include monovalent
NH4*, Rb* and Cs*, as well as bivalent cations, such as Sr?*, Ba%*, and Pb?*. Other cations are
instead unable to interact with the quartet. The most relevant in this sense is Li*, which is

too small to interact with the internal channel constituents®!.

Apart from the G quartets, G4s contain constitutive elements which are not strictly involved
in the non-covalent bonds but contribute to the overall 3D structure!®). These are the loops,
which are constituted by the nucleobases connecting the different G tracts, and the flanking
regions, the sequences preceding and following the first and last G tract. Moreover, the

spaces located between two corners of the G4 3D structure are named grooves.

Because of this peculiar structure requiring four guanine tracts to be positioned at the right

distance, a model sequence has been proposed as the minimal one needed to form a G4
GnX(1+7)GnX(1+7)GnX(1+7)Gn withn>2

In particular, G4 stabilization increases with the number of guanine quartets piling up.
Therefore, although two is the minimum number, three quartets are often found to interact.
Moreover, it was thought that only G4s with loops of moderate and similar length were
stable enough to actually fold. Algorithms were thus implemented based on these features
so as to screen genomes looking for putative G4 sequences (PQS) and estimate the likelihood
of their folding!®. However, experimental evidences have shown that this is not true and that
G4s with longer loops and even structures displaying loops of very different length can in
principle be formed in vitro™. In the same way, also bulged G4, that is structures in which
guanine tracts are interrupted by another nucleobase, can actually fold. Therefore, more
complex algorithms which aim at better describing these features and reduce false negative

results have been developed in the last decade*® 111,

Despite sharing these structural features and a minimal sequence, G4s are highly
polymorphic. The main distinction that can be made is based on G4s molecularity!*?.. This is
defined as the number of single strands that compose the structure. Therefore, although the
most investigated structures are monomolecular, and thus intramolecular, also bi- and

tetramolecular G4s have been observed, forming intermolecular assemblies.
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Moreover, G4s differ in topology!*®). This is determined by the orientation that the G tracts
adopt with respect of each other (Figure 3). Therefore, if all the G tracts run in the same
direction, the resulting topology is classified as parallel. Conversely, if the four G tracts are
divided in pairs with opposite orientation, the G4 is antiparallel. The intermediate situation,
with three G tracts running in one direction and the fourth running in the opposite one leads
to a hybrid G4. Of course, the adoption of a certain topology affects the loops geometry. In
fact, in a parallel topology, all the three loops must connect the top end tetrads to the bottom
ones, hindering the grooves. Loops with such characteristics are called propeller-type. In an
antiparallel topology, instead, the loops connect guanines of the same tetrad. However,
depending on the disposition of the connected guanines, either adjacent or at opposite
corners of the tetrad, the loops will be lateral or diagonal and the resulting G4s will be called

either chair- or basket-type. Hybrid G4s contain a mix of these kinds of loops.

The folding into a particular topology of a certain sequence is ultimately governed by
thermodynamics. Factors affecting the stability of the possible topologies are for example
the available cations, the loops conformation etc. Different environmental conditions can
lead to very different topologies even for the same conformation (e.g. telomeric sequence
22AG has a mixed conformation in K* rich buffer and an anti-parallel one in Na*)*¥ and often

more than one are present at the same time in defined ratios.

Antiparallel Antiparallel
chair-type basket-type

Tetramolecular Parallel Hybrid

Diagonal Lateral Propeller

Figure 3: Schematic representation of different G4 topologies and loop geometries. Anti-guanines are depicted in cyan, syn-
guanines in magenta.
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The facing of guanines involved in adjacent tetrads is also particularly important for the free
energy of the conformation. This depends primarily on the glycosidic bond angle (GBA)
adopted by each guanine!®. GBA is defined as the angle between the sugar moiety, lying in
the plane, and the guanine, disposed perpendicularly to it. If the nucleobase points away
from the sugar, the disposition is called anti, whereas it is called syn in the opposite case
(Figure 4). Upon G4 folding, guanines of directly stacked quartets face each other in syn/syn,
anti/anti and syn/anti or anti/syn dispositions. As the syn disposition is more hindered and
thus less stable than the anti one, anti/anti facings are preferred®®. Anti/syn and syn/syn
facings are higher and higher in energy. However, specific facings are needed, depending on
the particular topology. Anti/syn dispositions are observed at guanine tracts polarity
inversion points, that is when tracts running in opposite directions are present. Therefore,
parallel G4s, which do not need such turning points, only display anti guanines and anti/ anti
dispositions (syn/syn facings are too unstable and sterically demanding), whereas the
necessary syn monomers are observed at specific positions in anti-parallel and hybrid G4s,

involved in syn/anti pairs.

(o} 0}

NfLNH HNJIN
<1 >
; N N/)\NHZ HzN)\\N N ”
5 o L o 5
R o R’ o
O\Rz O‘RZ
3’ anti-G syn-G 3’

Figure 4: Guanine anti and syn glycosidic bond conformations.

1.1.2 Biological significance of G-Quadruplexes

As previously stated, G4s catalysed the attention in the last two decades due to their
distribution throughout the genome. In fact, bioinformatic and empirical screenings led to
identify up to 700.000 PQS in the human genome!®, localized mainly at telomeres!*®,
replication origins!*”], transcription starting sites of multiple genes!*®), 5’UTR regions of
mMRNAR®) etc. As such regions are apparently highly conserved??, the resulting G4s are likely

to have some kind of biological significance. Interestingly, these findings extend to genomes
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other than the human one. In fact, PQS have been identified also the genetic information of
viruses®Y, bacterial??, yeasts!?®!, parasites!?!! etc., suggesting not only a general relevance
but also that some kind of evolutionary pressure is in place to retain the mechanisms

associated to these sequences.

Despite research has flourished on G4s, in terms of PQS identification, association to
biological processes and implementation of small molecules able to target them@], an
overview of such investigations cannot overlook the pending biological questions about G4s.
For the sake of this dissertation, these will be mentioned only briefly, but their importance
and the urgent need of biological and chemical tools to answer them must be kept in mind.
The main source of discussion, which even precedes the clarification of the biological roles
of these structures, is whether G4s can actually fold in living cells. This question was partially
answered with the implementation of fluorescent monoclonal antibodies able to specifically
stain such structures in fixed cells!?> 26!, This was in fact the first direct visualization in the
cellular environment, even though a number of issues (e.g. G4 folding induction, biases
introduced with chromatin fixation, etc.) and the reported high cross-reactivity for one of
the antibodies!?”) make them only a partial solution to the issue. These experiments however
added up to a number of less direct evidences, such as the identification of protein partners,
both with chaperone and unwinding activity®® 2°1, Therefore, although a conclusive proof is

still missing, all these empirical findings suggest that G4 folding might actually happen in vivo.

Nucleus Cytoplasm

Transcription
VAV AV

Telomeres

Translagr:

Figure 5: Possible locations of G-quadruplex structures in cells. G4 formation can occur in double stranded G-rich regions
when DNA becomes transiently single stranded, during transcription, replication and at the single stranded telomeric G-rich
overhangs. Outside the nucleus, G-quadruplexes can also form in mRNA and are involved in translational control.
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However, G4s, in order to fold, need to compete with the corresponding double strand. It is
thus fair to assume that the folding process is facilitated only when the duplex splits up in
the corresponding single strands. Clearly, this situation is not prevalent, although it is
observed during specific processes, such as transcription and replication. Therefore, the
question of whether G4s actually fold in vivo must be complemented with a thorough
detailing of where and when these processes take place, which is mainly missing to date and

constitutes an open question in the field.

Clarification of G4s biological roles comes on top of these open issues. However,
investigations and results on this aspect are more consistent, to the point that multiple
putative functions associated with the specific genomic locations have been identified
(Figure 5). These are supported by a number of indirect evidences, that is not obtained in
live cells. Although some functions are very general and possibly common to various
organisms, others have been postulated for specific sequences in specific species (e.g.
promotion of RNA dimerization in HIV-1)3%, Due to the purpose of this discussion, the

following overview on G4 functions will be limited to the general ones.

e Telomeres

PQS in the telomeric regions were the first to be identified and since then they have kept a
prominent position in G4 research. Telomeres are repetitive non-coding sequences located
at the end of chromosomes in eukaryotes. Their purpose is to be sacrificed during replication,
so as to prevent the polymerase machinery to cleave valuable genetic information. In fact,
the enzyme is unable to proceed until the very end of the DNA sequence and, by stopping in
advance, produces the loss of the last nucleobases. As cleavage of coding genes would likely
result in unviable cells, telomeres are sacrificed in their place. This process gradually

consumes the sequences and ultimately leads to cell ageing and death.

Interestingly, telomeres contain a sequence which is potentially able to fold into a G4
structure. For humans the repetitive motif is 5’-d(TTAGGG),, although some variations are
detected depending on the specific species. Four of these repeats can assemble into a G4, as
it was demonstrated in vitro!*®!. As telomeric regions end with a 3’ overhang which is single
stranded, it is possible for G4s to spontaneously fold at such sites. It has been suggested that

G4s role in this context might concern telomere maintenancel®. In fact, they might prevent
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recognition of chromosomes ends as strands breaks by repair enzymes, which would lead to

inter-chromosomes fusion events.

However, and possibly more interestingly, it was also observed that G4s stall telomerase

activity®Y,

Telomerase is an enzyme with reverse transcriptase activity. Through a
multicomponent machinery it replicates an RNA template and elongates telomere ends. This
ultimately leads to cells immortalization, as it helps escaping natural ageing. However, such
an enzyme is expressed and active only in few cell lines. Besides normal stem cells, these
mostly comprehend tumour cells. Stabilization of telomeric G4s might thus constitute a
valuable approach to contrast cancer cells immortalization and trigger DNA damage,

ultimately leading to apoptosis. For this reason, a wealth of studies has been focussed on the

clarification of telomeric G4s effective folding and on finding small molecules able to target

[32, 33]

them, as a novel therapeutic strategy

Telomerase
RNA

template

Figure 6: Protein complexes binding to the double- and single-stranded telomeric DNA. The telomerase complex interacts
with the telomeric overhang and is regulated by shelterin and other telomeric proteins. The single-stranded overhang can
invade the double-stranded portion of the telomere, forming protective loops at the invasion site.

This whole research is not based on mere in vitro evidences of telomeric G4 folding, but is
instead substantiated by evidences collected in the cellular context. In fact, a number of
proteins have been identified, which specifically interact telomeric G4s exclusively upon
folding. Therefore, it is likely that such folded G4 structures are the real molecular partners
also in cells. Among these, there are some chaperone proteins (e.g. TEBPB in ciliates)®**! and
proteins with helicase activity?®. Moreover, the shelterin complex®], which contributes to
telomere capping and t-loop maintenance exerting a protecting effect from degradation,

seems to have some subunits interacting with G4s, namely RAP1, TRF2 and POT1 (Figure 6).

10



1.1  Structure and biology of G-Quadruplex nucleic acids

e Transcription starting sites

Bioinformatic analysis revealed that many genes, and interestingly many proto-oncogenes,
contain PQS upstream of their transcription start sites, in regions where transcription factors
and other regulatory elements bind to initiate the process!®l, Therefore, the folding state of
such sequences is likely to affect the transcription process (Figure 7). In particular,
experimental evidence suggests that G4s have a suppressing activity on transcription when

they are folded3¢38],

In fact, when introducing point mutations in the sequence which
impede G4 formation, overexpression of the controlled genes is observed. This was

experimentally demonstrated for the MYC gene, for example.

Transcription ON Transcription OFF

G-Quadruplex
Structure

RNA pol Il

NHE Ill,

3 5
gl LLLLITT weem, TITTTTTT o
=<

Figure 7: Model of MYC transcriptional regulation by a G-quadruplex in the promoter region NHE Ill. The binding of
hnRNP K and CNBP to single-stranded DNA induced by negative supercoiling leads to activation of MYC transcription.

An additional empirical evidence regarding G4 involvement in transcription regulation is the
effect of G4 binding ligands on genes expression. In fact, upon treatment of live cells with
such small molecules, a considerable decrease in the levels of transcription products is
observed for genes that contain PQS in the upstream sequence?3. These evidences led to
develop tailored assays, in which the transcription regulation by a certain PQS is monitored
through the expression of reporter genes, cloned downstream, such as that coding for
luciferase®®. In this way, either the G4 involvement in transcription regulation or the activity

of putative ligands can be assessed.

Transcription regulation is of particular interest, as a number of the putatively involved genes
code for proteins associated to cancer hallmarks and other pathologies. Concerning cancer,
overexpression of such proteins leads to dysregulation of the related processes, such as
uncontrolled proliferation, enhanced tumour vascularization and apoptosis escape4®-42,

Another example is that of HIV-1. When the viral genome is integrated in that of the host

11
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cells, expression of its gene is apparently controlled by specific G4s in the promoter region,
which impede transcription when folded!?!l. Therefore, G4 folding regulation in these

contexts might constitute a novel approach to tackle a wide number of pathologies.

e Translation regulating sites

PQS have been identified not only in DNA, but also in RNA transcripts. In particular,
comprehensive screening of mRNA products revealed an interesting prevalence of PQS at
5’UTR (untranslated regions) of such RNA sequences!*®, although their distribution also
extends to other locations, such as alternative splicing regulating sites and TERRA RNA
transcript of the telomeric sequence!®3. 5’UTR of mRNA play pivotal roles in regulating the
translation process, similarly to the regions upstream of the transcription starting sites.
Therefore, PQS located at such RNA sites are believed to have some role in this and in
particular to suppress translation (Figure 8). This is the case for example of NRAS™4, which
was the first of such RNA PQS to be identified. Similarly, PQS associated to fragile X mental
retardation seem to suppress translation and promote their toxic accumulation of RNA

transcripts!*®,

Translation ON Translation OFF

RNA

Hairpin G-Quadruplex

m’Gcap

5'-UTR Gene

Figure 8: Proposed translation inhibiton by RNA G-quadruplex formation.

Although, at least intuitively, G4 folding should be easier in RNA than in DNA, as RNA does
not occur under a double helical form, recent empirical evidence suggested that RNA PQS
are mostly unfolded in the cellular context!®). These findings were quite surprising when
considering the number of evidences of RNA G4s regulatory roles. Therefore, additional
investigation is needed to thoroughly understand under which specific circumstances these

structures actually form in live cells.

e Replication associated sequences

Similarly to transcription and translation, PQS have often been hypothesized to regulate DNA

replication in a suppressive way. In fact, in vitro experimental evidences show that folded G4

12
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structures can stall the polymerase activity, impeding the progression of the replication
fork!”l, Contextually, a number of enzymes with helicase activity have been identified with
high affinity for G4s, such as FANCJ and Pif1[?8l. This suggests that their peculiar role is to
unwind such secondary structures in order to remove impediments to the replication
machinery when necessary (Figure 9). Interestingly, inactivation of such helicases results in
rearrangement of the genetic information. In fact, deletions are observed at sites where PQS
should be present, indicating that the DNA polymerase is stalled at such sites and needs to
by-pass them!“8l. G4s might thus fold in sequences related to replication in a time-resolved

manner, possibly controlled by specific enzymes.

Replication OFF Replication ON

\’\ DNA Pol e - DNA Pol

- -

»/\/\/\/\ '/\J\c/\l\ G4-helicase
s, e ——— i —

Figure 9: Schematic representation of replication inhibition by G-quadruplex sequences. G4-helicases such as FANCJ and Pifl

could resolve them and promote DNA polymerase advancement.

Interestingly, though, this suppressive role does not seem to be the only one associated to
replication. In fact, genome wide studies highlighted a considerable abundance of PQS at
replication origins. Notably, these consist in up to 80% of the total origins number*” and,
more interestingly, they seem to be the most active. Such a prevalence again suggests an

active role of PQS in regulating the process, which probably is not a suppressive one.

1.1.3 Small molecules targeting G-Quadruplexes

Since Zahler and co-workers demonstrated in 1991 that G4 structures stabilized by K* are
able to inhibit telomerase activity®!, G4s have emerged as a significant target for anticancer
drug development. The first evidence for a biological application of a small molecule
stabilizing a G-quadruplex was indeed the in vitro inhibition of telomerase activity by a 2,6-
diamidoanthraquinone in 1997%, Ever since, there has been an astounding emergence of

small molecules able to interact efficiently and selectively with such peculiar DNA secondary

13
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structures. These compounds appeared to selectively inhibit the growth of cancer cells, and
drew the attention towards the attracting perspective of developing novel potent anti-
cancer drugs. Initially it was shown that small molecules able to induce or stabilize G-
quadruplexes could provoke the uncapping of proteins in the shelterin complex as well as
telomerase downregulation, leading to telomere disorganization and genomic instability,
eventually causing apoptosis®?. More recently, G4 imaging!?®> 2%! together with bioinformatic
mapping studies!*® and last generation sequencing!® > have provided new insights on the
biology of G4s in non-telomeric regions!®?, suggesting their involvement in a broad range of
biological processes, from replication®3 to gene expression® and genomic instability!>.
Several G4-targeting small molecules were found to affect the mRNA levels of genes
containing G4 motifs within the promoter region, e.g. the proto-oncogenes MYC?38! and
KRASE7!. A reduction in the level of their transcripts was obtained upon treatment with PDS,
a known G4 ligand, although it is still unclear whether transcription repression is a direct
consequence of G4 stabilization or is indirectly caused by DNA damage. Accordingly, the

opportunity of designing novel anti-cancer therapeutic strategies by G4 targeting has

become very appealing.

It is not surprising, therefore, that the last 20 years have seen the multiplication of reports
on new molecules in the field of G4 binders™®. Initially inspired to classical DNA intercalators,
their structure has been refined to gain selectivity over other DNA forms. In most cases, the
quadruplex stabilization occurs via 1 stacking and electrostatic interactions. The essential
feature often considered when designing a new ligand is a large flat aromatic system that
can fit onto the external face of the quadruplex (Figure 10). This binding mode, normally
referred to as end stacking, represents the most straightforward distinctive tract of
quadruplex recognition if compared to alternative DNA structures. Given the remarkable
wide area of the G-quartet, a good G4 ligand should embed a large aromatic surface, much
larger than that of a classical duplex intercalator, to maximize the overlap and provide the
best selectivity. Additional features include an electron-poor core and positively charged
moieties, which could both participate in the stabilization through electrostatic interactions
and ensure reasonable water solubility to the compound. However, due to ubiquitous
presence of negatively charged backbone and the absence of a strict peculiar geometrical

arrangement, such interactions are potentially much less specific. In some cases it has been

14



1.1  Structure and biology of G-Quadruplex nucleic acids

shown that an additional cation could intercalate between the ligand and the end tetrad,
although little information is available concerning its actual contribute. Sometimes,
nucleobases in the loops could participate through specific hydrogen bonding or stacking
interactions, but these are hardly predictable due to loose geometric constraints in this

regions.

a)

TMPyP4 BRACO-19

Figure 10: (a) NMR structure of the complex between porphyrin TMPyP4 and c-myc derived quadruplex Pu24| (PDB ID: 2A5R).
(b) XRD structure of the complex between acridine derivative BRACO-19 and bimolecular parallel-stranded human telomeric
G-quadruplex [d(TAGGGTTAGGGT)], (PDB ID: 3CE5)57.,

When the experimental evidences are not consistent with an end stacking binding mode, the
common rationale point out to the interaction with the lateral grooves of G-quadruplex.
However, despite the large number of such claims, so far only Distamycin A®® > and related
derivatives!®® have been univocally identified as G4 groove binders by solving the NMR
solution structure for some of their complexes. Interestingly, besides the observed dimeric
binding in two opposite grooves for the tetramolecular [d(TGGGGT)]s quadruplex (Figure 11),
another study suggested that two distamycin molecules could stack on the terminal G-tetrad

of certain intramolecular quadruplexes!®!. Unfortunately, there is no general rule and the
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structural polymorphism of G4 backbone arrangement, which shapes the four grooves,
justifies the lack of knowledge on which structural features might take advantage of such

interactions while maintaining poor recognition of ds-DNA major and minor grooves.
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Figure 11: NMR structure of the 4:1 complex of Distamycin A with tetramolecular [d(TGGGGT)]s quadruplex (PDB ID: 2JT7)1591,

To date, the structure-based design of G-quadruplex targeting compounds has been directed
by two predominant criteria, namely large planar aromatic surfaces and positively charged
structures, but also empirical approaches have proved to be fundamental. Hence, the most

representative classes of G4 ligands are described below.

Anthraquinones, fluorenones, acridines, quindolines and quinacridines

The first G4-interacting compound was the 2,6-disubstituted aminoalkylamido
anthraquinone 1 (Scheme 1), which exhibited good telomerase inhibitory activity ("'ICs0=23
puM)“1. Molecular modeling was used to establish the DNA G4—AQ_complexes based on a
“threading” intercalation binding mode. This molecular model indicates that tetrad—ligand
ni—1t overlap is feasible, and that any flexible pendant side chains can be accommodated in
the wider G4 grooves. Subsequently, 2,7-fluorenone analogues have been designed to
prevent quinone related redox activity and decrease the observed cytotoxicity!®?. These
compounds were found to be 10-fold less cytotoxic than the related anthraquinones,

preserving a good inhibitory activity ("®'ICs0=9 uM for 2).
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Scheme 1: Examples of antraquinone, fluorenone, acridine, quindoline and quinacridine G4 binders.

To introduce a positive charge in the central ring as a complementary electronic feature with
respect to the negative electrostatic potential formed at tetrad center, the synthesis of a
series of 3,6-bisamidoacridines (e.g. 3) was accomplished. However, due to the weak basicity
of the acridine nitrogen atom, the inhibitory activity was substantially unaffected®®3!. Still,
BRACO-19 (Figure 10), which belongs to the family of 3,6,9-trisubstituted acridines, has
received great attention and is still considered one of the G4 reference ligands!®3. Pentacyclic
acridine RHPS4 has also been identified as a potent telomerase inhibitor (™'1Cs0=0.33 pM).
Notably, this compound was found to inhibit cell proliferation within 2—3 weeks at non-

cytotoxic concentrations!®4,

Molecular modeling revealed that a tricyclic aromatic structure might be further extended
to maximize stacking interactions with the surface of the terminal quartets. Accordingly,
quindoline!®® and quinacridines!®® tetra- and penta-cyclic ligands such as 4 and MMQs have
been identified as G4 ligands. Bent-shaped arrangement of the five fused aromatic rings was
found to be much convenient. More than one sp? nitrogen was embedded to maintain the

electron-deficient proprieties of the scaffold. These ligands were found to bind to the human
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intramolecular G4, as evidenced by the melting temperature measurements. The most active

compound of this class is MMQ3 (ATm= 19.7 °C and "®IC50=0.028 pM).

Cationic porphyrins

The macrocyclic planar arrangement of the aromatic rings in porphyrin and analogues make
them good candidates for binding G4s by stacking with the terminal tetrads. Unfortunately,
porphyrins are well-established binding agents for ds-DNA, and therefore are poorly
selective ligands. The porphyrin analogue TMPyP4 (Figure 10) was found to bind both parallel
and antiparallel G4 structures, but with only two-fold selectivity for quadruplex over duplex
DNA. Interestingly, besides showing intercalation between adjacent tetrads and stacking
onto the external quartet (Figure 10), X-ray studies of the complex between TMPyP4 and the
bimolecular parallel-stranded human telomeric G-quadruplex [d(TAGGGTTAGGG)]:
described an alternative and unprecedent binding mode based on the stacking onto the TTA

nucleotides without any direct contact with G-quartets!®”),
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Scheme 2: Structure of selective porphyrin derivatives targeting G4s.

Several structurally related compounds have been described such as the porphyrazine 3,4-
TMPyPz (Scheme 2), which has shown a 100-fold increase in affinity as compared to TMPyP4,
but also a significant improvement of the specific recognition of G4 over ds-DNA®8!. Notably,
diselenosapphyrin Se2SAP, embedding an expanded porphyrin core, was shown to bind
strongly and selectively to quadruplex DNA and displaying high topological preference!®. In
detail Se2SAP converted parallel (e.g. Myc-22) and anti-parallel (e.g. hTel21) topologies into

a mixed anti-parallel/parallel hybrid structure.
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Metal complexes

While initially most G4 binders were based on mere organic molecules, more recently metal

complexes have shown their potential to be used as excellent quadruplex binders”%. Besides

their cationic and highly polarized nature is a clear advantage for promoting the association

with the negatively charged DNA, the right positioning of a metal ion over the cation channel

of the quadruplex should enhance the stacking interactions of the organic portion and give

a positive contribute to the overall complex stability.
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Scheme 3: Metallo-organic compounds used as efficient and selective G4 binders.
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Metal-porphyrins have been successfully used for targeting G-quadruplexes (Scheme 3). In

particular, Mn(lll)-porphyrin 5, containing four flexible bulky cationic arms was found to be

able to differentiate between G4 and ds-DNA with a 10000-fold selectivity thanks to the

central cation and the bulky substituents’!], making it one of the most selective G-
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quadruplex ligands. Zn(ll)-phthalocyanine 6 revealed potent G4 affinity and displayed strong

inhibitory activity against telomerase ("®'1Cs0=0.23 pM)72,

Other selective organometallic complexes include Ni(ll)-salphen 7 (ATm=33°C)"3! and Cu(ll)-
terpyridine Cu-ttpy (ATm=15°C)!7#, but a variety of polypyridyl and phenanthroline based
complexes gave also promising biological activity’>l. The geometry of metal centre is a key
parameter to consider as it was shown to have a remarkable effect on governing the
selectivity. For instance, the copper atom in Cu-ttpy displayed a square pyramidal geometry,
with a nitrate anion at the apical position, thus disfavouring intercalation between ds-DNA

nucleobases.

Bisquinoline and bisquinolinium compounds

In 2002 Mergny identified by FRET-melting experiments a new class of G-quadruplex ligands
containing both quinoline and triazine structural motifs that also exhibited potent and
specific in vivo anti-telomerase activity with "™ICso lying in the nanomolar range of
concentrations!”®. Among these, triazine 8 was the most studied. Telomerase
downregulation was found to be mediated by G4 formation in hTert RNA, the transcript of
the telomerase-coding gene, inducing an alternatve splicing pattern’’l. Triazines were
rapidly replaced by the emergence of a structurally-related bisquinolinium series containing
a 2,6-pyridodicarboxamide (PDC) core. In particular, PDC 360A exhibited a high G4
stabilization (ATm=21°C), excellent selectivity (> 150-fold) and efficient telomerase inhibition
("'1Cs0=300 nM)!8, The accepted explanation for the outstanding recognition ability
displayed for quadruplex DNA accounts for the preferred syn—syn conformation adopted by
the central PDC unit which benefits of two intramolecular hydrogen bonds. The geometry of
the ligand is therefore locked in a V-shaped structure, which is highly favorable to maximize
the overlap with G-quartets. The high affinity of PDC derivatives for quadruplex DNA was
confirmed by their remarkable ability to induce the challenging formation of tetramolecular
G4s, suggesting the possibility of acting as molecular chaperones!”®. Moreover, PDC 360A
was found to localize preferentially at telomeric regions of chromosomes, providing one of

the first evidences of quadruplex existence in a cellular context!®%,
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Scheme 4: Bisquinoline and bisquinolinium compounds used as selective G4 binders.

Closely related to this family is the nonmethylated bisquinoline derivative Pyridostatin
(sometimes abbreviated with PDS), reported by Rodriguez in 20088, Three primary amine
moieties ensured water solubility and additional electrostatic interactions, while isomeric
quinolines were attached to the PDC core. The compound showed both exceptional affinity
and selectivity for quadruplex DNA. The in vitro ability of promote POT1 uncapping from
telomeric overhangs ("°™1Cs0=200 nM) was accompanied by an impressive ATm=35°C in 60
mM K* at 0.18 uM of ligand. For comparison AT»=30°C in 60 mM K* at 1.2 uM of
Telomestatin, the most potent natural occurring G4 small molecule®. The great success of
this small molecule is demonstrated by the large amount of studies that have used
Pyridostatin and its conjugates for both in vitro'®3 and in vivo!®¥ applications, pull-down!®!
and G4-sequencing®®. It is currently used as a benchmark compound for unravelling G4s

biological rolel3 86 871,

The natural extension of this family of ligands was achieved by substitution of the central
pyridine ring with a phenanthroline, yielding the compound known as Phen-DC3%%!, whose
structure is strongly resembling that of a G-quartet (Figure 12). Remarkably, this is still one
of the strongest G4-interacting small molecule available, as it exhibits exquisite in vitro

potency. Moreover, the selectivity of Phen-DC3 is higher than that of Telomestatin,
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confirming the great potential of the bisquinolinium compounds, which represent an ideal

compromise between rapid synthetic access and efficient target recognition.

Figure 12: (above) Dimensions of a G-quartet (determined from X-ray structure) and Phen-DC3 (after molecular mechanics
MM2 calculations). (below) Lateral and top view of the NMR solution structure of the complex between Phen-DC3 and c-myc
derived G-quadruplex Pu24T (PDB ID: 2MGN)!#°),

Perylene and naphthalene diimides

In 1998, Hurley reported the perylene diimide PIPER[®® (Scheme 5), characterized by an
extended hydrophobic aromatic core with two external protonable side chains, as an
effective telomerase inhibitor ("'ICs0=20 uM). An NMR structure indicated that PIPER binds
by stacking onto the terminal tetrads. Moreover, it has shown to induce the formation of a
quadruplex from the hybridized double stranded sequence Pu27 of the c-myc promoter

region®Y,

Due to the severe aggregation proprieties of perylenes water solubility was a major issue.
Conversely, smaller arylene naphthalene diimides (NDIs), like tetrasubstituted NDI 9, found
a wider application as G4 binders. First reported by Neidle®? and later extensively studied
by Freccero!®3, those compounds are excellent G4 binders, although they suffer of lack of
specificity with increasing the number of positively charged moieties. Compared to the
twisted conformation of perylene diimide cores, NDIs are planar, an important feature for

G4 end stackers. Additionally, the NDI scaffold is easily functionalized and a number of
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different heteroatoms can be directly attached in the naphthalene core. These substituents
exert a marked effect on the electronic energy levels of NDI and provide the means to fine
tune its optoelectronic proprieties. In particular, donor substituents decrease the HOMO-
LUMO gap while increasing both HOMO and LUMO energies. This, combined with the high
structural variability and their intrinsic fluorescent proprieties, made NDIs a powerful tool to

efficiently target quadruplex DNA and design new G4 selective probes!®*2°l,
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Scheme 5: Structure of selective perylene and naphthalene diimides

More recently, Freccero reported a new class of core-extended naphthalene diimides (c-
exNDls), such as c-exNDI 10, with a peculiar selectivity for the G4 found in the LTR promoter

[97]

of HIV-1 retrotranscript The same derivatives have been also used as aggregation

mediated G4 light up probes!®® %9,

Telomestatin and related oligo-heteroaromatic ligands

Telomestatin is a natural product, isolated from Streptomyces anulatus, which possesses a
unique structure incorporating one thiazoline and seven oxazole rings in a macrocyclic
oligomeric array. Currently it is one of the most potent and specific inhibitors of telomerase
(ICso = 5 nM)!1%I, The observation that its structure might behave similarly to a G-tetrad and
efficiently stack on the top of it led to the discovery that Telomestatin selectively stabilizes
the formation of an intramolecular G-quadruplex from the human telomeric d[TTAGGG]
repeat sequence (ATm=24°C)?! and suggested that stabilization of ss-DNA alternative

structure could sequester telomerase natural substrate. In addition, owing to its neutral
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macrocyclic nature, this compound displays almost no affinity for ds-DNA, and a 70-fold
selectivity for intramolecular telomeric G4, Additionally, long-term treatment of different
telomerase-active cancerous cell lines with Telomestatin at non-cytotoxic concentrations
induced telomere shortening and growth arrest, eventually causing apoptosis/*®% 1031,
Outstandingly, Telomestatin exerted anti-cancer activity also in telomerase-negative tumor
cell lines by triggering the uncapping of proteins such as POT1 and TRF2 in the shelterin

complex, and exposing telomers to degradation*4,
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Figure 13: Structure of Telomestatin and its macrocyclic hexa- and heptaoxazole analogues 11-14.

Up to now, Telomestatin still represents one of the most selective and powerful G4 ligands,
which combines excellent in vitro G4 binding capacity with high in vivo biological potency.
Recently, its total synthesis was achieved!?>1%7] yet the low yield of the multi-step procedure
makes a large-scale production process cost prohibitive. However, thanks to its synthesis,
(S)-telomestatin interestingly exhibited enhanced potency compared to the natural

enantiomer, (R)-telomestatin(t8],
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The unique 24-membered hepta-oxazole structure has spawned effort on the synthesis of a
number of macrocycles containing from three to seven oxazole rings, either linked directly
or via amide bonds!*%°-13], Macrocyclic hexaoxazoles 11-14 (Figure 13) have been synthesized
starting from amino acids, as it was noticed that connected oxazole rings embedded a serine
backbone*'*, Two trioxazole units were thus linked and cyclized with two peptide bonds
through L-valine, L-acetylserine and L-lisine residues!*'!], respectively. Detailed studies on the
complex between 11 and d(T2AGs)4 telomeric G4 uncovered an unusual, entropically driven
end stacking binding mode**>!. The driving force reflected favorable drug-induced alterations
in the configurational entropy of the host quadruplex, as loop adenine nucleobases

commonly engaged in stacking interactions were effectively displaced.

Moreover, NMR studies of the complex between 12 and d(T2AGs)a telomeric G4 highlighted
a mixed binding-mode!!®l. |n particular, the structure (Figure 14) evidenced an optimal fitting
between the aromatic surface of the ligand and the external quartet, the ionic interaction of
the protonated lysine-residues and the phosphatidic-backbone, and the additional
accommodation of a potassium ion coordinated by the end tetrad and the nitrogen binding
cavity of the ligand. All these observations accounted for the impressive affinity of 12 for
telomeric G4 (ATm=49°C)**Y, which still maintained good selectivity over ds-DNA even

though the added electrostatic interactions could potential be a source of unspecificity.

Figure 14: Solution structure of the complex between 12 and human telomeric G411¢l, (a) Side view of a representative
structure. (b) Top view showing the effective stacking. (c) Magnified side view showing the close proximity between one
cationic side chains of 12 (shown as blue sphere) and the anionic phosphate group of A8 (shown as red sphere). (d) Side view
showing the accommodation of an additional K*ion between the ligand and the end tetrad. Color legend: magenta, 12; cyan,
Guanine; green, Adenine; orange, Thymine; gray, backbone and sugars; blue, nitrogen atom; red, phosphorus atom; yellow,
oxygen atom.

However, despite the structural similarity, the in vitro potency of these macrocyclic

analogues is still far from being comparable to that of telomestatin. In fact, hexaoxazole 13
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and heptaoxazole 14 revealed inhibition of telomerase with 1Cs0=2uM and 1Cs0=0.67puM*7!

respectively.

Although the macrocyclic nature of Telomestatin is recognized to dominate the interaction
with quadruplex structures and to determine its selectivity, Teulade-Fichou developed a class
of compounds featuring a neutral nonmacrocyclic oligomeric scaffold with alternate oxazole
and pyridine motifs*'® 1191 |nterestingly, the heptacyclic derivative TOxaPy (Scheme 6)
displayed no affinity for duplex DNA and exhibited an unprecedented binding preference for

antiparallel quadruplex topologies (Figure 15a vs b).

Telomestatin TOxaPy

Scheme 6: Structures of Telomestatin and derived open-chain TOxaPy analogue.

Figure 15: FRET-melting assay results for some open-chain oligoetheroaryls and telomeric quadruplex (F21T). Melting
stabilisation in the absence (black bars) or presence of double-stranded DNA (ds26) at 3 uM (grey bars) or 10 uM (white bars)
in (a) K* and (b) Na*.
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1.1  Structure and biology of G-Quadruplex nucleic acids

Notably, docking studies supported a probable groove binding mode for the compound in its
open conformation (Figure 16). Besides the high flexibility distinctive of the oligoaryl scaffold,
the energy of the bent conformer was raised by the steric repulsions experienced by 2-2" aryl
hydrogens (Scheme 6), thus prejudicing it stacking with the external tetrads. Considering the
high diversity of grooves for shape and dimension within different G4 classes, such an
unusual binding mode was addressed as the essential source of the observed topological

selectivity.

Figure 16: Proposed binding mode of TOxaPy with antiparallel 22AG (Na*-rich buffer) after docking optimization, and
structure of the bound conformer. PDB coordinates: 143D.

The potential of such acyclic derivatives raised the interest on establishing which structural
features were controlling their binding proprieties. For instance, it was shown that the length
of the oligomeric scaffold was a factor strongly affecting target recognition, as the shorter
pentacyclic BOxaPy (Scheme 7) did not bind to the quadrupex at all (Figure 15). However, a
remarkable improvement in the binding of the pentacyclic scaffold was observed by
incorporation of cationic side-chains. Substitution of the oxazole rings with 1,2,4-oxadiazoles
yielded the pentacyclic derivative BOxAzaPy. This compound was designed to erase the H-H
steric repulsions of the bent conformer, and to mimic the nitrogen binding cavity of
telomestatin. Paralleling its oxazole analogue, the neutral pentacycle showed substantially
no affinity for quadruplex structures, whereas derivatization with cationic pendals improved

the binding proprieties of the scaffold. Overall, the BOxAzaPy family 18-20 proved to be best

27



1 INTRODUCTION

performing than the BOxaPy family 15-17 in terms of quadruplex melting stabilization, and
both classes manifested an opposite preference for quadruplex topology when compared to
TOxaPy. However, based on the FID assays it was concluded that the binding mode of all the
oligoaryls synthesized differed from the usual it stacking. The suggested rationale for these
findings was the highly flexible structure, which is well-suited for good accommodation and

interaction with grooves and loops.
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Scheme 7: Structures of oligo-heteroaromatic penta- and heptacyclic derivatives.

The benefits observed in the oxazole—oxadiazole exchange in the pentacyclic compounds
prompted the synthesis of heptacyclic analogues TOxAzaPy and TOxAzaPhen (Scheme 7).
The compounds still showed high selectivity for G4s over duplex DNA, but the observed
enhancement in the melting stabilization temperature for the mixed topology of 22AG in K*
(ATm=11.6 and 10.8 respectively) was less pronounced than for the antiparallel conformation

of 22AG in Na* (ATm=14.1 and 16.9 respectively)2°l.
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1.1  Structure and biology of G-Quadruplex nucleic acids

Despite the general improvement of target affinity, such a substitution led to a detrimental
effect on the topological selectivity. Unfortunately, as the binding mode was not unraveled,
it is not clear yet if this was a consequence of a change in the targeted G4 feature or the
formation of specific bond interactions. Curiously, substitution of the central pyridine ring
with a benzene did not affect the binding, meaning that the nitrogen atom was not playing

a fundamental role in the binding.

More recently, similar phenantroline-bis-oxazole ligands 21 and 22 were shown to
discriminate among various quadruplex topologies, although an end-stacking binding mode

was proposed!*?1],

21 22

Scheme 8: Structure of phenantroline-bis-oxazole ligands 21 and 22.

Additionally, inspired to the linked monocyclic aromatic concept, Moses reported the
synthesis of a family of triazole-containing ligands which exhibited excellent selectivity and
good (although low) quadruplex stabilizing properties (Figure 17). Molecular modeling
studies showed that bifunctional compounds like 23 display a cooperative mixed binding
mode, in which the central planar system interacts with the external tetrad, while the side
chains lie in the grooves created by the loops!*?% 1231, Conversely, it stacking interactions with
Cs-symmetrical tris-triazole ligands like 24 are prevented by hindering hydrogens on sp3
carbons, but suggested groove binding interactions with the three side chains have been

supported by modelling studies!*?4.,
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Figure 17: Structure of triazole-containing ligands 23 and 24. Top and side view of a molecular model of the complex between

24 and parallel human telomeric G-quadruplex.

Two bis-indole carboxamides reported by Balasubramanian!*?*! 25 and 26 can be included in
the same category of oligo-heteroaromatic scaffolds. These compounds exhibited high
stabilization of quadruplex DNA sequences associated with the c-kit2 and c-myc promoters.

Also in this case the experimental evidences were discarding an end stacking binding mode

for both compounds.

Scheme 9: Structures of bis-indole carboxamides.
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Arylethynyl derivatives

Two synthetic intermediates of indoles 25 and 26 were the two bis-phenylethynyl amide
derivatives 27 and 28. Besides the rather different structural motif, these compounds
showed good affinity for quadruplex DNA and unexpectedly exhibited a preference for the

parallel conformation!*?°!

. Owing to the free rotation around their triple bonds, the high
conformational flexibility of these compounds enabled G4 recognition through groove
binding, as confirmed by NMR titrations. Besides the excellent selectivity for the quadruplex
over the duplex, the uncommon binding mode was confirming a potentially promising

discrimination between different G4 topologies.

Scheme 10: Structures of bis-phenylethynyl amide groove binders.

1.1.4 Targeted covalent modifications of G4

Although the great number of compounds that have been designed and used to effectively
target G-quadruplex DNA, structural recognition is almost exclusively achieved through
intrinsically weak noncovalent secondary interactions, which means that the binding is
reversible. As a consequence, these ligands must be particularly selective to maintain the
interaction with their target in a complex biological environment!*?”). Reasonably, a
substantial improvement of the biological response is expected from compounds which,
besides the capacity of targeting the G-quadruplex, own the ability of forming a covalent
bond with it, giving rise to an irreversible immobilization on the structure. Moreover,
selective alkylation could trigger the population of a single G4 conformer in a polymorphic
sequencel*?® and have a strong impact on the biological response. Also, it should not be

excluded the possibility of creating a damage that is not efficiently repaired by DNA repair
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enzymes, which would promote strand breaks, gene deletion and eventually cause

apoptosis!*??l,

The first G-quadruplex irreversible ligand was described by Teulade-Fichou*3¥ in 2007. Pt-
MPQ was inspired on known DNA platinating agents and consisted in a quinacridine scaffold
embedding a monofunctional platinum moiety. Such a study provided the first example of in
vitro selective platination of quadruplex DNA over duplex DNA. Subsequent studies on
platinum complexes derived from the terpyridine structure showed that the platination can

be non-specific and generate off-target reactivity”%.

Indeed, while the compound Pt-ttpy
selectively platinated adenines present in one of the G-quadruplex loops resulting from the
human telomeric sequence 22AG!1*31 and at the 5’-end overhanging region of short propeller-
type parallel Myc-22*32], the compound Pt-tpy platinated indifferently the most reactive
base of the sequence without particular recognition of the structure, and the extended

complex Pt-BisQ shown no covalent reactivity, probably being too congested to interact with

the G-quadruplex structurel*31],

Another example of G4 metalation was described by Mergny*?®!, who obtained a mercury
(1) = thymine crosslink (T-Hg-T) between two lateral loops. However, the use of selective

targeting complexes using mercury chemistry was not shown.

Pt-BisQ

Pt-ttpy

Figure 18: Platinum complexes with dual reversible/irreversible binding mode targeting G4.

An important class of ligands with covalent activity combines a G-quadruplex selective ligand
with an alkylating agent. Belonging to this class are the hybrids ligand-alkylating agent
developed by Freccero, which possess a binding naphthalene diimide core tethered to an
electrophile, such as an epoxidel*33! (Scheme 11), or a chemically activatable electrophile

precursor, such as quinone methide precursors!*3* 35 (for a detailed discussion on quinone
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methides see Section 1.2). However, such derivatives did not exceed 15% of capture

efficiency, a feature that has been associated to thermal reversibility of the covalent adducts

with DNA.
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Scheme 11: Structure of NDI-electrophile conjugates for G4 alkylation investigated by Freccero.

Based on the same idea, Balasubramanian combined Pyridostatin to a nitrogen mustard,
namely chlorambucil, a well-known DNA alkylating agent that inhibits cell proliferation
(Figure 19)1*?°1, The typical reactivity of chlorambucil is characterized by highly toxic inter-
strand cross links (ICLs) that induce double strand break formation and lead to inhibition of
cancer cell proliferation, but can cause undesirable secondary malignancies in healthy cells.
Additionally, poor DNA recognition accounts for its off-target alkylation. These features were
shown to be strongly influenced by the targeting proprieties of the PDS core. In fact, the PDS-
chlorambucil compound 32 was shown to form stable covalent adducts with the G4
structures Myc-22 and 22AG in vitro and at very low concentrations (< 5 uM), with good
selectivity over double-stranded DNA. Overall, the addition of the targeting unit prevented
the generation of toxic ICLs by preferential intrastrand cross-linking of single-stranded DNA
via selective G4 recognition. As a dominating DNA damage which is efficiently repaired by a
dedicated nucleotide excision repair (NER) enzyme, this molecular tool has been proposed

to enable depletion of cell proliferation in NER-deficient cancers.
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Figure 19: Structure of PDS-Chlorambucil conjugate 32 and in vitro selective alkylation of Myc-22 and hTel versus ds-DNA.

An innovative strategy following these models is based on the conjugation of a G-quadruplex
ligand to a photoactivatable alkylating agent, which could allow spatial and temporal control
over the effective alkylation event. Such photoactivatable G-quadruplex ligands were first
obtained by Teulade-Fichou by tethering the PDC binding motif to a photomarker,

benzophenone or tetrafluoroarylazide, through various spacers (Figure 20)!*39),

The conjugates 33-38 retained high quadruplex vs duplex selectivity, and alkylation of 22AG
and Myc-22 G-quadruplexes was effectively achieved in vitro, leading to their irreversible
trapping. Moreover, selective alkylation of specific nucleobases depended on G4 sequence
and topology and appeared to be strongly influenced by the spacer length and the nature of
the photomarker used. The cellular assays were also promising since toxicity was triggered
by near-UV/vis irradiation, although there is no proof that the actual target is a G4. Besides
its potential use in the development of next generation highly selective therapeutic drugs,

the strategy was shown to be exploitable to generate effective G4 photolabelling tools.

Following the same photochemical strategy, Freccero developed a photoreactive molecular
dye (Scheme 12) targeting the human telomeric G4 sequence hTel22 by green light activation
(532 nm)*371, Highly selective covalent modification of G4 versus ss-DNA and ds-DNA was
achieved with an outstanding efficiency of 64%. Generation of a reactive phenoxyl radical

was detected by LFP, and was promoted by electron transfer from the light-harvesting NDI.
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Scheme 12: Green light harvesting photo-alkylating agent.

Besides the intrinsic contribute to the overall stabilization of the G4 structure, the
development of such irreversible binders can also be exploited for other in cell applications.

For instance, fluorescent labelling of covalent adducts has been suggested as a strategy to
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get more precise cellular imaging!®*. Else, isolation of G4—DNA directly from cellular genome

could be achieved by affinity pull-down, provided that the covalent link can be reverted.
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Figure 21: Validation of G4-folding sequences found in genomic DNA with biotin-PDS conjugate 40. In principle, a reversible
covalent binder could allow the isolation of actual G4-forming sequences under the strict cellular context.

Recently it has been proposed that mapping of G4-folding DNA sites could be achieved by
means of affinity isolation. The concept has been demonstrated in vitro, as G4-folding
sequences could be isolated from a mixture of different oligonucleotides including ss-DNA,
ds-DNA and hairpin RNA (Figure 21). In particular, the mixture was incubated with biotin-PDS
conjugate 40 and separated by means of streptavidin-coated magnetic beads!®l. The use of
a G4 reversible binder was fundamental to assure the possibility to disrupt the complex upon
thermal or chemical denaturing and recover intact DNA for PCR analysis and sequencing. So
far, however, the method has been used with cell extracts only, a limit that could be
overcome by using a covalent binder with a residual reversible character. Platinating agents
would fail in the intent, as DNA could not be recovered due to the strength of the newly
formed covalent bond!*3°!. Conversely, the use of small molecules targeting G4 embedding
reversible (e.g. by heating) alkylating agents would offer the best solution to the

encountered technical limits.
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1.1.5 Biophysical evaluation of small molecule — G4 affinity

A number of biophysical methods have been employed to characterize ligand-G4 complexes
and study the interactions of natural and synthetic compounds with quadruplex DNA [£38],
These techniques span from high throughput simple methods, used for a quick screen and
for obtaining a qualitative information on ligand affinity, to more sophisticated and time-
consuming ones, from which kinetic, thermodynamic, stoichiometric and structural

information could be derived and used for fine structure-activity correlations.

The key challenge of G4 nucleic acid targeting is the selectivity for quadruplex structures in
comparison to duplex DNA. Hence, the biophysical and biochemical methods that are
commonly used to investigate ligand-DNA interactions need to take this fundamental aspect
into account. In the case of qualitative screening assays the most reliable way to achieve such
an information often implies to perform competition experiments, in which the assay output

is evaluated in the absence and in the presence of a competitor ds-DNA.

Each technique has its own advantages and disadvantages and the right choice depends on
the individual case. Often more than one method are needed to obtain a complete picture

of the G4-ligand interactions.

In the following paragraphs some of the most frequently used techniques and assays to

characterize G4 ligands are described.

NMR and XRD

Because of the high degree of structural polymorphism that characterize quadruplex DNA, it
is important to determine the actual ligand binding site and its mode of interaction at
molecular level. A number of NMR spectroscopy and X-ray diffraction studies have been
successfully performed to resolve the structures of various G4s and their complexes with

ligands, allowing fine structural analysis of the interactions involved in the recognition.

Ligand complexes with quadruplex DNA and RNA have been solved by X-ray diffraction
spectroscopy and their structures are available in the RCSB protein data bank (PDB)39 1401,
The crystals are commonly produced by vapor diffusion with sitting or hanging drops in a
solution that contains the cacodylate salt of a monovalent cation, 3—6 mM spermine, and 5—

15% (v/v) of polyethylene glycol at pH 6.0—-7.0. X-ray crystal structures are unambiguous, and
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provide a definitive view of the location of the cations within the structure, the hydration
within the grooves, and the binding mode of the ligand with the G4. However, it is possible
that the crystal structure is not representative of the primary species in solution due to

crystal packing forces and the crystallization conditions that may influence the structure.

Conversely, NMR spectroscopy provides the most complete structural data of G-
quadruplexes and their complexes in solution**}. The dynamics of the interactions involved
in the recognition process can be studied. In particular, NOESY experiments are used to
determine the correlations between signals due to ligands and those attributable to nucleic
acid, in order to determine the contact area. However, the complete structural
determination requires a long and rigorous work, and its application is not always possible

since it requires the prevalence of just one conformer in solution.

Even so, free G4 structural data together with in silico docking or molecular modeling analysis
provide an important tool for the fast screening of compound libraries and could support the

design of new interacting small molecules.

ITCand SPR

Only few techniques provide direct quantitative information on the thermodynamics and
kinetics of interaction. Among these, the most extensively used methods are the isothermal

titration calorimetry (ITC) and the surface plasmon resonance (SPR).

ITC is a powerful technique that allows the direct monitoring of many bimolecular binding

interactions[142

. Binding isotherms are used to determine thermodynamic parameters of
interaction such as the binding enthalpy (AH) and entropy (AS) along with the binding
constant (Ka) and the stoichiometry (n). However, it usually requires substantially more
material than most spectrophotometric methods and may not be suitable for determining

large binding constants.

Surface plasmon resonance (SPR) is a sensitive technique for characterizing G4-ligand
interactions. In general, an intramolecular G4-forming oligonucleotide sequence is
immobilized onto a thin metal film coated sensor chip. Upon interaction of a small ligand
with a G4, a change in refractive index at the sensor surface occurs. The variation of the angle

at which the minimum of reflected light density occurs is related to the interactions involving
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the free species in solution and the G4 which is covalently bound to the surface. Based on
this principle, SPR has been successfully used as a rapid and powerful tool for screening small
molecule libraries allowing the measurement of both kinetic (kass and kaiss) and

thermodynamic (Ka) parameters of interaction!®® 143],

FRET-melting assay

The classical high throughput survey for studying small molecule — G4 interactions is the
FRET-melting assay. In this experiment, pre-annealed oligonucleotide sequences capped
with a couple of FRET fluorophores, commonly a carboxyfluorescein reporter (FAM, Amax,exc =
495 nm, Amaxem = 520 nm) and a carboxytetramethylrhodamine quencher (TAMRA, Amax,exc =
546 nm, Amaxem = 583 nm) are incubated with the putative ligand. The emission is then
monitored as the temperature is risen in the range between 25 and 95 °C. In the folded
structure the two fluorophores are close in space, therefore FRET is effective and quenching
is maximized. Conversely, in its unfolded structure, the mean distance between the two
fluorophores is higher, FRET is less effective and quenching is minimized. By plotting the
reporter emission versus temperature, a growing sigmoid is obtained and the curve’s
inflection point is defined as the melting temperature (Figure 22). The affinity of the ligand
for its target is then related to the difference in the melting temperature (ATm) of that

particular structure in the presence or in the absence of the added compound.
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Figure 22: FRET-melting assay and definition of melting stabilization temperature. Legend: green dye = reporter = FAM; red
dye = quencher = TAMRA.

Importantly, it is erroneous to relate the thermodynamics of a ligand-DNA complex (e.g. the
binding constant, the enthalpy of formation) to the absolute value of melting stabilization
temperature. The output response is a semi-quantitative measure of how much the guest
stabilizes the host by their interaction, but it does not tell any information on the

stoichiometry, the binding sites, or the actual energies of interaction. Moreover, different
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structures have distinct stability, which is related to the absolute value of the melting
temperature. In principle, the same binding interaction should have rather different impact
on DNA motifs with diverse intrinsic stability. Therefore, the only straightforward conclusion
that can be derived is the comparison between the affinity of different compounds for a
given structure, and the effect of an added competitor to the selectivity of the tested
compound for its target. Even so, the potency of this technique has to be assigned to its ease
implementation in a microplate automated system and its employment as a high-throughput

screening assay.

Fluorescent Intercalator Displacement

A simple method that aims at evaluating G4 binding affinity and quadruplex- over duplex
selectivity of putative ligands is the fluorescence intercalator displacement (FID) assay, first
described by Teulade-Fichou!**. This assay is based on the displacement of a fluorescence
probe, namely thiazole orange (TO), from quadruplex and duplex DNA structures by
increasing amounts of a putative ligand (Figure 23). Thiazole orange is virtually non-
fluorescent in free solution, as a result of double bond isomerization and free rotor efficient
excited state deactivation mechanisms. When it intercalates within ds-DNA nucleobases or
stacks on the external quartets of a G-quadruplex these quenching mechanisms are no more
available due to the planar geometry constriction and, as a result, the compound becomes

strongly fluorescent with up to 1000-fold increase.

Provided that the binding mode of the putative ligand should be the same of thiazole orange
(i.e. end-stacking), the addition of increasing concentrations of a candidate compound
induces the displacement of TO, and hence a related decrease of its fluorescence. Therefore,
by means of simple fluorescence titration, the affinity of the compound for a G4 can be
evaluated through its ability to displace TO. Additionally, by comparing the ability of the
ligand to displace TO from various G4s and ds-DNA structures a measure of its selectivity
could be inferred. Moreover, substitution of TO with related cyanine analogue TO-PRO-3 or
Hoechst 33258 enables the screening of compounds with optical proprieties overlapping

those of TO and may interfere with the assay[**%,
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Figure 23: Principle of G4-FID assay. Thiazole orange fluorescence quenching upon competitive ligand addition.

Based on this concept, high throughput modifications of the FID assay have been derived and
used to screen large libraries of compounds**6-248l Unfortunately, the higher limitation of
this technique is its susceptibility to false positives or negatives due to indirect competition
and quenching effects not relevant to G4-binding. Particularly, false negatives are frequently
encountered when the compound binding mode is not well defined and differs from that of
TO. For this reason, the use of FID often should be corroborated by other techniques (e.g.

FRET-melting, ITC, SPR or CD titrations).

Recently, a new turn-off fluorescent quadruplex DNA probe has been designed as a
fluorescent indicator. Its fluorescence is strongly quenched when bound to G4 DNA and fully
restored when it is displaced by ligand**?!. This probe improves the sensitivity of the G4-FID
assay, as the read out relies on increased fluorescence instead of quenching observed with
the classical probes. Moreover, the higher affinity for quadruplex DNA compared to TO
makes this probe far more discriminating, resulting in a useful tool to distinguish good

binders from excellent ones.

UV-Vis Spectroscopy

A simple method for studying ligand-G4 interactions involves the use of UV-Vis

spectrophotometry. In fact, both DNA and ligand UV-vis spectra change in terms of band
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shape and intensity. Usually melting temperatures are measured, providing a measure of the
stabilization of the quadruplex structure induced by compound binding. Besides, these
methods also provide useful information about the actual DNA-ligand interactions. For
instance, a remarkable bathochromic shift and a hypochromic effect on the Soret band of
cationic porphyrin TMPyP4 was observed upon binding of a G4[*5%, This optical response has
been proposed to arise from the strong interaction between the electronic states of the
chromophore and DNA bases, indicating a stacking interaction between the TMPyP4

molecule and the G4 structure.

However, the ligand spectrum often overlaps to that of DNA and this limits the use of
absorption spectroscopy for measuring binding constants only by exploiting neat ligand
absorption bands changes, which is definitely not a general remark. In addition, melting
measurements are also often complicated by ligand superimposition. Therefore, absorption
spectroscopy has been overcome by polarized light spectroscopy, which offers a more
powerful tool for distinguishing between different supramolecular conformations and for

which achiral small molecules are normally inactive.

CD Spectroscopy

Circular dichroism (CD) is a valuable tool to inquire the secondary structure of large
biomolecules, especially proteins and nucleic acids*>!. Optical activity arises when parallel
molecular electric and magnetic transition moments (i.e. within a chiral molecule) can
interact to produce a helical charge—redistribution path that can couple with the oscillating
electric field of a circularly polarized light beam(*>2l. DNA nucleobases are themselves achiral,
but become chiral when placed within the framework of the chiral sugar—phosphate
backbone, and CD signal arises from stereospecific coupling of near-degenerate electronic
transitions (exciton coupling) of neighboring base chromophores. The quantum mechanical
description of CD spectroscopy for molecules as large as DNA is very complex, and to date it
is not possible to provide structural information at atomic level. For this reason, CD
spectroscopy has been primarily used as an empirical technique to study DNA, but has
received great attention for its high sensitivity, as sample concentration can be as low as 20

mg/mL*51,
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Figure 24: CD spectra resulting from different orientation of syn- and anti- guanines stacking interactions. All H-to-T stacking
of the first type is characteristic for parallel G4 topologies (e.g. Myc-22). Alternate H-to-H and T-to-T stacking of the third type
is characteristic for antiparallel topologies (e.g. 22AG in Na* buffer). Mixed H-to-H and H-to-T stacking of the second type can
be observed in hybrid topologies (e.g. 22AG in K* buffer). Adapted from 1153,

Circular dichroism has been extensively used for studying G-quadruplex folding topologies,
ligand binding, the effect of cations, the kinetics of G4 formation and melting!*>* >4, The sign
and position of minima and maxima in a CD spectrum has been related to the relative
orientation of guanine syn and anti conformation around the glycosyl bond in consecutive
G-quartets (Figure 24)'>31. However, most often in the literature CD spectra are interpreted
empirically, on the basis of comparison with spectra of known G-quadruplex structures.
Quite simplistically, for instance, a negative peak at 265 nm and a positive peak at 300 nm
has been related to an antiparallel topology, while a negative peak at 240 nm and a positive
peak at 265 nm has been reported to be the typical sighature of parallel G4 structures. This
have to be considered a rough approximation and must be handled with awareness on its
limitations. Even so, regardless of conformational analysis speculations, melting experiments

can be performed to obtain the melting stabilization temperature (ATm) as a qualitative
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measure of ligand affinity. Moreover, titrations of quadruplex DNA with ligand can be

monitored at DNA ellipticity maxima yielding to binding constants extrapolation (Figure 25).
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Figure 25: Change in CD spectra of a G4 observed upon addition of increasing concentration of ligand. Derived titration plots
representing the change in ellipticity monitored at 292 nm (circles) and 260 nm (squares).

Induced Circular Dichroism

Since dichroism is a propriety that arises from supramolecular chirality, any achiral molecule
should in principle be inactive by CD spectroscopy. However, as a consequence of binding,
even an intrinsically achiral ligand could be affected by the surrounding chiral environment,
so that an electronic transition that is localized on such molecule could become CD active.
The dichroic signal is said to be induced by the host-guest complex formation and it is
commonly referred as an induced CD (ICD)!*>°!. For obvious reasons, to observe an ICD the
molecule must absorb at that specific wavelength. Also, it is hard to assign an ICD signal
below 310 nm due to nucleobase signal overlap. From a mechanistic point of view, the ICD
signal can be caused by the stereospecific coupling of electric transition moments of the
ligand and neighboring DNA bases*>®! or, much less frequently, can be due to an electronic
transition which is delocalized over at least two fused ring systems arranged in a helical
fashion82 571 (Figure 26). The most intense ICD signals have commonly been associated with
a binding mode that interests G-quadruplex grooves rather than the planar end quartets!*>®),
However, it is now widely accepted that a variety of well-established stackers can give rise

to ICD signals, and misinterpretation is often a risk.
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Figure 26: (above) Example of CD titration of a G4 with increasing concentration of ligand showing an induced CD signal at
360 nm. (below) Induced preferential handedness in helical oligomer 41 upon G4 binding, resulting in an intense CD signal at
400 nm.

Fluorescence Spectroscopy

Considering highly rigid large planar aromatic structures commonly needed to obtain
selective targeting of G4s, the same compounds are quite often fluorescent. A number of
studies take advantage of the intrinsic fluorescent proprieties of these ligands to extract

binding constants.

Conversely, the intrinsic fluorescence of nucleobases is too low to exploit it for structural
studies. Therefore, a suitable fluorescent reporter group needs to be incorporated in the
polynucleotide structure to impart fluorescent proprieties. Highly fluorescent 2-
aminopurine, an adenine analogue, has been widely used for this purpose by incorporating
it in the loops of G4s. Its quantum yield, in fact, is highly sensitive to environmental
conditions and can be used to probe for interactions between the quadruplex and a small
moleculel*8l, |n particular, its fluorescence intensity is affected by environment polarity and
tends to increase with solvent exposure and decrease with base stacking. Accordingly, the
overall fluorescence changes upon small molecule interaction in the proximity of the

fluorescent modified base.
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Mass Spectrometry

Electrospray ionization mass spectrometry (ESI-MS) is another useful technique for the
characterization of non-covalent interactions between native DNA structures and small
molecules*>®l, The studies are carried out using negative ion polarity in the presence of
ammonium acetate buffer. Low source and capillary temperatures and low acceleration
voltages in the transfer optics prevent disruption of the non-covalent interactions. Even
though the actual measure is carried out in the gaseous phase, the qualitative results
obtained are consistent with the interaction in solution. From a simple titration, with minimal
sample consumption, it is possible to determine both the stoichiometry and the binding
constant. Also, the selectivity for quadruplex DNA can be easily obtained by competition
experiments with ds-DNA or even with different quadruplex structures. Competition of the
compound under study with established ligands for the G-quadruplex can be used to assess

its binding mode. In addition, this technique can be used to investigate binding kinetics.

5-
1004 D

£
=
E
s »
2
‘® DL
=
®
2 D& D+

a (1] L

DLémm 5 DL mm

T DL DL, | DL*
0 t T Y T Y T . Y T ™ M/Z
1200 1400 1600 1800 2000 2200

Figure 27: Typical electrospray MS spectrum of a DNA (D) — ligand (L) mixture, showing the presence of three species D, DL
and DL, at three different charge states.
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1.2 DNA alkylation

Drugs that form a covalent bond with their target have been extensively studied by molecular
biology. For instance, a number of irreversible inhibitors targeting specific enzymes have
been approved as treatments for diverse clinical indications and have made a major positive

impact on human health[*6%,

Since the initial application of such covalent modifications in early 1900’s, DNA has played a
central role in the range of cellular targets, and the use of alkylating agents to irreversibly
modify DNA nucleobases represents the oldest anticancer strategy*®!. In fact, nucleobase
alkylation is a genotoxic event as it affects basic cellular processes such as replication and
transcription!*®2l, In this section some general aspects of DNA alkylation will be introduced.
Among the various classes of electrophiles, the focus will be centred on last generation

alkylating compounds activatable by external stimuli.

1.2.1 Classical alkylating agents

Alkylating agents behave as electrophilic traps for macromolecular nucleophiles including
cysteine, lysine, tyrosine, and threonine amino acids, as well as DNA and RNA nucleobases.
The first report on DNA alkylation was the use of a nitrogen mustard in 1946%3, Following
this, many carbon electrophiles have been studied as antineoplastic agents, based on
nitrogen and sulphur mustards!*®¥, epoxides!*®®), N-nitrosoureas!*®®, triazenes!*®’], and alkyl
sulfonates*®8 (Figure 28). Besides not being included in the class of alkylating agents, cis-
platinum and related organometallic complexes!*®®! also found a wide application as DNA
covalent modifiers. Despite commonly being considered an irreversible event, DNA

alkylation could sometimes display a reversible nature even under physiological conditions.

Alkylating agents can be further classified as mono- and bifunctional (Figure 28). The latter,
which are also known as crosslinking agents, may react with two nucleobases within the
same DNA strand (intrastrand cross-link) or form a joint between complementary strands
(interstrand cross-linking, ICL). In general, the formation of ICL represents the most toxic of
all alkylation events as it prevents strand separation in a DNA double helix causing replication

stalling and subsequent double strand breaking!*’?!. Conversely, intrastrand cross-linking and
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simple DNA adducts are considered less cytotoxic damages and cellular repair machinery can

efficiently overcome most of them.
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Figure 28: Examples of some classical mono- and bifunctional alkylating or platinating agents. Schematic representation of
monoalkylation adduct with DNA nucleobases (e.g. (+)-anti-BPDE), interstrand crosslink (e.g. Cyclophosphamide) and
intrastrand crosslink (e.g. Cisplatin). The crosslinking backbones are shown in red.

Despite many reports successfully employing such covalent drugs, the lack of target
specificity and premature degradation has often represented a major drawback for the
therapeutic opportunities, limiting their development in discovery programs in the recent
past. To overcome this issue, a challenging but promising strategy may rely on the use of
masked electrophiles which require an “in situ” activation rather than intrinsically reactive
alkylating agents. Such electrophiles may be induced by heat, light or a chemical signal, thus
allowing a spatial and temporal control of the alkylation event upon application of an
external stimulus. Belonging to this family, Mitomycin C*7! is a crosslinking agent which is
activated upon enzymatic or chemical reduction of the quinone (Scheme 13), while psoralens
(e.g. 8-MOP) owe their crosslinking ability to the presence of two double bonds that can give

rise to [2+2] photocycloadditions upon UV irradiation!*”2],

z A\

0“0 o
OCH,

Mitomycin C 8-MOP

Scheme 13: Two masked DNA alkylating agents activated by reduction and light stimuli respectively.
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1.2 DNA alkylation

Daunomycin NH2

Scheme 14: Proposed mechanism for the observed DNA alkylation by anthracycline derivative Daunomycin.

Similar to Mitomycin C, the anticancer activity of some natural occurring anthracycline
derivatives has been related to the generation of alkylating intermediates by bioreduction in
vivo and subsequent elimination of the amino-sugar functionality (Scheme 14)1731, Inspired
by these electrophilic Michael acceptors, which can be generated by elimination reactions
from phenolic systems, several groups have focused their attention towards the use of

reactive quinone methides to accomplish smart DNA alkylation.

1.2.2 Quinone methides as masked electrophiles

Quinone methides (QMs) are very reactive intermediates in many chemical and biological
processes!*’4. Structurally they consist in a quinone analogue, in which one of the carbonyl
oxygens is replaced by a methylene group (Scheme 15). Not surprisingly, QMs reactivity
resembles that of a,B-unsaturated ketones, as they typically undergo nucleophile addition
at the exocyclic methylene group. However, QMs are far more electrophilic than other
Michael acceptors as a consequence of an enhanced charge separation character. The latter
can be explained considering that the zwitterionic resonance form is greatly stabilized by

aromatic conjugation.

OH
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Scheme 15: General structure of ortho- and para-QMs and their typical reactivity: as electrophile in conjugate addition and
as heterodiene in [4+2] cycloaddition (only o-QMs).
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More properly, the aromaticity gain in the conjugate addition is responsible for both the
thermodynamic driving force and fast reaction kinetics. Moreover, the ortho-QM isomer (o-

QM) can also be engaged in [4+2] cycloadditions with electron-rich alkenes to give chromans.

The high reactivity of quinone methides makes their isolation normally impossible, with rare
exceptions*7?!, In fact, their lifetime is usually no longer than fractions of a second, and even
in the absence of any nucleophile they tend to undergo self-reactions. Nonetheless, these
transient species were found to be involved in the biosynthesis of lignin!*7® and are useful
reaction intermediates in organic synthesis!*”” 178 Additionally, the reactivity of QMs have
also been exploited to create useful protecting groups!*’?! and self-immolative linkers*% to
make bioorthogonal ligations!*8%, and to achieve the alkylation of biological targets such as
proteins!*®? and nucleic acids!*®3]. This widespread applications account for the number of

studies available on QM generation and reactivity.

Concerning their generation from stable precursors, disparate mild protocols have been
successfully employed for both o- and p-QMs starting from stable ortho- and para- benzyl
substituted phenols*®4. Above all, the photochemical®®187l  fluoride!'81% and pH-
mediated™®®! procedures have been the most thoroughly applied (Scheme 16). Interestingly,
the generation of an intermediate phenolate anion seem to be a common key mechanistic
step. In the photochemical activation protocol, the formation of the phenolate is in fact
induced by excited state proton transfer either intramolecularly or solvent-mediated (ESIPT

and ESPT respectively).

OTBS
L= OAc 46
L= OH 43 ESPT L Br 47
NMe, 44
%M 2|® " o] E?IPT £©
& ™ k) «  TBSFA=L®
_H
OH 0" L o] pH>8 OH
37°C ®
saliNcalE Nl ons
HL ® o °©
MesNHI
s o-QM 45

Scheme 16: Activation protocols for the generation of 0-QMs: base catalysis, fluoride activation and photochemical
activation.
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1.2 DNA alkylation

While photogeneration of 0-QMs has been successfully achieved from benzyl alcohols (e.g.
43), Mannich base of phenols (e.g. 44) and their quaternary ammonium salts (e.g. 45),
potassium fluoride (KF) has been widely used as a non-physiological chemical trigger for the
generation of 0-QMs starting from O-(tert-butyldimethylsilyl) acetates or bromides (e.g. 46
and 47). Quaternary ammonium salts have also been used to generate 0-QMs by thermal

annealing in water under almost physiological conditions (38 °C and pH 7.8).

Notably, whichever the protocol employed, the electronic proprieties of the aromatic
precursor greatly affect the efficiency of QM generation*®?. In more detail, electron-
withdrawing groups (EWGs) have shown to strongly suppress QM formation, while electron-
donating groups (EDGs) facilitate it (Table 1). Moreover, direct comparison between 4- and
5-substituted 0-QMPs showed that the same group shows its maximum influence when it is
directly conjugated with the nascent exocyclic methylene. This behaviour reflects the
intrinsic electron-deficient nature of the QM intermediate. EDGs favour leaving group
detachment by weakening the benzylic bond, especially when directed conjugated with the
benzylic position. The opposite is expected for EWGs, for which a strengthening

hyperconjugation effect could be invoked.

Additionally, the substituent strongly affects the reactivity of the transient QM™% As
expected, EWGs greatly enhance QM electrophilicity and thus second order reaction rates

with nucleophiles. Conversely, EDGs lowers QM electrophilicity extending its lifetime.

Table 1: Effect of the aromatic substituents on the half-life time of 0-QMPs in water(*°2],

(o] OH
/\I . H0_ OH
K/O X X
Y Y
MA

o0-QMs Q
Qvip X Y QVIA T(°C) t1/2 (min)
48 COOMe H 53 100 stable
49 H COOMe 54 100 149
50 H H 55 50 115
51 H OMe 56 22 11
52 OMe H 57 22 4

51



1 INTRODUCTION

Since QM adducts (QMA) have a notoriously reversible nature!®3, the above-described
substituent effect has strong consequences on the stability of QM nucleophilic adducts. For
the same reasons, in fact, the presence of an EDG makes also the alkylating adduct
thermodynamically less stable. This translates into a faster rate of QM regeneration

eventually leading to easier reversion of the nucleophilic addition.

Rokita took advantage of reversible QMA formation to improve target specificity. The idea
relies on the conjugation of a QMP to an efficient sequence or structure recognizing
moiety*®*1%7] to push the reaction towards the thermodynamically favoured products. For
instance, a PNA-QMP self-adduct was successfully employed to obtain sequence specific

DNA alkylation (Figure 29).

o-1BS
HO

S
AcO F~ TBSF

Figure 29: Possible equilibria controlling target-specific alkylation of a PNA-QMP conjugate. PNA sequence is shown in black,
ss-DNA is represented in red.

Although reversible alkylation can be advantageous to overcome kinetic traps that limit both
potency and selectivity of alkylating agents, sometimes it might pose some hurdles. In fact,

detection and structural characterization of the primary adducts with the target could be
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1.2 DNA alkylation

very challenging. Moreover, their potency as DNA alkylating agents may be easily
underestimated due to the loss of metastable adducts during chromatographic and

electrophoretic separations or enzymatic digestions.

Recently, selective oxidation of QM-DNA adducts was proposed as a method to rapidly
quench their reactivity and prevent QM regeneration™®8!. As the resulting derivatives persist
through standard enzymatic digestion, chromatography, and mass spectral analysis, this
method would allow the observation of the kinetic products, those which are responsible for

inducing the first cellular response.

Besides the widely used protocols described so far, the activation of QMs by means of
oxidative and reductive methods have also been reported. In particular, Zhoult® 200
successfully achieved o-QM generation under mild oxidative conditions starting from phenol
selenides (e.g. 58), through spontaneous decomposition of the corresponding selenoxide 59
(Scheme 17). Moreover, Peng!?°!l exploited the oxidation of arylboronic ester derivatives
(e.g. 60) for the release of reactive QMs in the presence of H,0,, a stable ROS that is
commonly present at higher level in oxidatively stressed cancer cells?%?l, Oxidation of the
carbon-boron bond, followed by hydrolysis of the borate 61 under physiological conditions,
leads to the precursor 62 which spontaneously decomposes to yield the corresponding o-

QM.
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Scheme 17: Oxidative methods towards the generation of 0-QMs starting from selenides and arylboronic esters.

Conversely, Freccero?%! designed the NDI-QMP conjugate 63, which act as an activatable

precursor of the bis-alkylating agent 64 under reductive conditions (Scheme 18). In fact,
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naphthalene diimide derivatives are known to be easily reduced to their radical anion2°4,
The resulting switch of the NDI electronic proprieties, from strongly electron-poor (63) to

electron-rich (637), is thus reflected on the activation of the QMP reactivity.

OH

NMej

Na28204
SO

OH OH (e}
63 63 64

Scheme 18: Reductive activation process for the generation of NDI-QM conjugate 63~. While NDI behave as an electron-
withdrawing substituent disfavouring QM generation, its electron-rich radical anion triggers it.

1.2.3 Photochemically generated QMs

Photogeneration of QMs was first achieved by photolysis of benzyl alcohols*®>! and their
naphtho-derivatives?®®l, Detailed mechanistic studies showed that the dehydration occurs
from the singlet excited state and is usually complete within a nanosecond®. It was thus
proposed that the excitation of o-hydroxybenzyl alcohols (e.g. 43 and 65) results in an excited
state intramolecular proton transfer (ESIPT) of the phenolic proton to the proximal oxygen
atom, provoking its detachment. In fact, phenols and naphthols are known to be very strong
acids in their excited states, and can even undergo proton transfer to poorly basic sp?

carbon(206: 2071

Moreover, intramolecular hydrogen bond between negatively charged
phenolate oxygen and the benzylic hydroxy group further enhance S; acidity (Scheme 19).
Following proton transfer, polar or ionic intermediates are therefore to be expected.
Notably, benzylic alcohol displays good propensity to lose a hydroxide ion or a water
molecule, whereas it is reluctant to form a hydroxyl radical. This is clearly the opposite

situation with respect to other leaving groups such as halides and acetate, which tend to be

homolytically cleaved upon irradiation.
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1.2 DNA alkylation

In the case of p-QMPs (e.g. 66) the distance between the phenol and the hydroxyl group is
too large to undergo ESIPT, and although excited state proton transfer (ESPT) can occur in
the presence of a protic solvent, the efficiency for the p-QM photogeneration is often much

lower(18>, 2081

QL QL ”
OH OH OH OH
Phenol 43 2-Naphthol 65
pKa* = 3.6 pKa*=2.5 pKa* =2.8 pKa*=10.8
* *
®_H
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y | — I s
OH O’H 0~ H,0 o
S)
43 o-QM
OH OH * HO-—--H20 *
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OH o H@ o@ oH® o)
66 p-QM

Scheme 19: Measured pKas for phenol and naphthol prototype systems in their excited state!?°®212, and mechanism of
photogeneration of o- and p-QMs from benzylic alcohols.

Following studies showed that QMs can also be generated by photochemical elimination of
amines from o-hydroxybenzylamines!*8® 213 (Scheme 20). The advantage of such modified
functionalization is the enhanced water-solubility of the resulting precursors. However, in
aqueous solution, the QMPs are not merely present as a neutral species, but protonation
equilibria are in place. In these conditions, Basari¢ reported that the zwitterionic form of the

Mannich base is the most photoreactive species?!3],

Subsequently, quaternary ammonium salts of phenolic Mannich bases were shown to be
better and preferable QMPs (Scheme 21), since they display an increased generation
quantum vyield (®r = 0.98 for 45 vs ®r = 0.23 for 43 in 1:1 aqueous ACN), a much higher
solubility in water, and neglectable nucleophilicity!*®Y. This last feature prevents the

undesired nucleophilic attack of the precursor on the newly generated QM.
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Scheme 20: Mechanisms of 0-QM photogeneration from Mannich base 44 in organic solvents via ESIPT. In water, this
mechanism is no longer available and the most reactive species is the zwitterionic 44*%, which does not need any proton
transfer.
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Scheme 21: Mechanisms of 0-QM photogeneration from quaternary ammonium salt 45. In the case of 0-NQMPs, formation
of naphthoxete 69 precedes 0-NQM generation when the leaving group is water or an alcohol.

Naphthoquinone methide precursors (NQMPs) display an almost identical behaviour, both
in terms of photogeneration and subsequent NQM reactivity. In fact, the rate of the addition
of various nucleophiles to 0-NQMs is close to that of the parent 0-QMs. The only remarkable
difference was the observation of naphthoxete 69 as a kinetic precursor of 0o-NQMs when

the leaving group is an alcohol or water?%! (Scheme 21).
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1.2 DNA alkylation

The possibility to photogenerate QMs from this type of precursors has attracted a great deal
of attention for its postulated application in a biological context. In fact, most of the reported
generation protocols require the use of a chemical additive for in situ activation of the
reactive species (e.g. fluoride or a redox active reagent). Conversely, the photogeneration of
QMs does not require any additive, hardly supplied in the cellular environment. Besides
water solubility, though, one of the basic prerequisite for such cellular applications is the
presence of an absorption band at wavelengths higher than 350 nm to prevent light-induced
direct or sensitized DNA damage. However, this is not trivial, as the prototype o- and p-QMPs
(43 and 66) exhibit negligible absorptivity above 300 nm. A proposed strategy to address this
issue is to extend the system conjugation. In fact, naphtho-12*4, byaril-?'>217] and binol-

QMPs!214,218-2201 4| display a reasonable absorption above 350 nm (Scheme 22).

In particular, o-binol-QMPs (0-BQMPs) can be photoactivated upon irradiation at
wavelengths as high as 360 nm. The resulting bis-QM can react twice and produce promising
DNA crosslinking. Various versions of these 0-BQMPs were prepared encompassing alcohols
(70), Mannich bases (e.g. 71), quaternary ammonium salts (e.g. 72), amino acids and amino
esters (e.g. 73) functionalizations!?*® 2291, Besides displaying all remarkable photoreactivity,
amino acids and amino esters containing precursors exhibited photocytotoxicities

comparable to psoralens in human colorectal adenocarcinoma cell lines (ICs0=130-230 nM).
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Scheme 22: Structure of some mono- and bifunctional QMPs employed as DNA photoalkylating and crosslinking agents.

Similar absorption proprieties and reactivity were displayed by biphenyl?¢! and bipyridyl?*3]
bis-0o-QMPs (e.g. 74), which could again effectively react to bis-alkylate nucleophiles of

interest.
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Mono- and bi-functionalized para-naphtho-QMPs (p-NQMPs) were also reported to be
activated at wavelengths higher than 350 nm. Despite ESIPT is not available in contrast to
the previous examples, these derivatives (e.g. 75 and 76) showed pretty high photoreactivity
and promising alkylation of single- and double-stranded DNA with significant purine

selectivity!24l.

1.2.4 QM detection

Laser flash photolysis (LFP) spectroscopy is the technique of choice for studying light-induced
fast chemical processes such as the formation and the reactivity of short-living transient
species?. In flash photolysis experiments a short but intense laser pulse initiate the
formation of transient species, which is usually accompanied with a change of the sample
optical density (AOD). This change is spectroscopically monitored by measuring the
transmittance of a probe beam before and after the laser excitation (Figure 30). Particularly,
in nanosecond LFP the experimental time-scale is limited by the pulse duration (about 2-10
ns) and the stability of the electronic/optical components (few tens of ms), making it a
suitable technique to detect quinone methides, triplet excited states, radicals, carbenes and

so on.
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Figure 30: (left) Typical LFP system configuration and (right) instrumental output.

The LFP instrumental output is normally a plot of AOD versus time at a given probe
wavelength. Transient spectra are then obtained by collecting time-resolved traces at

different probe wavelengths, and extracting the signal at a given time from each of them.
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1.2 DNA alkylation

The direct information that could be gathered from these time-resolved measurements is
the kinetics of the formation and decay processes. In mostly all the cases, the former occurs
in the ps-ns time-scale, and could only be detected with a picosecond LFP system. The
simplest situation often encountered in nanosecond LFP is an instantaneous raise of signal
contextually to the pulse and the observation of a slow decay, with the signal that might or
might not be returning to the preexcitation level (e.g. by formation of stabile photoproducts
or photobleaching). A first or pseudo-first order kinetics is generally observed, since even for
many second-order reactions the concentration of the reactive intermediate lies in the
micromolar range, while that of the molecule with which it reacts is several orders of
magnitude larger. In this context, the effect of different quenchers could add a better insight
on the nature of the transient species and its reactivity. For instance, a faster rate of transient
consumption in the presence of molecular oxygen is a typical feature of triplet excited states,
which are sensitive to T-T annihilation. Conversely, quenching by nucleophiles (such as a
thiol) is characteristic of a highly electrophilic species, while quenching by an electron-rich
dienophile (such as ethylvinylether) is normally associated with the generation of a quinone

methide.

Finally, quantum yields of formation could be derived from nanosecond LFP measurements.
For equal laser delivered energy (normally 5-25 mJ per pulse), in fact, the signal right after
the pulse is proportional to the product of the quantum yield of formation times the
extinction coefficient difference between the transient and its precursor. As a consequence,
when structurally related species are compared, assuming a roughly similar transient
extinction coefficient would imply that the initial AOD is only proportional to the quantum

yield of transient formation.
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Aim of the Thesis

The importance of G-quadruplex structures in telomere biology, transcription regulation (of
cancer genes) and genomic instability has been established by a broad range of corroborating
evidences. Moreover, their presence in precise genomic loci has been proposed to be a result
of an evolutionary selection process, suggesting that they may feature fundamental genomic
regulatory switches. Their central role in phenotype expression has stimulated strong efforts
to develop selective G4-targeting small molecules for the treatment of cancer and genetically

mediated diseases®”- 2221,

Even though they share some common structural features, G-quadruplexes exhibit a notable
polymorphism, making sequence and structure recognition theoretically possible. Still,
topological selectivity is not achievable by the ordinary and wide accepted stacking
recognition, since the external G-tetrads are ubiquitous and their well-defined structure
cannot be a discriminating factor, thus making the selectivity issue a very arduous task.
Recently, telomestatin derived non-macrocyclic oligo-heteroaromatic compounds have
shown to preferentially bind some topology, suggesting that the recognition process might

be associated with a groove binding mode(*8],

G-Quadruplex reversible binders
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Figure 31: Conceptual design of water-soluble heptacyclic compounds as G4 selective binders.

The first purpose of this thesis is to further inquire the still unexplored field of oligo-
heteroaromatic ligands by extending the available studies with a new family of water-soluble
heptacyclic compounds (Figure 31). The development of a straightforward reliable and
flexible synthetic protocol is of particular importance. The structural elements needed for
good in vitro affinity need to be investigated by thoughtful substitution of strategic atoms.

Additionally, the introduction of an easily tetherable functional group is convenient for
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engineering conjugated molecular tools exploiting the targeting proprieties of the new G4
ligand. Finally, elucidation of the binding mode would be desirable in view of further scaffold

optimization.

As extensively depicted(t31, 135 136]

, the formation of a covalent link would add a major
contribute to the compute of the overall energetics of G4 binding. The higher stabilization of
the quadruplex structure might in turn improve the related biological effect. The poor
evidences available to date, however, do not allow to univocally prove the validity of such a
hypothesis. The unique advantage of creating covalent links in close proximity to a particular
genomic area of interest brought about by selective ligand interaction could be exploited to
obtain more defined cell imaging with negligible off-target blurring. Moreover, affinity
isolation of G4 structures forming within cellular genome could be achieved only after
formation of a strong covalent link between the targeted structure and the biotin affinity tag.

In this specific case, the alkylation process should ideally be reversible to enable the release

of the alkylated sequence after the pull-down.

For all these reasons, further investigation on targeted covalent modification of G-
quadruplexes are mandatory. In this context, phototriggerable electrophiles — and among
them quinone methide precursors — are convenient alkylating agents for biological
applications as they allow spatial and temporal control over their tethering activity.
Moreover, the intrinsic reversibility of light-induced QM generation could allow trap and
release of the G4 structure depending on the conditions (e.g. release under simultaneous

denaturing and competition trapping).

The second aim of this thesis is the synthesis of water-soluble extended aromatic compounds
embedding two or three QMPs as a strategy to obtain selective G4 recognition and anchoring
and avoid off-target migration related to the reversible nature of QM adducts (Scheme 23).
To address the issue of preventing potential direct or sensitized target photodamage, it is
essential to develop QM precursors activated by near UV-visible light (above 350 nm). Direct
thymine-thymine cross-linking occurs below 310 nm, while UVA radiation acts indirectly by
photosensitization reactions producing ROS??3. Red-shifted absorption with respect to
ortho-benzoquinone methide precursors can be achieved by electronic conjugation.

Concerning this aspect, preliminary studies are needed to investigate the photoreactivity of
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extended conjugated prototype systems in order to find the optimal structural features that
maximize QM generation. Two strategies should be considered, taking into account that the
putative ligand should be an extended V-shaped planar aromatic compound: (a) substitution
of ortho-QMP with an arylethynyl moiety and (b) exploitation of a naphtho-QMP system.

Substituent effects must also be considered in the attempt of tuning their reactivity.

Subsequently, the rational design and the synthesis of water-soluble V-shaped putative G4
ligands embedding two or more red-shifted QMP systems must be accomplished. Affinity as
reversible binders needs to be first evaluated to assure effective non-covalent interactions
with the target and selectivity over duplex DNA. Furthermore, the photoreactivity towards
G4 nucleic acids must be assessed. The fraction of alkylated oligonucleotide should be
quantified and optimized by varying the compound loading and the irradiation time. Finally,
retention of selectivity over ds-DNA during the alkylation process should be checked.
Thermal reversibility of alkylated DNA adducts has to be examined to establish the actual
formation of a stable covalent bond. Identification of the alkylation site would also provide

insights on the actual binding site and mode of the ligand.

G-Quadruplex photo-alkylating agents
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Scheme 23: Schematic route towards the development of selective G4 photoalkylating agents.
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2.1 Heptacycles for selective G4 targeting

Inspired by the remarkable biological activity and the unique selectivity for G4 structures of
telomestatin, a number of synthetic analogs have been designed. Based on the previous
works of Teulade-Fichou*!#1291 gpen form of macrocycles represented a valuable choice,
not only because low yield cyclization process can be avoided, and a symmetric synthesis can
be used as well, but mainly because the flexible oligoaryl system has been recognized as an

important structural element conferring high topological selectivity.

Following the previous efforts made in recognition of the structural elements controlling
target recognition, changing the nature of the six-membered rings has not been a matter of
thorough investigation yet. In particular the potential role of the three pyridine nitrogen
atoms as hydrogen bond acceptors and coordination sites needs to be clarified. Additionally,
by analogy to the observed beneficial effect in BOxaPy and BOxAzaPy families, evaluation of

the effect of cationic side-chains addition on the heptacyclic scaffold is compelling.

In this section, the synthesis of water-soluble heptacyclic oligoaryls will be shown. 1,2,3-
triazoles will be proposed as a convenient alternative to the lateral 1,3,4-oxadiazole rings.
Hence, the synthetic versatility will be exploited for the smooth preparation of carbo-
analogues and the incorporation of an aromatic primary amino group for further scaffold
derivatization. The in vitro G4 stabilization of the new family of oligo-heteroaromatic
compounds will be evaluated by FRET-melting, CD-melting and FID biophysical assays to
establish the best performing scaffold. Furthermore, MS competition experiments will be

presented as an evidence to support some conclusions on the binding mode.

2.1.1 Facile synthesis of a water-soluble heptacyclic ligand

Despite the number of methods available for the synthesis of substituted 1,2,4-
oxadiazoles!??42?7] fairly low reaction yields were commonly associated with the synthesis of
bifunctional oligoaryl systems!*®! as a consequence of the relatively drastic reaction
conditions needed for the ring closure step. Therefore, substitution of the terminal 5-
memered rings in the heptacyclic scaffold with 1,2,3-triazoles was a highly agreeable choice

(77). Copper(l)-catalyzed 1,3-dipolar cycloaddition between azides and terminal alkynes has
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widely been used in the recent literature!??®! as a click reaction as it affords with high yield
and regioselectivity 1,2,3-triazoles. Besides its huge scope, the reaction is compatible with
water media, proceeds under mild reaction conditions and is orthogonal to most functional
groups. Moreover, both oxadiazoles and triazoles are well known farmacophores!??®! in
medicinal chemistry for their thermal and chemical stability in water, the presence of several
heteroatoms that can be involved in coordination events, and the absence of protonable

nitrogens at physiological conditions.

Such a modification also allowed the addition of cationic side-chains at the two extremities
to improve water-solubility and target affinity, by means of ready available aminoalkyl azides
(Scheme 24). By analogy with the alternating 6- and 5-membered rings oligomeric scaffolds
already described (e.g. TOxAzaPy), an internal plane of symmetry was maintained in order

to simplify the overall synthetic process.

TOxAzaPy

Scheme 24: Design of a water-soluble symmetric heptacyclic scaffold with a simplified synthetic approach, inspired by the
known TOxAzaPy structure.

According to the recommended disconnection of 5-membered rings, retrosynthetic analysis
of 78 leads to two alternative pathways (Scheme 25). The choice of first disconnecting central
1,2,4-oxadiazoles reflected the convenience of a more convergent synthetic process.
Maximizing symmetry reduction in early retrosynthetic steps was highly recommended as it
minimized the number of bifunctional reactions, which intrinsically involve lower yields. As
thoroughly described in the literature®*®, the 1,2,4-oxadiazoles could be formed by
condensation between a carboxylic acid (or activated derivatives) and an amidoxime

followed by intramolecular cyclodehydration, oxidative condensation between an aldehyde

68



2.1 Heptacycles for selective G4 targeting

and an amidoxime, or 1,3-dipolar cycloaddition between a nitrile oxides to a nitrile. The latter
had to be avoided due to the self-oligomerization of the bifunctional reagent?3!l. The choice

of election was, therefore, the condensation of the amidoxime 79 on the carboxylic acid 80.
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Scheme 25: Retrosynthetic analysis of 78. Disconnection (a) is more simplifying than (b).

Following the retrosynthetic analysis, amidoxime 79 was obtainable from nitrile 83, which
was commercially available (Scheme 26). Carboxylic acid 80 was disconnected along the
triazole, through a CuAAC disconnection, to yield azide 82 and alkyne 85. Both the

compounds were ready obtainable from commercially available halides 84 and 86.
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Scheme 26: Retrosynthetic analysis of building blocks 79 and 80.

Based on previous reports!*®, diamidoxime 79 was obtained from pyridine-2,6-
dicarbonitrile (83), by addition of two equivalents of hydroxylamine in 1:1 aqueous ethanol
(Scheme 27). Precipitation of the rather insoluble diamidoxime simplified the work up. In
parallel, azide 82 was obtained as its hydrochloride by nucleophilic substitution of the

corresponding alkyl chloride 84 with sodium azide, in the presence of catalytic Nal?32,
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Scheme 27: Synthesis of water-soluble heptacyclic oligo-heteroaryl 78. (a) NH,OH-HCl, Na,COs, EtOH/H,O0, rt, 16 h (yield:
78%); (b) NaNs, H20, 80°C, 16 h (yield: 91%); (c) Pd(PPhs).Cl> 2%, PPhs 4%, Cul 2%, iPr.NH, TMS-CCH, PhCHs, 80°C, 1 h (yield:
92%); (d) K2COs, MeOH, rt, 2 h (yield: 87%); (e) 82-HCI, CuSO4-5H0, sodium ascorbate, H,0/t-BuOH, rt, 24 h (yield: 90%); (f)
K2COs, THF/H,0, reflux, 2 h; (g) HCI, H20 (yield over 2 steps: 98%); (h) CDI, 79, DMF, rt, 16 h; (i) K.COs, DMF, 60°C, 2 h (yield
over 2 steps: 34%).

Sonogashira cross-coulping between methyl 6-bromopicolinate 86 and
ethynyltrimethylsilane in toluene, and subsequent TMS protecting group removal upon basic
methanolysis!?33!, smoothly allowed the introduction of a terminal alkyne at the right position
(85 via 87). Notably, low catalytic loading was sufficient as only 2 mol% of both Pd and Cu
were used. The cross-coupling was performed on the methyl ester, as the carboxylic acid is
usually not tolerated!®®¥. Surprisingly, trimethylsilyl group removal with fluoride (TBAF) in
anhydrous THF afforded 85 in nearly 40% yield only, while more than a 2-fold improvement

was achieved by basic methanolysis.

The CuAAC reaction between 85 and 82 was performed in aqueous tert-butanol to dissolve
both reagents and catalyst, and cleanly afforded methyl ester 88. Subsequent basic

hydrolysis and acidic work up yielded amino acid 80, as its hydrochloride, quantitatively.

Condensation between amidoximes and carboxylic acids are achieved upon activation of the
acid with the usual protocols and coupling reagents commonly employed in peptide
chemistry. Although acyl chlorides!?*®], mixed anhydrides?3®), and activated esters??! have

been widely used for the scope, the imidazolide!®?®! was chosen in this case due to both
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proper reactivity and reagent inexpensiveness. Thererfore, carboxylic acid 80 was activated
in situ with 1,1’-carbonyldiimidazole (CDI) and reacted with diamidoxime 79 in DMF to yield
the intermediate bis-O-acyldiamidoxime 89 (Scheme 28). Eventually, one-pot addition of
catalytical K2COs and heating at 60°C yielded ring closing dehydration to the desired

heptacyclic compound 78.
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Scheme 28: Structures of the intermediates 89-92 identified in the steps (h) and (i) in Scheme 27.
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Figure 32: Superimposed HPLC chromatograms relative to steps (h) and (i) in Scheme 27.

Optimization of the aforementioned condensation/cyclodehydration reaction started with
the identification of the intermediates 89-92 in the reaction mixture (Figure 32). One-pot

base promoted cyclodehydration proved to be the best alternative in terms of final yield.
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2.1.2 Structural variations in the heptacyclic scaffold

The aforementioned synthetic process was designed to be convergent and highly flexible, an
important feature which is frequently exploited in medicinal chemistry to easily implement
single structural modifications and quickly screen different combinations of those elements.
This approach was used to investigate structural variability in the nature of the 6-membered
rings, as no evidence proving or disproving the involvement of pyridine nitrogen in G4

selective targeting for this class of open-chain oligo-heteroaryl ligands was available yet.

a
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Scheme 29: Synthesis of carbon analogue building blocks 94 and 99. (a) NH,OH-HCI, Na,COs, EtOH/H-0, reflux, 16 h (yield:
78%); (b) Pd(PPhs).Cl, 2%, Cul 1%, EtsN, TMS-CCH, ACN, 50°C, 24 h (yield: 88%); (c) K2COs, MeOH, rt, 2 h (yield: 86%); (d)
82-HCl, CuSO4-5H,0, sodium ascorbate, H,0/t-BuOH, rt, 24 h (yield: 95%); (e) K.COs, THF/H,0, reflux, 24 h; (f) HCI, H0 (yield
over 2 steps: 97%).

The carbon analogue building blocks were synthesized following the same synthetic scheme
with some adaptations for the reaction conditions (Scheme 29). Therefore, benzene-1,3-
diamidoxime (94) was obtained from commercially available isophtalonitrile (93), by addition
of two equivalents of hydroxylamine in aqueous ethanol?3”], Substitution of electron-poor
pyridine wit benzene lowered the electrophilic nature of the nitrile, thus requiring heating at

the reflux temperature for 16 hours for the reaction to be complete.

Analogously, terminal alkyne 97 was obtained through Sonogashira cross coupling on aryl
bromide 95, following a published procedure(?3®], and subsequent basic methanolysis of the
TMS-protected alkyne 96. Hence, basic hydrolysis of methylester 98, which was obtained by
CuAAC with 82-HCI, afforded amino acid 99. Despite the latter reaction was performed under
the same conditions described for compound 88, the reaction rate was much lower,

reflecting the lower electrophilicity of benzoate with respect to picolinate.
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The synthesis of the three carbon analogues 100-102 was obtained by the right combination
of building blocks (Scheme 30). Again, the substitution of pyridine with benzene had strong
impact on the cyclodehydration step. Apparently, the most important feature controlling this
step was the nature of the group X (Scheme 30), considering that if X = N (78 and 101) the
ring-closing reaction proceeded smoothly, while if X = CH (100 and 102) long reaction times
were necessary (48 and 96 hours respectively). Such a marked effect was explained in terms
of electrophilicity of the carboxylate and, to a lesser extent, nucleophilicity of the nitrogen in
the O-acyl-amidoxime. In fact, benzene (X = CH) consistently lowers the electrophilic nature
of the carboxylate and therefore its reactivity; conversely, benzene itself (Y = CH) has only a
slight effect on incrementing the nucleophilic nature of the nitrogen in the amidoxime.
Overall, the worst combination of diamidoxime 79 and carboxylic acid 99, led to at least a
50-fold decrement of reactivity in the base promoted cyclodehydration. Unfortunately, if the
temperature was raised, an increment in side-products formation was observed as a
consequence of competing amidoxime hydrolysis, diacylation of the intermediates and DMF

decomposition.
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Scheme 30: Synthesis of heptacyclic carbon analogues 100-102. (a) CDI, DMF, rt, 16 h; (b) K.COs;, DMF, 60°C, 2 h—4 d (yields
over 2 steps: 30-40%). Intramolecular nucleophilic attack of O-acyl-amidoxime on carboxylate is shown.

Though the designed synthesis leads to symmetric oligoaryl ligands, desymmetrization would
be theoretically possible, even though the number of possible derivatives would escalate

rapidly.
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Since direct comparison between TOxAzaPy and heptacycle 78 in vitro affinities for their
target would have not allowed the discernment between the effect of the cationic side-
chains and that of the triazole for oxadiazole substitution, the synthetic protocol was used

to obtain heptacycle 103 (Scheme 31), which was missing the cationic pendals.

Considering that low molecular weight alkylazides are not stable and hazardous, a modified
protocol®3®! was exploited for the synthesis of N-methyl-triazole 104, consisting on in situ
generation of methylazide and subsequent copper (l) promoted cycloaddition with alkyne97
(Scheme 31). Hydrolysis of ester 104 afforded the carboxylic acid 105. Condensation with
diamidoxime 94 and cyclodehydration under the usual conditions afforded the desired
product, which precipitated as a white solid in the reaction vessel. The rather impressive
insolubility of the heptacyclic compound in both polar and non-polar solvents, including
aromatic ones, complicated its characterization. Eventually, NMR analysis of 103 was
achieved in deuterated trifluoroacetic acid (CF3COOD). Indeed, the very low solubility of 103
in polar aprotic solvents, which become neglectable in water (< 107 M), made impossible its

employment in biological assays.
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Scheme 31: Synthesis of heptacycle 103. (a) Mel, NaNs, Cu, CuSOs, H20/t-BuOH, MW, 125°C, 10 m (yield: 39%); (b) K2COs,
THF/H-0, reflux, 16 h (yield: 98%); (c) CDI, 94, DMF, rt, 16 h; (d) K.COs, DMF, 60°C, 8 h (yield over 2 steps: 49%).

103

2.1.3 Heptacyclic scaffolds adapted for conjugation

The simplest selective molecular tools commonly exploit the conjugation of a vector, that is
a target specific recognition unit (e.g. a ligand or a substrate selectively targeting a DNA
structure or a protein), with one or more functional tags (e.g. a fluorophore, biotin, an

alkylating agent, a radionuclide, a secondary recognition unit). The assumption on which
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such engineered tools rely is that each module does not affect the function of the other. This
is commonly guaranteed by proper separation in space by the interposition of spacers of
appropriate length. Certainly, to create conjugates on a preformed scaffold it is mandatory
the presence of a reactive functional group for derivatization under conditions orthogonal to
any other functional group already present. Conveniently, such a functional group should be
inserted during the latest stages of compound synthesis, or be protected to prevent it from

interfering.

In this specific case, to exploit the targeting proprieties of the heptacyclic scaffold, both or
one of the terminal side chains might be replaced with a suitable unit, through CuAAC
reaction with the corresponding azide. However, this approach would have needed the
addition of protecting/deprotecting steps, since triazoles synthesis preceded oxadiazoles
formation. Instead, to fully exploit the power and versatility of the synthetic design described
so far, an aromatic primary amino group was introduced in the central 6-membered ring.
Conveniently, this rather nucleophilic group was not interfering with the synthesis of the

heptacyclic derivative since it was masked as a nitro-group.

By adaptation of a known procedure* commercially available dimethyl 5-
nitroisophthalate (106) was converted into isophthalonitrile 108 by amidation with ammonia
and subsequent dehydratation of the intermediate diamide 107 with trifluoroacetic
anhydride (Scheme 32). Subsequent addition of hydroxylamine was effective at room
temperature and afforded diamidoxime 109 in 71% yield over the three steps. Compared to
isophthalonitrile (93), for which the reaction was effective only at reflux temperature, the
added nitro substituent had an enhancing effect on the addition of hydroxylamine. The
increased electrophilic nature of aryl cyanides was in fact comparable to pyridine-2,6-

dicarbonitrile (83).

NO, NO, NO, NO2
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Scheme 32: Synthesis of the NOz-containing building block 109. (a) NHs, MeOH, rt, 16 h (yield: 94%); (b) trifluoroacetic
anhydride, EtsN, THF, rt, 3 h (yield: 87%); (c) NH,OH-HCl, Na,COs, EtOH/H,0, rt, 16 h (yield: 86%).
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The synthesis of nitro-substitued heptacycles 110 and 111 was obtained by condensation
and ring-closing dehydration of diamidoxime 109 with carboxylic acids 80 and 99, under the
same reaction conditions described above. Eventually, the nitroaryl was effectively reduced

with SnClz in ethanol to afford the NH2-substituted heptacyclic compounds 112 and 113.
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Scheme 33: Synthesis of substituted heptacyclic oligo-heteroaryls 110-113. (a) CDI, DMF, rt, 16 h; (b) K.COs;, DMF, 60°C, 2 h
—4d (yields over 2 steps: 30-45%) (c) SnCl,, HCI, EtOH, reflux, 6 h (yield: 82-86%).

Accordingly, further scaffold derivatization has been proved to be possible by exploiting the
reactive primary arylamine, e.g. by peptide bond formation with a carboxylic acid

counterpart.

2.1.4 Biophysical binding assays towards G4 structures

Remarkably, all the compounds in the family benefited of the two tertiary amine side-chains
in terms of solubility in water under physiological conditions (.ca 102 M). This feature
differentiated them from all the known non-macrocyclic oligo-heteroaromatic G4 ligands
and could be a fundamental advantage in terms of drug bioavailability and permeability to

cell and nucleus membranes.

To screen the in vitro affinity of the heptacyclic compounds for quadruplex DNA, FRET-
melting assays were first performed on three GA4-folding sequences, namely human

telomeric F21T and HIV-1 viral quadruplexes LTRIIl and LTRIV. The data, summarized in Figure
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33, agreed with the assignment of good though not exceptional binding affinity to the new
scaffold. If compared to TOxAPy and TOxAzaPy heptacyclic analogues, the water-soluble
family exhibited similar and in some cases higher performances. Interestingly, the data
suggested a clear influence of the nature of the 6-membered rings on target affinity. In
particular, by replacing each pyridine with benzene the melting stabilization temperature
(ATm) decreased systematically. Moreover, the role of the central pyridine seemed to be

more important than the two side 6-membered rings (cf. 100 vs 101).
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Figure 33: FRET-melting stabilization temperatures of heptacycles 78, 100-102, 110-113 with three selected G4s (Human
telomeric F21T and viral retrotransposons LTRIII and LTRIV) and one ds-DNA control sequence (ds26). Conditions: DNA 0.25
UM, compounds 1 puM, LiCaco 10 mM (pH 7.2), LiCl 99 mM and KCI 1 mM (LiCl 90 mM and KCI 10 mM for F21T).

Notably, the change in the electronic distribution due to benzene for pyridine central ring
substitution was not accounting for the observed binding reduction, as the introduction of
strong electron-withdrawing nitro substituent in the benzene ring was negatively affecting
the affinity for quadruplexes (cf. 101 vs 110 and 102 vs 111). Conversely, electron-donating
primary amino group strongly improved the binding proprieties (cf. 101 vs 112 and 102 vs
113), which were substantially comparable to their pyridine-containing analogues (cf. 78 vs
112 and 100 vs 113). However, it was not clear the actual role of pyridine nitrogen and
primary amino substituents, and even a change in the binding mode could not be rule out.
Two main hypotheses have been proposed, in which the pyridine nitrogen was promoting

the coordination of a potassium ion and thus favoring the bent conformer and an end tetrad
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stacking binding mode, or the same atom could be involved in some specific hydrogen bond
within the target grooves. In both cases, the effect of the amino group in the carbon-
analogues was not consistent, hence a different stabilizing effect had been adduced in this

case, whether it resulted from electrostatic or hydrogen bonding interactions.

Overall, the central pyridine nitrogen seemed to be mandatory for getting high affinity, and
the only way to overcome its substitution with benzene was the introduction of an EDG
primary amine in position 4. An additive or synergistic effect is not to be neglected but
probing this hypothesis would have needed additional synthetic efforts since 2,6-
disubstitued-4-nitropyridines were not commercially available. Even so, such results were
encouraging on further exploring the structural variability. Conjugation of the scaffold with
functional moieties containing an acid group would be appealing even by exploiting the
carbon derivatives 112 and 113, as recently demonstrated by their N-acetyl derivatives,

whose ATm showed to be poorly affected!4Y,
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Figure 34: FRET-melting competition assay for heptacycles 78, 100-102, 110-113 and the human telomeric F21T sequence in

the absence and in the presence of double-stranded DNA competitor (ds26). Conditions: DNA 0.25 uM, compounds 1 uM,
ds26 0, 3, or 10 puM, LiCaco 10 mM (pH 7.2), LiCl 90 mM and KCI 10 mM.

Despite the two charged conformationally free side chains, which are usually associated with
unspecific electrostatic interactions with phosphate backbone, all the ligands showed little

interaction with double-stranded DNA (ds26 in Figure 33). A FRET-melting based competition
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assay with telomeric F21T sequence confirmed this finding, as little perturbation of the ATm

value was observed after addition of 100 base-pair equivalents of ds-DNA (Figure 34).

The CD spectra of two of the G4s used in the FRET-melting assay (hTel21 is the untagged
version of F21T) changed sensibly upon addition of the heptacyclic ligand 112 (Figure 35),
meaning that, as a consequence of guest accommodation, the host conformation was
altered. This is another typical signature of a strong binding interaction between a ligand and

the quadruplex that can overcome the loss of stability resulting from geometry distortion.
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Figure 35: Circular dichroic spectra of (a) hTel21 and (b) LTRIII G4 sequences before and after addition of heptacycle 112.
Conditions: DNA 4 uM, compounds 16 uM, LiCaco 10 mM (pH 7.2), KCI 100 mM.

To ensure that the observed raising of melting temperature as a consequence of G4
stabilization was not biased by the use of fluorophore modified oligonucleotides, melting
curves were independently obtained by means of circular dichroism measurements on the
unmodified DNA sequences (Figure 36) and overall confirmed the FRET-based data
mentioned above. Notably, the isothermal CD spectra in the presence of heptacyclic ligand
112 undoubtedly showed the formation of a small negative circular dichroic signal at 320—-
340 nm, which was decreasing upon melting (Figure 37a), that could not be coupled with any
electronic transition located in DNA nucleobases. Rather, the new CD signal was clearly
associated with a ligand absorption band and was arising from ligand—G4 interaction. The
induced-CD (ICD) could be extending far beyond 310 nm, being a significant contribute to the
observed decrease in the absolute value of the peak centered at 284 nm (Figure 37a). This

evidence, however, could support both end stacking and groove binding modes.
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Figure 36: Isothermal CD spectra of LTRIII (a) before and (b) after addition of heptacycle 112. Melting curves obtained from
monitoring the change in the ellipticity at (c) 267 nm and (d) 289 nm (mean ATy, = 13.4 °C), normalized to the maximum value
assumed during the melting. Conditions: DNA 4 uM, compounds 16 pM, LiCaco 10 mM (pH 7.2), KCI 100 mM.
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Figure 37: (a) Enlargement of Figure 36b showing the induced dichroic signal on the ligand absorption band; ligand molar
absorptivity has been superimposed for a clearer comparison. (b) Comparison between the difference CD spectrum of LTRIII
in the presence and in the absence of 112, and the molar absorptivity of the ligand.
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Figure 38: FID titration assay of heptacycles 78, 100-102, 110-113 with five selected G4s (hTel, LTRIII, LTRIV, hTert, and myc)
and one ds-DNA control sequence (ds26). Conditions: DNA 1 uM, TO 2 uM, compounds 0-20 puM, LiCaco 10 mM (pH 7.2), KCI
100 mM.

Fluorescence intercalator displacement (FID) was used as a further G4 affinity screening
assay. The ability to displace thiazole orange, a fluorescent dye that intercalates in the DNA
and binds to G4 end quartets, was probed for all the synthesized heptacyclic compounds and

a panel of five G4 (Figure 38).

Remarkably, despite the good binding proprieties displayed in the FRET—-melting assays, poor
TO displacement was observed in every case, even upon addition of a large excess of ligand.
In the best cases, 60% of TO was displaced as plateau was reached and, even then, the
addition of 10 or more equivalents of ligand was required. Such behavior was markedly in
contrast with the almost quantitative displacement observed with effective end stackers
(e.g. PhenDC3 and tetrasubstitued NDI 9) after addition of just 2 equivalents of ligand (Figure

39). Additionally, parallel myc quadruplex, which exhibits rigid and fairly accessible tetrads
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and hence should experience the higher TO displacement, was found to be one of the least

affected G4 structures.
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Figure 39: FID titration assay on reference tetrasubstitued NDI 9.

To gain a better perspective on the FID assay outcome, some TO-ligand competition
experiments with Pu24T (a variant of myc G4) were analyzed by soft ionization MS-
spectrometry. First, the mass spectrum of the sequence alone was registered in the negative
mode (Error! Reference source not found.). Formation of three stacked tetrads was ¢

onfirmed by the presence of two K* ions along the oligonucleotide sequence.
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Figure 40: MS analysis of neat Pu24T G4 sequence 2 uM. Conditions: H20/i-PrOH 8:2, HFIP 120 mM, TEA (pH 7.4), KCI 80 uM.
Legend: blue circle = myc. lon total charge is displayed.

82



2.1 Heptacycles for selective G4 targeting

Addition of an excess of TO was accompanied by the formation of G4—-TO complexes with
one, two and three molecules of guest (Figure 41). Coherently, the 3:1 complex was far less

abundant than the 2:1 and 1:1, and most likely arose from unspecific interactions.
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Figure 41: MS analysis of Pu24T 2 uM incubated with TO (a) 0 uM and (b) 16 uM. Conditions: H,O/i-PrOH 8:2, HFIP 120 mM,
TEA (pH 7.4), KCI 80 uM. Legend: blue circle = myc; orange diamond = TO. The ion total charge is displayed.

When the G4 was added with the heptacyclic ligands 110 or 100, formation of 1:1 and 2:1
complexes was observed, the 1:1 being the most abundant species in both cases (Figure 42a
and Figure 43a). As expected, when both TO and the ligand were mixed and incubated with
the quadruplex, more complicate spectra were obtained (Figure 42b and Figure 43b). Several
mixed complexes were formed along the already identified peaks associated to TO-G4 and
ligand-G4 complexes. Thus, by comparing the fraction of TO,-G4 which was bound by the
ligand for the different TOn-G4 complexes (Table 2), it was possible to establish that, despite
the binding sites for the heptacyclic compounds and thiazole orange are different (the
fraction is not dropping to O for either n=1 and n=2), the two ligands mutually affect each

other’s interaction with the G4 (cf. n=0 vs n=1 vs n=2).
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Figure 42: MS analysis of Pu24T 2 uM incubated with heptacyclic ligand 110 20 uM and TO (top) 0 UM and (bottom) 16 puM.
Conditions: H20/i-PrOH 8:2, HFIP 120 mM, TEA (pH 7.4), KCl 80 uM. Legend: blue circle = myc; purple hexagon = ligand;

orange diamond = TO. The ion total charge is displayed.
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Figure 43: MS analysis of Pu24T 2 uM incubated with heptacyclic ligand 100 20 uM and TO (top) O uM and (bottom) 16 uM.
Conditions: H,0/i-PrOH 8:2, HFIP 120 mM, TEA (pH 7.4), KCl 80 uM. Legend: blue circle = myc; purple hexagon = ligand;

orange diamond = TO. The ion total charge is displayed.
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2.1 Heptacycles for selective G4 targeting

Table 2: Fraction of TO,-G4 bound with heptacyclic ligands 110 and 100.

n 110 100
0 &/ (0 ) 0.83 0.42
1 &/&®) 0.79 0.30

N

&/ 6& 0.38 0.08

Interestingly, the binding of heptacycle 100 increased the affinity for the coordination of one
more K* ion (Figure 44), a feature normally ascribed to end stackers with a coordinating

cavity.
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Figure 44: Enlargement of peak at m/z = 1200 of Figure 43a, showing an additional K* coordination. Legend: blue circle = myc;
purple hexagon = ligand; yellow circle = K* ion. Proposed coordinating mode.

Overall, the data suggested a mixed binding mode where the ligand is more easily
accommodated in a different site with respect to the end tetrads, but could also worsen or
inhibit their access. A docking study performed on Pu24T and heptacyclic ligands 100, 110
and 112 supported this statement, as the energy minima were found to coincide with an
open conformer of the ligand which was accommodating one half of its oligoaryl structure
into one groove of the G4, while the second half was protruding on the top tetrad and

effectively hindering it (Figure 45).

The proposed substitution of pyridine with benzene aimed at understanding the role of those
nitrogen atoms in providing coordination, preferential geometry and electronic affinity with
the GA4. Even if their actual role still needs to be fully clarified, they do provide an important
recognition feature. The preliminary results are fairly encouraging into exploring the

potential of these new heptacyclic structures and the flexibility of the proposed synthesis.

85



2 G4 REVERSIBLE TARGETING

Figure 45: Docking of (a) 100, (b) 110 and (c) 112 with Pu24T (PDB: 2A5P), showing a mixed groove-loop binding mode. One
half of the heptacyclic scaffold is effectively hindering one end tetrad.

86
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G4 Alkylation






3.1 Conjugation and substituent effects on the

photogeneration of prototype arylethynyl o-QMs

An issue often encountered when considering the in vivo application of any photoactive
molecule is the need of long excitation wavelength (A = 350 - 400 nm), in order to limit
damage of the biological matrix through direct or photosensitized reactions!?*?l. The
thoroughly studied o-QMPs and p-QMPs systems display low absorptivity above 310 nm,
making them not suitable as photoactivable alkylating agents for biological applications. At
the current state of the art, few examples of systems capable of generating quinone
methides through excitation with light of such wavelengths have been reported. These
include naphthol derivatives?*4, BINOLs?'® 2201 pis-aryls?'%], anthrol?*3!, and naphthalene
diimidel3% 244 2451 QM derivatives. Interestingly, these mono- and bis-alkylating agents
exhibit similar and in some case higher photoinduced antiproliferative activity compared to
psoralenes. However, the observed efficiencies of photochemical generation of these QMs
are sensibly lower to those associated with benzo-QM derivatives, as demonstrated by their
generally good fluorescence. Yet, extended conjugation of the original ortho-benzo-QMP as
an alternative strategy to achieve the required red-shift has not been examined yet. In view
of exploiting QM-like electrophiles to design new G-quadruplex covalent binders and
considered that some of the best performing G4 reversible ligands (e.g. PDS®Y, pDCI’?,
PhenDC3®8], Cu-ttpy?*®!, Cbz-2Py**"l) benefit of a planar structure containing multiple
aromatic systems that can interact with the external quartets, or less frequently with the
grooves, it was interesting to investigate the effect of a conjugated aromatic moiety on

benzo-QMP photoreactivity.

In this section, the effect of several arylethynyl conjugated moieties on the photogeneration
of quinone methides from water-soluble Mannich bases and related quaternary ammonium
salts is presented. The aim of this study was understanding how the moiety position and
additional electronic substituents may affect the efficiency of o-QM generation in a
prototype system that can be adapted to an extended planar molecule. First, the synthetic
approach to the precursors will be presented. Hence, laser flash photolysis detection,

characterization of the transient QM species and reactivity studies will be shown. From the

89



3 PHOTOINDUCED G4 ALKYLATION

overall data, some general conclusions will be drawn on how the different structural features
act to tune the photoreactivity of the precursor. Moreover, the exploitation of less reactive
alkylating agents as singlet oxygen sensitizers will be proposed. Most of the data described

in this section have been published in Journal of Organic Chemistry?8,

3.1.1 Synthesis of arylethynyl QM precursors

To avoid any photoisomerization, typical in stilbenes!?*°! and azobenzenes!®*", that would
eventually lower the QM generation quantum yield, an alkynyl unit was chosen as an
electronically conjugating spacer between two aryl groups. Consequently, a library of 4’-
substitued 4- and 5-arylethynyl Mannich bases and quaternary ammonium salts have been
synthesized following a two steps protocol (Scheme 34), starting from the commercially

available p- and m-iodophenol 114 and 115.

L QO

114 116 *
X =H 118 X =H 127
F 119 F 128
OCHj,4 120 OCH,4 129
NMe, 121 NMes! 130
NO, 122 NO, 131
/@\ /@\/\ /©/ OH OH
OH
115 117 - 123 - 132
F 124 F 133
OCH; 125 OCHj,4 134
NO, 126 NO, 135

Scheme 34: Synthesis of 4- and 5-arylethynyl Mannich bases and quaternary ammonium salts 118-135. (a) PFA, NHMe; 33%
in EtOH, EtOH, reflux, 2 h (yields: 30-35%); (b) Pd(PPhs)s 3%, Cul 17%, TEA, rt, 2.5 h (yields: 70-94%); (c) Mel, ACN, rt, 24 h
(yields: 95-99%).
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3.1 Conjugation and substituent effects on the photogeneration of prototype arylethynyl o-QMs

These phenols were first converted into their Mannich bases 116 and 117, via a published
procedure?*!. Subsequently, the iodo-derivatives were coupled with commercially available
1-ethynyl-4-substitutedbenzenes through Sonogashira cross-coupling in neat triethylamine
(TEA) with Pd(PPhz)a (3% mol) and Cul (17% mol), providing derivatives 118-126 from good
to excellent yields (62-97%). The presence of free hydroxyl groups is hardly compatible with
the reaction conditions needed for Sonogashira cross-couplings; therefore, an additional
protection step is normally necessary for the reaction to take place. Yet, in the presence of
such Mannich bases, the cross-coupling was effective on the free phenol derivatives (116
and 117). Likely, this has to be ascribed to the formation of an intramolecular H-bond
between the OH and the amino moiety which ensures a self-protective effect. Methylation
of the tertiary amine was accomplished by treating with excess Mel in acetonitrile, and

quantitatively yielded the quaternary ammonium salts 127-135 (Scheme 34).

3.1.2 UV-vis absorption of QMPs

UV-vis spectra were measured in 1:1 aqueous ACN, showing bands maxima ranging from 285

nm to 348 nm (Table 3).

Table 3: Absorption maxima in ACN:H;0 1:1 of 4- and 5-arylethynyl Mannich bases and their quaternary
ammonium salts.

X L=NMez2 Amax (nm) L=NMes*l"  Amax (nm)

H 118 308 127 292
F 119 305 128 285, 302

OCHs 120 313 129 320

NMe: 121 326 - -

NMes* - - 130 296, 308

NO, 122 335 131 348

_OH H 123 289 132 290

) Q s 2 L F 124 285 133 285, 301
— OCHs 125 317 134 320

43 NO; 126 340 135 330
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Compared to the unsubstitued 0-QMP2°?), the addition of an arylethynyl conjugating moiety
shifted the absorption of the precursor by about 20-30 nm, regardeless of the substitution
position. Moreover, the position of the maximum in the absorption spectra was strongly
affected by the substituent X. The most intense bathochromic shift was observed for the
pale-yellow nitro-derivatives 122, 126, 131, and 135). The presence of a push-pull motif

caused, in fact, the appearance of an absorption tail up to 450 nm.

Much attention has been focused to the absorption properties of quaternary ammonium salt
131 conjugate base (Scheme 35), the zwitterion 131", which exhibits a maximum at 405 nm
and a 500 nm absorption tail. Spectrophotometric titration revealed that the acidic proton
has a pKa of 7.55 + 0.01 (Figure 46). This means that under physiological conditions (pH =
7.2) 31% of the molecules are ionized, therefore providing a true visible light harvesting
QMP. For comparison, the pKa of 1-(2-hydroxyphenyl)-N,N,N-trimethylmethanaminium
iodide is 8.74[%°% |eading to the presence of only 3% of zwitterionic species at pH 7.2, still

absorbing in the UV region.

O,N

131

1317

Scheme 35: Protonation equilibrium for 131.
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Figure 46: (a) Absorption spectra of compound 131 7.30-10° M in H,0 at different pH values; gray and yellow traces
correspond to 131 and 131 respectively. (b) Molar absorptivity monitored at 420 nm; non-linear fitting of the

experimental data yielded a pKa value of 7.55 + 0.01.
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3.1.3 Photoreactivity and QM trapping

To investigate the photochemical reactivity of the putative QMPs, photohydrolysis reactions
of six selected compounds were first performed by irradiating 10* M solutions in 1:1 aqueous
ACN and buffered water (phosphate buffer), in the presence of molecular oxygen (Scheme
36, pathways a and c). In each case, the major product was isolated by column
chromatography and reaction yields were derived by measuring the conversion by HPLC

(Figure 47).

i OH
S\/\ <L
// OH

i 137

L = NMe, 123 O

NMeg* I 132

138

0,N O,N

131 140

Scheme 36: QMs trapping products by photogeneration from QMPs. All reactions were performed in a Rayonet© multilamp
reactor using 2 x 15 W UV lamps and 20 mL quartz tubes. (a) 10* M solution in ACN-H,0 1:1, 310 nm, 5 min (yield: 35% from
118, 10% from 123, 89% from 127 and 64% from 132); (b) 10* M solution in ACN-H,0 9:1, 2-mercaptoethan-1-ol 102 M, 310
nm, 5 min (yield: 73% from 127 and 38% from 132); (c) 10* M solution in ACN-H,0 1:1, 360 nm, 450 min (yield: 98%).

The irradiations of unsubstitued systems 118, 123, 127 and 132 were performed in a
Rayonet© multilamp reactor provided with two 15 W lamps centered at 310 nm, while two
15 W lamps centered at 360 nm were employed for the most red-shifted systems 122 and
131. A duplicate of the same samples was kept in the dark and used as a reference: in every
case the reactivity was completely quenched in the absence of light, thus demonstrating its
photochemical nature. Furthermore, ferrioxalate actinometry was used to quantify the
efficiency of the photohydration, in terms of quantum yield (®r). To obtain an accurate value

for ®g, based on actual reactant photochemistry and photophysics, these measurements
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were performed at low conversion (<20%).Although both the irradiations of 4-arylethynyl
QMPs 118 and 127 gave clean conversion to product 136 (Scheme 36), the quaternary
ammonium salt (127) was a much more efficient QMP than its Mannich base (118), both in
terms of chemical yield after 5 minutes of irradiation (86% vs 35%) and quantum yield
(Pr=0.4810.02 vs ®r=0.06%0.01). In buffered solution, at pH 7.4, the photoreactivity of both
compounds was very similar with respect to aqueous ACN, yielding identical photoproducts
with a slightly different efficiency, lower for the precursor 127 (®=0.30+0.08) and higher for
118 (Pr=0.08+0.01).
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Figure 47: (a) Irradiation time-dependent HPLC chromatograms and (b) kinetic plot for conversion of 131 to 140 in ACN:H,O
1:1. (c) Kinetic plot of depletion of 127 and 132 in ACN:H,0 1:1. (d) Comparison of 131 depletion rate in ACN:H,0 1:1 and in
H0 at different pHs.

Similarly, irradiation of isomeric 5-arylethynyl QMP 132 gave good conversion to product
138, although with lower efficiency if compared to 127 (®r=0.25+0.01 in 1:1 aqueous ACN,
®r=0.06+0.01 in water at pH 7.4). Besides, the related Mannich base 123 gave the same
product in both very low reaction yield (10%) and efficiency (®r=0.02+0.01 in 1:1 aqueous

ACN, ®r=0.04+0.01 in water at pH 7.4). In all these cases, if the irradiation was extended
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beyond 5 minutes the reaction yield lowered as a consequence of absorption and resulting
reactions from the primary photoadduct, leading to the formation of a complex mixture of

byproducts.

On the contrary, the nitro derivative 131 gave the photoproduct 140 very cleanly (Figure 47a
and b) upon irradiation at 360 nm in ACN-H,O 1:1. Despite the outstanding chemical yield
(98%) the irradiation time was much longer (7.5 hours) reflecting a lower quantum yield
(Dr=7+1-10%). The effect of the nitro substituent could be summarized with an overall
decrease of the efficiency of QM generation by about 700 times. As a consequence, the
photoreactivity of the corresponding Mannich base 122 was even lower and indeed it was

recovered unreacted after 2 hours.

Photohydrolysis quantum yield of 131 was also measured in buffered water at pH 6.0, 7.0
and 8.0 (Figure 47d). Since at pH 8 and to a lesser extent at pH 7 other adducts formed
together with 140, most likely due to the competition of O- and C- nucleophilic phenolate
with water for the electrophilic QM, in such cases the quantum yield was derived from QMP
consumption rather than adduct formation. Despite still being very low, QM generation
efficiency increased by raising solution pH (at pH 6.0 ®r=(1.4+0.4)-10%, at pH 7.0
@Dg=(9+1)-10* and at pH 8.0 ®r=(43%8)-10%). Considering that trapping of QM by a water
molecule is by far the most probable event, even for low pH values, and it contributes by a
constant factor (approximately 1) to the overall quantum yield, a higher ®r value cannot be
ascribed to a higher concentration of OH", but rather to the intrinsically higher quantum yield
associated with the conjugated base 131". This is consistent to what observed by Basari¢ with
some prototype cresol Mannich base QMPs!?3! and could be explained by the fact that
proton abstraction is no more necessary to yield the QM, resulting in a more efficient overall
process. Importantly, under physiological conditions, in buffered water at pH 7.4, 131
showed to be also reactive using visible light at longer wavelength (A > 400 nm), where the
only absorbing species was the zwitterionic conjugate base, 131". This evidence has
remarkable implications in view of the application of these systems within a biological

context.

The general QMP photoreactivity of four selected QMPs was further investigated in the

presence of thiols (Scheme 36, pathway b), which are well-known efficient QM traps. Thus,
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thioethers 137 and 139 were isolated after irradiation of 127 and 132 in ACN-H,0 1:1, in the
presence of 102 M of freshly distilled 2-mercaptoethan-1-ol. However, in these conditions
the main products still were alcohols 136 and 138, due to solvent competition for QM. On
the contrary, the reactivity was considerably lower in neat ACN. Thus, a mixture of ACN-H>O

9:1 was found as a good compromise so that 136 and 138 became minor by-products.

3.1.4 Laser flash photolysis QM and T, detection

Laser flash photolysis (LFP) measurements were performed to probe for quinone methides
or additional competitive transient generation and elucidate the underlying photophysics
and photochemistry. For the scope, 10™ M solutions of putative QMPs 118-135 in ACN, ACN-
H20 1:1 and buffered water (pH 7.4) were irradiated with a Nd:YAG laser at 266 nm. For the
nitro-derivatives 122, 126, 131, and 135, an excitation wavelength of 354 nm was also used.

Moreover, the measurements were performed both in Ar- and O2-purged solutions.

Table 4: T-T absorption maxima in ACN:H,O 1:1 of 4- and 5-arylethynyl Mannich bases and their quaternary
ammonium salts.

X L=NMez  Amax (hm)  L=NMes*I Amax (nm)

H 118 435 127 445

g« F 119 440 128 440

OCHs 120 450, 480 129 n.a.

NMe2 121 545 - -

NMes* - - 130 440

NO2 122 600 131 570 broad

oH g+ H 123 415 broad 132 425

1 L F 124 415 broad 133 420

X Q = 52 OCHs 125 440 134 460
4 3 NO> 126 590 135 550 broad
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3.1 Conjugation and substituent effects on the photogeneration of prototype arylethynyl o-QMs

For all derivatives, a transient absorption with a maximum at 430-600 nm (as a function of
the substituents X, Table 4) was observed in Ar-purged ACN solutions. In addition, the optical
density at this wavelength was effectively quenched by molecular oxygen (Figure 48). Based
on this evidence and considering the similarity with published triplet-triplet absorption
spectra for phenol and naphthol, the observed spectral footprint was assigned to the lowest

triplet excited state (T1).
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Figure 48: T1 decay traces of 126 in Ar- and O;-purged ACN solutions, monitored at 590 nm.

Besides the fast decaying triplet at 435nm, the generation of an intense absorption band
with a maximum at 365 nm, resembling that of a typical QM°* >4 was observed in the
transient spectra of prototype compound 118 obtained in Ar-purged 1:1 aqueous ACN
solution (Figure 49a). Compared to T3, this signal was much more stable being still observable
after several ms (Figure 49b). In addition, the transient was not affected by the presence of
molecular oxygen, but it was efficiently quenched by 2-mercaptoethan-1-ol (Figure 49c). As
its lifetime increased in neat ACN, a quenching mechanism involving H.O was also evident.
Pseudo-first order rate constants (kobs) Were obtained after data fitting with a first order

kinetic law from the LFP decay traces (Eqn 1 and 2).

—m = k,ps - [Transient] (1)

kops = k5 - [RSH] + kH20 (2)

Hence, an observed rate constant kops = (5.940.1)-10% s* was measured for the hydration
reaction, while second order rate constant for the quenching reaction with 2-

mercaptoethan-1-ol was extracted from the slope of the koss vs thiol concentration plot, after
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3 PHOTOINDUCED G4 ALKYLATION

linear regression analysis. A value of k; = (1.18+0.04)-10° M's! was obtained in 1:1 aqueous

ACN (Figure 49d). Both these values are typical for trapping reactions involving highly

sl187. 1921 Moreover,

electrophilic QM intermediate HPLC analysis of the LFP irradiated
solution in the presence of thiol (after 50 pulses) revealed the formation of the adduct 23.

Overall, this evidences undoubtedly allowed the assignment of the transient at 365 nm to

the quinone methide QM1 (Table 5), suggesting the role of 118 as QMP.
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Figure 49: (a) Transient absorption spectra of Ar-purged ACN:H,0 1:1 solution of 118. (b) Decay traces monitored at 435 and
365 nm and relative to T: and QM1; inset: same decay trace within a longer time scale. (c) QM1 decay traces monitored at
365 nm with increasing concentrations of 2-mercaptoethan-1-ol. (d) Linear regression of kobs vs thiol concentration yielded a
bimolecular rate constant of (1.18+0.04)-10° Ms™! for the quenching of QM1 with 2-mercaptoethan-1-ol.

Likewise, the same LFP transient characterization was performed with all the compounds
under study (118-135), leading to the identification of quinone methides QM1-10 in both
ACN and 1:1 aqueous ACN (Table 5). Overall, the LFP study confirmed the role of all the
compounds 118-135 as QMPs, although they were characterized by rather different

guantum efficiency. Importantly, the QM generation efficiency also showed to be influenced
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3.1 Conjugation and substituent effects on the photogeneration of prototype arylethynyl o-QMs

by the absence or presence of a protic solvent. Moreover, the same structural differences on

the generated quinone methides tuned their reactivity with trapping nucleophiles.

Table 5: Structures and absorption maxima of 4- and 5-arylethynyl quinone metides (QM1-QM10) photogenerated
from QMPs 118-135 in ACN and in ACN:H,0 1:1. Measured pseudo-first order and second order kinetic constants
for QM trapping reactions with the aqueous solvent and 2-mercaptoethan-1-ol.

Amax (nmM) H20 RSH
X QM max kobs (S’l) k2 (M’ls_l)
ACN ACN:H,0 1:1 ACN:H,0 1:1
Qmvl 365, 375 380 (5.940.1)-10 (1.18+0.02)-10°

370, 530, 380, 540,

am2 620 630

(3.5£0.2)-102 -

am3 390 410 (2.6£0.2)-102 (1.30.1)-10°
QM4 425,475 440, 485 (2.0£0.3)-102 (7.0£0.2)-102
QM5 350,380 340,350  (1.77+0.05)-10° -

Qme 420 420 (3.41£0.08)-10°  (5.8+0.4)-10°
2 0]
’ O i H am? 350 350 (9.8+0.1) -10° -
' | |5 F qQms 350 350 (6.6£0.3)-10>  (7.7+0.1)-10°
OCH; QM9 370 360 (5.32+0.04)-101 -
NO: QMi10 370 400 (4.3940.08)-10* (3.5+0.1)-10*

3.1.5 Conjugation, leaving group and solvent effects

In neat acetonitrile, without aqueous cosolvent, the Mannich base 5 displayed transient
spectra quite similar to those obtained in ACN:H20 1:1 by LFP irradiation at 266 nm, with
absorption maxima at 430 nm for T1 and 370 nm for QM1 (Figure 50a). By contrast, the
transient spectra of the isomeric 5-arylethynyl Mannich base 123 exhibited a much more
intense absorption band centered at 430 nm, which was still assigned to the triplet excited

state T:1 due to the efficient quenching by molecular oxygen. A second long-living absorption
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centered at 350 nm was detected as well, but the signal was too weak to observe any

significant difference in the presence of trapping nucleophiles (Figure 50b).
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Figure 50: Transient absorption spectra of Ar-purged 10* M ACN solutions of (a) 118 and (b) 123 irradiated at 266 nm.

The very same LFP irradiations of 118 and 123 were performed in 1:1 aqueous acetonitrile
and in buffered water solution at pH 7.4. In both cases, the protic conditions reduced the
efficiency of T:1 generation. However, while on 118 this influence was limited and the
efficiency of QM1 generation remained substantially unaffected (Figure 51a), the
detrimental effect on 123 triplet generation allowed the detection of QM7 as a stable species
within 1 ms, exhibiting an absorption maximum centered at 350 nm (Figure 51b).

Importantly, no significant difference between buffered water and aqueous ACN was evident

(Figure 52).
a) b
5 T el ) 2 T
6.0x10 Time =0.0 s 1.2x10° -
—36 ——Time =0.0 s
7.2
5.0x10° 108
143
179
4.0x10° 4 —218

—25.0
—286

a
O 3.0x10°
<

2.0x10°

1.0x10° -

00l . Y . , 0.0 . . . T ]
350 400 450 500 550 350 400 450 500 550
A (nm) A (nm)

Figure 51: Transient absorption spectra of Ar-purged 10 M solutions in ACN:H,0 1:1 of (a) 118 and (b) 123 irradiated at 266

nm.

100



3.1 Conjugation and substituent effects on the photogeneration of prototype arylethynyl o-QMs

6.0x10° ——Time = 0.0 us
—36
74
5.0x10° 4 107
14.3
17.8

4.0x10° 4 —214

—249
—285

O 3.0x10°

2.0x10°

1.0x10° A

0.0

T T T T 1
350 400 450 500 550
A (nm)

Figure 52: Transient absorption spectra of 118 in Ar-purged buffered water solution (pH 7.4), irradiated at 266 nm.

LFP irradiation of the quaternary ammonium salt 127 in 1:1 aqueous ACN generated a
decaying transient absorption spectrum strongly resembling the one obtained from the
corresponding Mannich base 118. Indeed, the absorption band with a maximum at 380 nm
which was stable within 1 ms time scale was easily assigned to QM1, while the faster
decaying band centred at 450 nm was ascribed to the lowest triplet excited state (Figure
53a). Besides those similarities, the signal due to QM1 was roughly 5 times more intense,

implying a roughly same increase in its concentration.
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Figure 53: Transient absorption spectra of Ar-purged 10 M solutions in ACN:H,0 1:1 of (a) 127 and (b) 132 irradiated at 266
nm.

Similarly, the quaternary ammonium salt 132 generated a transient absorption spectrum
(Figure 53b) comparable with the one obtained from the corresponding Mannich base 123,
but the intensity of the signal ascribed to QM7 immediately after the laser pulse was roughly

3.8 times more intense.
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In summary, from preliminary LFP study performed on unsubstituted prototype system (X=H)

both 4- and 5-substituted QMPs displayed similar capacity to generate the corresponding

QM, although photohydration quantum yield measurement indicated that the 4-arylethynyl

derivatives are generally better QMPs than the 5-isomer analogues. The electron-

withdrawing inductive effect (-I) of the alkynyl substituent on QM photogeneration could

rationalize the observed trend. In particular, the higher -1 effect in 5-substitued QMPs

implicates a lower acidity of the phenol in its S1 excited state!?>> which in turn translates into

lower efficient ESIPT and ESPT mechanisms (Scheme 37).
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3.1 Conjugation and substituent effects on the photogeneration of prototype arylethynyl o-QMs

Besides a remarkable solvent effect was observed, namely the depletion of the T1 population
caused by water, no significant difference was recorded in the QM generation. However,
preparative phototrapping reactions with 2-mercaptoethan-1-ol showed a generally
increased QM generation under protic conditions if compared to neat ACN. This solvent
effect on QMP photoreactivity is justifiable considering that QM formation proceed via ionic
species and a basic atom is needed to allow ESPT to the solvent (Scheme 37). Suppression of
T1 population by the ISC process then might be an indirect consequence of more competing

ESPT reaction from S1[2°61,

Definitely the most significant structural feature controlling the efficiency of QM generation
was the nature of the leaving group, where the quaternary ammonium salts proved to be far
better performing QMPs than the corresponding Mannich bases. Indeed, preparative
photohydrations showed a 10-fold enhancement in the reactivity of the precursors when the

quaternary ammonium salt was used in place of the Mannich base.

This latest observation could be rationalized considering that MesN is a better leaving group
compared to MezNH as it is a worse nucleophile, therefore resulting in a faster elimination
step which preceding QM formation (Scheme 37). Moreover, an excited-state deactivation
by internal conversion exploiting the large amplitude stretching vibrations of the hydrogen

in the O---H-N bond system[?°”2%8 could be acting for the Mannich bases.

3.1.6 Substituent effect on QM photogeneration

When the 4-substitued nitro-group containing QMPs 122 and 131 were irradiated at 354 nm
in aqueous ACN, a strong transient absorption ascribed to a T-T transition was observed at
about 600 nm (Figure 54a and b). Besides the T1, an additional weak absorbing species was
detected at 420 nm for Mannich base 122. Considering the lack of influence of molecular
oxygen and the quenching effect of 2-mercaptoethan-1-ol (Figure 55a), this species was
assigned to QM. In this case, the role of the leaving group was even more remarkable, as
the very same transient became 10 times more intense by irradiating the quaternary

ammonium salt 131.
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Figure 54: Transient absorption spectra of Ar-purged 10 M solutions in ACN:H,0 1:1 of (a) 122 and (b) 131 irradiated at 354
nm.
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Figure 55: (a) Influence of increasing concentration of 2-mercaptoethan-1-ol on the decay trace of QM6 at 420 nm. Inset:
quenching plot keps vs thiol concentration, which yielded a bimolecular rate constant of (5.8+0.4)-10° M!s. (b) Decay traces
monitored at 560 and 420 nm, relative to T; and QM6, measured after irradiation at 354 nm of an Ar-purged 10* M solution
in ACN:H,0 1:1 of 131,

Surprisingly, right after the laser pulse, the transient absorption trace monitored at 420 nm
exhibits a rising which paralleled the decay trace of the T1 (Figure 55b). This evidence could
suggest a possible and unprecedently observed cogeneration of QM6 from the lowest
excited triplet statel?'® 259 2601 A mechanism for the generation of this QM has been
proposed, involving a radical fragmentation promoted by an initial electron transfer from
131" (T1) (Scheme 38). However, extensive and more detailed surveys are needed to support
this hypothesis. Potential hydrogen transfer reactions from 131 (T1) have been ruled out as

they usually involve higher energy barriers?°,
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Scheme 38: Proposed mechanism for the photogeneration of QM6 from 131 and 131" accounting for the co-generation of
QM6 from the lowest triplet excited state.

In line with what observed for the unsubstituted QMPs, the photogeneration of QM6 was
not significantly affected shifting from ACN-H;O 1:1 to a buffered water solution at pH 7.4
(Figure 56a). Moreover, a parallel behaviour was observed for the NO> containing 5-isomer
analogues 126 and 135, with the latter being the only one acting as QMP, as a transient

absorbing at 400 nm was observed in aqueous ACN and assigned to QM10 (Figure 56b).
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Figure 56: Transient absorption spectra obtained after irradiation at 354 nm of Ar-purged 10* M solutions of (a) 131 in
buffered water (pH 7.4) and (b) 135 in ACN:H,0 1:1.

The general decline of QM generation caused by the introduction of electron-withdrawing
substituents was then confirmed by LFP studies performed on the NMes* and F containing
QMPs. In fact, the same detrimental effect encountered with Mannich bases 122 and 126
was found for 119 and 124, for which exclusive photogeneration of the T1 was evidenced. As
previously shown for the strongly EWG NO; substituent, quinone methides could only be
generated and detected by irradiating the quaternary ammonium salts 128, 130 and 133.

The same compounds benefited of protic solvation, as an enhanced signal ascribed to the
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QM paralleling a remarkable quenching of T1 was established in aqueous ACN for 128 (Figure

57), 130 (Figure 58), and 131 (Figure 54b).
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Figure 57: Transient absorption spectra of Ar-purged 10 M solutions of 128 irradiated at 266 nm in (a) neat ACN and (b) in
ACN:H,0 1:1.
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Figure 58: Transient absorption spectra of Ar-purged 10 M solutions of 130 irradiated at 266 nm in (a) neat ACN and (b) in
ACN:H,0 1:1.

Accordingly, a specular increase of QMP character was expected for precursors containing
electron-donating groups. Indeed, among the 4-substituted arylethynyl Mannich bases 118-
122, the most effective QMP was the one bearing the strong electrondonating
dimethylamino group. In particular, when 121 was irradiated in aqueous ACN the main
detected species was QM4, with a broad absorption between 400 and 500 nm, although low
T-T absorption was still visible at 550 nm (Figure 59a). Moreover, the same QM4 spectrum
was obtained in buffered water solution at pH 7.4, where it was still detectable after 3 ms

(Figure 59b).

106



3.1 Conjugation and substituent effects on the photogeneration of prototype arylethynyl o-QMs

a) 1.6x10%+ ——Time=0.0ps b) S
'2 6.0x10™ ——Time = 490 us
1.4x107 ==92
5.0x10" o2
2 ] .0x10™ 826
1.2x10 938
o 5] A 1050
x10 4.0x107 4 — 1162
. — 1274
& 2] a — 1386
& 8.0x10 O 3.0x10° A
< <
6.0x10°
2.0x10° 4
4.0x10° -
2.0x10° w0’
0.0 T T T T = 1 0.0 g ) T T T 1
400 450 500 550 600 400 450 500 550 600
A (nm) A (nm)

Figure 59: Transient absorption spectra of Ar-purged 10* M solutions of 121 irradiated at 266 nm in (a) ACN:H,0O 1:1
monitored in a us timescale and (b) buffered water at pH 7.4 monitored in a ms timescale.

A similar behaviour was observed for the Mannich base 120, where QM3 was effectively
generated in neat ACN (Figure 60a) and the triplet was detectable only under Ar-purged
conditions at shortened delay time. Under protic conditions, QM3 became the dominant

photogenerated transient with a negligible presence of the fast decaying triplet (Figure 60b).
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Figure 60: Transient absorption spectra of Ar-purged 10* M solutions of 120 irradiated at 266 nm in (a) neat ACN and (b)
ACN:H,0 1:1.

The same enhancing effect was observed when the donor substituent MeO was introduced
in the 5-arylethynil analogues. Therefore, QM9 was produced by irradiation of the Mannich
base 125 in 1:1 aqueous ACN, although an intense signal ascribed to T1 was also evident
(Figure 61a). Consistently, under the same conditions, the corresponding quaternary

ammonium salt 134 displayed a 5-fold increase in the signal of QM9 (Figure 61b).

Collectively, LFP data suggest that electronically conjugated Mannich bases are effective

QMPs with less competing T1 generation only in the presence of strong electron-donating
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substituents. On the contrary the detrimental effect of electron-withdrawing substituents
could be only partly contrasted by using more effective leaving groups and exploiting the

water solvation effect.
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Figure 61: Transient absorption spectra of Ar-purged 10 M solutions in ACN:H,0 1:1 of (a) 125 and (b) 134 irradiated at 266
nm.

3.1.7 Substituent and conjugation effect on QM reactivity

Observed and second order rate constants for quenching reactions by water and 2-
mercaptoethan-1-ol were measured to assess transient QMs reactivity (Table 5). The
observed overall trend was consistent with the expected electronic effect of the substituent
X on the reactivity of the electrophilic Michael acceptor. Therefore, the shortest living and
most reactive quinone methides were those containing electron-withdrawing moieties, i.e.
nitro substituent (QM®6, Figure 55a, and QM10) and trimethylammonium group (QM5). The
effect was more intense with the former, acting both through inductive and resonance
effects (-M, -1), and moderate with the latter, for which only inductive effect (-1) is operative.
By contrast, the pseudo-first-order rate constants kobs for the hydration reaction of the 4-
arylethynyl QM2-4 suggested only a moderate reduction of the electrophilicty by mesomeric
effect (+M) of electron-donating groups, in comparison to QM1, with QM4 being the least
reactive. Indeed, in the presence of trapping thiol this was the longest leaving transient in
aqueous solution, being 168 times less reactive than the prototype QM1, with a k. =

(7.0+0.2)-102 M~1s7! (Figure 62).
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Figure 62: (a) Decay trace of QM4 monitored at 485 nm after LFP irradiation at 354 nm of an Ar-purged 10* M solution in
neat ACN of 121. (b) Influence of increasing concentration of 2-mercaptoethan-1-ol on the decay trace of QM4 at 485 nm in
ACN:H,0 1:1. Inset: quenching plot kebs vs thiol concentration, which yielded a bimolecular rate constant of (7.0+0.2)-10> M-
sl

The hydration rate constant kobs of unsubstitued 5-arylethynyl QM7 described a much lower
electrophilicity in comparison to isomeric QM1 and the same trend was confirmed for the
methoxy group containing 5-arylethynyl QM9 compared to 4-arylethynyl QM3. The
exception to this trend was QMS8. In fact, unlike in QM2, there is no direct conjugation
between fluorine and the exocyclic methylene moiety. Therefore, while the slight reduction
of the QM2 reactivity in comparison to QM1 was rationalized in terms of +M effect, the
fluorine atom in QM8 could act only as an electron-withdrawing substituent with inductive

effect (-1), thus explaining the higher reactivity of QM8 in comparison to QM7.

3.1.8 Singlet oxygen photosensitization

The higher intersystem crossing efficiency encountered in QMPs bearing the strong electron-
withdrawing NO2 substituent, which effectively raised T1 population, together with the fairly
long living triplet excited state (t = 4 us), and the absorption tail extending in the visible range
(up to 420 nm) have prompted the interest for their possible exploitation as singlet oxygen
sensitizers. 10, is a ROS that bears high cytotoxic activity and its production in living tissues
is generally achieved through photosensitization in the so-called photodynamic therapy
(PDT)%Y, Thus, as a proof of concept, the quaternary ammonium salts 131 and 135 were
investigated as singlet oxygen sensitizers in the photo-oxidation of 1,5-

dihydroxynaphthalene in ACN, by irradiation at 360 nm (Scheme 39). In the presence of a
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triplet sensitizer, in fact, DHN is effectively oxidized by 10> to its naphthoquinone derivative

5-hydroxy-1,4-naphthalenedione, also known as Juglone, through its endoperoxide!?62!,

OH
D,
Sens DHN

'Sens*

X, O
IS\ 3Sens* K ﬁ)H T, Juglone

OH O

Scheme 39: Mechanism for the photo-oxidation of DHN to Juglone through singlet oxygen sensitization. The compounds used
as sensitizers were 131 (®a = 0.017+0.002) and 135 (da = 0.028+0.003).

In neat acetonitrile compounds 131 and 135 were not subject to photobleaching after 1 hour
of irradiation at 360 nm, as confirmed by HPLC analysis. A unique new HPLC peak formed
and raised throughout the irradiation time at the expense of DHN, and it consistently
matched a juglone reference. Showing a red-shifted absorption band in a free region of the
UV-vis spectrum (400-480 nm), Juglone formation could be monitored
spectrophotometrically (Figure 63a), while DHN consumption was independently monitored
by HPLC analysis. The expected reaction rate equation followed a second order kinetics:

__ d[DHN]

UM — k,[10,][DHN] 3)

Since under the experimental conditions 302 is far more abundant than the sensitizer and 10>
lifetime is very short (68 ps in ACN)[®3, the concentration of singlet oxygen could be
considered constant throughout the experiment with good approximation. Therefore, eqn 3
could be simplified to a pseudo-first order kinetics. Indeed, the collected data were

successfully fitted eqn 4 and 5 (Figure 63b).

In[DHN], = In[DHN]o — kopst (4)
[juglone], = [DHN],(1 — e ¥obst) (5)
kops =k [102] (6)

In view of the fact that the second order rate constant for the cycloaddition step between

DHN and 02 does not depend on the sensitization process, the proportionality emerging
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3.1 Conjugation and substituent effects on the photogeneration of prototype arylethynyl o-QMs

from egn 6 was exploited to deduce singlet oxygen quantum yield (®,) from the measured
pseudo-first order rate constant (kobs) by comparison with a well-established singlet oxygen

sensitizer (Eqn 7).

td
_ dstd | Kobs If
Cp=Pp" 1 oa (7)
obs

In this relationship, CDth was the singlet oxygen quantum vyield of a reference tetra-

substituted naphthalediimide used as standard sensitizer (@3¢ = 0.30)2%, k,, and k354
were the pseudo-first order rate constants of DHN photo-oxidation measured under the
same conditions for the tested compound and the reference respectively, while I and I5t¢
were the fraction of incident photons effectively absorbed by the tested and reference

sensitizers.

e 18
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Figure 63: (a) Absorption spectra of an O,-saturated ACN solution of DHN (1-10*“ M) irradiated at 360 nm, using 95 (1-10*
M) as singlet oxygen photosensitizer. (b) In([DHN]/[DHN]o) vs irradiation time plot. Linear fitting yielded kops=(14243)-10° s*
and ®,=0.043+0.001 for 131; kons=(248+3)-10° s and ®,=0.075+0.001 for 135; kons=(99%2)-10* s* for the reference
naphthalene diimide under the same conditions.

Based on the calculated quantum yields for 131 (®;=0.043%0.001) and 135
(®s=0.075£0.001), it could be inferred that the least effective QMP among the tested
arylethynyl derivatives acted as the best singlet oxygen sensitizer in neat ACN, although the
efficiency was rather low if compared to known sensitizers!?®l. Yet, this evidence further
supported the above claimed competition of ISC with ESPT and ESIPT processes from Si of
the QMP. Such a competition directly translates in T1 versus QM relative population, which

are usually co-generated transient species.
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In summary, this study helped to clarify the factors affecting this dichotomy (Scheme 40). In
particular, conjugating arylethynyl moieties on C4, together with strong electrondonating X
substituents, good leaving group L, and protic conditions generally favor the selective
photogeneration of the electrophilic QM intermediate, suppressing the Ti generation.
Conversely, conjugating arylethynyl moieties on C5, electron-withdrawing X substituents,

bad leaving group L, and polar aprotic solvents tend to populate more effectively the Ti.

Importantly, taking advantage of the red-shifted absorption of the conjugate base of 95 (95"
, Amax=405 nm), which is the main populated species at pH=7.6, the generation of a QM from
a visible light harvesting precursor proved to be possible. However, it should be noted that
the same electronic effect that positively affected the absorption proprieties and the pKa of

the precursor also knocked down its reactivity as a QMP.

S _5F L= NMe3I
SN OH hv 1 T,’ —. X=NMe,, OCH3, H
X =1 _ —

4 L 310<i<400 nm Protic Solvents

@ O
X = H, F, OCH3, NMe,, NMesl, NO, L=NMe,
X=H, F, NO,

Aprotic Solvents

® 0O
L=NMe,, NMe;l

Scheme 40: General scheme summarizing the QMP structural features affecting T1 population vs QM generation.
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3.2 Design of a naphtho-QMP functional tool

In the previous section it has been shown how extending the conjugation of 0o-QMP through
an arylethynyl moiety allowed to shift the absorption maximum in the 300-310 nm range,
with a band tail that reached 360 nm. Only the introduction of suitable substituents could
occasionally extend the absorption proprieties beyond 400 nm, although such modifications

negatively affected the QM generation efficiency.

To overcome the issue of engineering red-shifted photo-triggerable QMPs, an alternative
strategy is the exploitation of the extensively studied naphthol-based analogues. In fact,
naphthol derivatives as quinone methide precursors (NQMPs) display an absorption band
with a maximum at about 340 nm and a tail that extends over the visible spectral region!2>
2141 Moreover, the higher excited state acidity of 2-naphthol (pKa*=2.8)1?2 compared to
phenol (pKa* =3.6)?'1 should facilitate ESPT and ESIPT, therefore enhancing the efficiency
of quinone methide formation. Indeed, Popik showed that the quantum yield of photolysis
of 3-(ethoxymethyl)naphthalen-2-ol (67, ®r=0.17)?%! in aqueous solution was higher than
that of the benzo-analogue (141, ®r<0.1)8! (Scheme 41), despite the competing S:
fluorescence decay was rather high (®r=0.23). The chemical yields were almost quantitative

for low conversions, mimicking benzo-QMP behaviour.

@R-o17

o-NQM
OH hv o MeOH-H,0 1:1 OH
OMe DR <0.1 OH
141 o-QM 43

Scheme 41: Photolysis in aqueous solution of benzylic ethers 6712°°) and 14111251,

Additionally, Mannich bases and quaternary ammonium salts of these extended aromatic
systems preserved excellent solubility under physiological conditions, as shown by direct
photogeneration of naphthoquinone methides in the presence of DNA which allowed purine

selective alkylation in buffered water(?*4,
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In this section, the synthesis of 6-substitued water-soluble o-NQMPs is presented. The aim
of this project was to create an optimized photoalkylating molecular tool for biological
applications which could readily be joint through a connecting spacer to a suitable targeting

unit, to potentially create a variety of selective smart alkylating agents.

First, the synthetic approach to the precursors will be presented. Hence, the effect of
different substituents on precursor photoreactivity will be evaluated to select the best
functional group for effective NQMP ligation. Actual NQM generation will be assessed on the
basis of LFP transient detection. Additionally, occurring ESPT mechanisms will be shown

through fluorescence measurements.

3.2.1 Synthesis of 6-substitued o-NQMPs

Even though in the singlet excited state (S1) 1-naphthol display a higher acidity (pKa*=0.4)
than 2-naphthol (pKa*=2.8)[?'2], to date only two reactive QMs based on 1-naphthol have
been reported (Scheme 42). Wan observed that unexpectedly, while irradiation of 142 did
generate NQM1, this was not true for precursor 143[2%] |mportantly, irradiation of 1-
naphthol yielded deuterium incorporation in 5- and 8- ring positions as a consequence of
solvent mediated ESIPT which leads to tautomerization?*?!. This selectivity was thought to
arise from local charge transfer from the naphthol OH to 5- and 8- ring positions. The failure
of 143 to react through the 4-position has been therefore related to the lack of charge

transfer which is thought to be crucial and precede photo-dehydration in such derivatives.

OH 0 s O
CQ0 - Y
| 5 4

HO” “CH, CHj
142 NQM1 (0]

OH 0 OO
HO” “CH,3 ICHs #
143

Scheme 42: NQM1 and NQM2 are the only NQMs derived from 1-naphthol reported to date!?63],
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3.2 Design of a naphtho-QMP functional tool

Moreover, no example of ortho-NQM derived from photholysis of 1-naphthols is known.
Conversely, three classes of isomeric NQMs based on 2-naphthol have been successfully
generated from a variety of precursors (Scheme 43). Popik reported the photochemical
generation of both o-NQM and o’-NQM by photo-dehydration of 3-hydroxy-2-
naphthalenemethanol and 2-hydroxy-1-naphthalenemethanol respectively, and their
reactions with nucleophiles and electron-rich dienophiles to give addition products or and
chromanes!?®®l, Additionally, Freccero efficiently generated p-NQM from several precursors
and bifunctional binol derivatives?'*], However, due to the prohibitive distance between the
naphthol OH and the leaving group, ESIPT is not active and ESPT can occur only in the
presence of a protic solvent, lowering the efficiency of p-NQM photogeneration. Similarly,
although the almost identical generation efficiency and the similar reactivity as o-NQM,
quinone methides of the o’-NQM family received little follow up in the recent past. This is
likely a consequence of poor stability of the trapped adduct formation as confirmed by the
intrinsically higher thermal reactivity of o’-NQMP. Therefore, in the last decade much more
attention has been directed in the exploitation of the o-NMQ family, with applications
ranging from DNA alkylation?*® 2201 to photolabile protecting groups[*’® 266! photoclick

ligations?”) and photolithography!2%8l,

OH hv (6]
L

OH
o'-NQMP OO hv O‘ o'-NQM
OH ., o)
L

Scheme 43: The three classes of NQMs derived from 2-naphthol known to date.

[©)

Relying on this background knowledge, a 6-substitued o-NQMP scaffold was selected for the

purpose of engineering a photoalkylating molecular tool for biological applications.

The synthesis of such scaffold started from commercially available 3-hydroxy-2-naphthoic
acid 144 (Scheme 44). C-6 functionalization was obtained by introduction of a bromine atom

in a two steps published protocol?®l. Bromination of the naphthol with 2 equivalents of Br
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3 PHOTOINDUCED G4 ALKYLATION

afforded the dibromo derivative 145, whereas subsequent treatment with Sn/HCI yielded
146 by reductive cleavage of the most reactive C-Br bond. The carboxylic acid was then
converted in the dimethylamide 147, through its acyl chloride, while amide reduction with

lithium aluminium hydride finally afforded the Mannich base 148 with 73% yield over 5 steps.

Br COOH
SIS - OO
OH
OH B OH
144 145 146

i L=NM 149
Br ~ e Br ~ fg OHC = NMe,
100 A RS S It ¢ S QI

OH OH OH L = NMesCl 150

147 148

Scheme 44: Synthesis of 6-carbaldehyde 0-QMPs 149 and 150. (a) Br,, AcOH, reflux, 10 h (yield: 90%); (b) Sn, HCI 37%, AcOH,
reflux, 12 h (yield: 97%); (c) SOCl,, DMF, reflux, 15 m; (d) Me.NH, THF, rt, 16 h (yield over 2 steps: 87%); (e) LiAlHa, THF, reflux,
2 h (yield: 96%); (f) BuLi, THF, -78°C, 2 h; (g) DMF, -50°C; 45 m (yield over 2 steps: 71%); (h) Mel, ACN, rt, 48 h; (i) HCI, H,0
(yield over 2 steps: 99%).

Electron-rich naphthols containing strong EDG, such amino and hydroxyl groups, are
susceptible of oxidation by air and for this reason they are often difficult to handle.
Conveniently, the introduction of an aldehyde or a carboxylic acid, which are particularly
suited for further tethering, was considered. Therefore, following a protecting group-free
protocol well-established for 6-bromo-2-naphthol?’%, direct lithiation with excess n-BulLi in
dry THF and subsequent formilation with DMF and aqueous workup afforded the aldehyde
149 in good yields. Methylation of the tertiary amine was achieved with iodomethane in ACN

to afford the quaternary ammonium salt 150.

H
149 OHC N aorb HOZC Ng e) 151
| S I~ ¢
OH OH
152

I f
OHC a HO,C H/
OA OAc

Scheme 45: Synthetic efforts in the attempt of converting aldehyde 149 in its carboxylic acid 151 by direct oxidation and
naphtholic OH protection. (a) NaClO,, H,0,, NaH,P04, ACN-H,0, 10°C; (b) NaClO,, DMSO, 0°C; (c) Ac:0, K.COs, acetone, 55°C,
2 h (yield: 91%).
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3.2 Design of a naphtho-QMP functional tool

Unfortunately, every attempt of oxidizing the aldehyde 149 to the carboxylic acid 151
exploiting the Pinnick oxidation’Y with sodium chlorite was unsuccessful (Scheme 45).
When the reaction was carried out in aqueous ACN, in the presence of H,0> as scavenger for
the HOCI by-product, a complex mixture of unidentified products was obtained along with a
negligible amount of 151 (yield < 5% by HPLC analysis, Figure 64a). Since the redox pair
HOCI/CI" is a more powerful oxidant than ClO2/HOCI and electron-rich substrates can react
with HOCI faster than H202, over-oxidation of naphthol at positions with high electronic
density was the most probable side-reaction (e.g. leading to quinones). Accordingly, a
modified procedure employing DMSO both as solvent and HOCI scavenger, which had been
reported to be more convenient with electron-rich aryl aldehydes?’?, was used but still
afforded some over-oxidation side-products at room temperature (yield = 43% by HPLC
analysis, Figure 64b). Finally, when the temperature was reduced to 0 °C, a good conversion
was observed. However, any attempt made to quench the reaction prior to purification were
vain since, as soon as the temperature was raised, decomposition of the product occurred.
Even acetylation of the naphthol OH, as a strategy to reduce its donor proprieties, resulted

in unsatisfactory outcomes in the oxidative step (from 152 to 153, Scheme 45).

a) | 1 b
149 ‘ s 151 149

Figure 64: Superimposed chromatograms of reagent 149 (red) and the reaction mixture (blue) obtained by Pinnick oxidation
under different conditions: (a) NaClO,, H,0,, NaH,PQa, ACN-H,0, 10°C; (b) NaClO,, DMSO, 0°C.

The logical consequence was the direct introduction of a carbon fragment at the carboxylic
oxidation level on the bromo-derivative 148. Unfortunately, bubbling CO: in a solution of the
intermediate lithiated species led to the loss of the basic amino moiety. The same outcome
was achieved by using ethyl chloroformate as the electrophile partner, and product 154 was
identified in the rather dirty reaction mixture (Scheme 46). This evidence was rationalized by
suggesting that the electrophile was also reacting with the tertiary amine, leading to the

formation of a quaternary ammonium salt, so that substitution or elimination side-reactions
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could take place. Therefore, use of less reactive electrophiles was more convenient. Indeed,
trapping the lithium derivative of 148 with dimethyl carbonate afforded the desired methyl
ester 155 and, upon exhaustive methylation, its quaternary ammonium salt 156. To avoid
the formation of the dimeric ketone, the lithium derivative obtained by metal-halogen
exchange was added to a solution containing an excess of the electrophile in dry THF, and
not vice versa. Finally, the carboxylic acid derivative 151 was obtained by basic hydrolysis of

the ester in aqueous solution with good yields.

Br- s MeO,C HO,C H
N a,c 2 L fg 2 Né o
OH OH

OH
148 151

L=NMe, 155
jab ¢%: ® o
L = NMesCl 156

Scheme 46: Synthesis of the amino acid 151 through hydrolysis of an ester intermediate. (a) Buli, THF, -78°C, 2 h; (b) ethyl
chloroformate, -50°C; 45 m (traces); (c) dimethyl carbonate, -50°C, 45 m (yield: 46%); (d) Mel, ACN, rt, 48 h; (e) HCI, H,O (yield
over 2 steps: 95%); (f) K2COs, THF-H,0, reflux, 16 h; (g) HCI, H,O (yield over 2 steps: 84%).

The lithium-derivative of 148 was also converted into the boronic acid 157, although in lower
yields, by trapping it with trimethyl borate (Scheme 47). Besides the synthetic utility as useful
building-block for organometallic cross-couplings, 157 could also be employed to form

boronic ester junctions with diols.

C')H
Br: N/ ab HO’B N/
| — I
OH OH
148 157

Scheme 47: Synthesis of the boronic acid 157. (a) BuLi, THF, -78°C, 2 h; (b) trimethyl borate, -50°C; 45 m (yield: 27%).

The amides 158 and 159 were obtained from the carboxylic acid 151 by direct condensation

with 3-(dimethylamino)-1-propylamine, using PyBOP to activate the carboxylate, and

subsequent exhaustive methylation (Scheme 48).
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H L = NMe 158
HOzC’ilg o a_ I_/\/\N [ 2
OH ¢l OH L= NMe3CI 159

151

Scheme 48: Synthesis of the amides 158 and 159 (a) PyBOP, 3-(dimethylamino)-1-propylamine, rt, 1 h (yield: 79%); (b) Mel,
ACN, rt, 48 h; (c) HCI, HO (yield over 2 steps: 98%).

Moreover, oxadiazole derivatives 162 and 163 were synthesized from the same intermediate
to explore the opportunity to incorporate the photoalkylating scaffold in an oligo-
heteroaromatic system capable of G-quadruplex binding. Therefore, the carboxylic acid 151
was activated with PyBOP in the presence of diisopropyl-ethyl-amine and condensed with
N'-hydroxypicolinimidamide 160. Unexpectedly, the reaction, which was monitored by
reverse phase HPLC, proceeded by an initial fast oligomerization of 151 through
intermolecular self-condensation. Though the monomer was still an activated ester, it was
far less reactive. Despite the low reaction rate, eventually a single product formed after few
days. Unfortunately, higher temperatures led to formation of by-products and diminished
the overall yield. Hence, the intermediate, which had been assigned to O-acyl-amidoxime
161, was not isolated, but rather it was subjected to ring-closing condensation in a one-pot
process. The oxadiazole 162 was then treated with iodomethane to afford the quaternary

ammonium salt 163.

S HO,C N ab W~o
+ o
NZ INHz |®CI I ¢ N/)\‘\OOL
N‘OH OH

160 151
~ IN (0]
NS ’N\OJ\‘\EET/
N, OH
161

Scheme 49: Synthesis of the oxadiazoles 162 and 163. (a) PyBOP, DIPEA, DMF, rt, 6 d; (b) K.COs, DMF, 65°C, 2 h (yield over 2
steps: 61%); (c) Mel, ACN, rt, 48 h; (d) HCI, H2O (yield over 2 steps: 90%).

L=NMe, 162
c,d[ ® o
L = NMesCl 163
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3.2.2 Absorption and emission proprieties of a prototype
NQMVP

The spectroscopic proprieties of the new NQMP core were first investigated. Preliminary
absorption spectra of 156 were recorded in ACN:H20 1:1 and buffered water (pH 7.4). The
absorption was already remarkably red-shifted in aqueous ACN with respect to arylethynyl
benzo-QMPs (Figure 65). However, this effect became even more evident in neat water,

likely due to partial deprotonation of the naphthol. In this case the absorption tail extended

up to 400 nm.
2.0x10* 1 MeO,C ©_
QK
S)
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Figure 65: (left) UV-vis spectrum of 156 10> M in ACN:H,0 1:1 (solid line) and in buffered water at pH 7.4 (dashed line). (right)
Protonation equilibrium for 156.
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Figure 66: (a) Absorption spectra of compound 156 5.00-10"° M in H;O at different pH values. (b) Molar absorptivity monitored
at 370 nm; non-linear fitting of the experimental data yielded pKa = 7.77 + 0.01.
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The effect of pH was further investigated by spectrophotometric titration, recording the
compound absorption spectrum at increasing pH values (Figure 66). By shifting toward basic
conditions a batho- and hyperchromic effect was observed. In more detail, a new band
peaking at 340 nm and displaying a shoulder around 380 nm was formed and was assigned
to the deprotonated species 156. Fitting of the molar extinction coefficient data at 370 nm
as a function of pH yielded a pKa of 7.77 £ 0.01. This likely indicated that, similarly to
arylethynyl nitro-derivatives (Section 3.1), at physiological pH a considerable amount of the

NQMP is present in the deprotonated form, which is the most interesting for its absorption

properties.
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Figure 67: (a) Emission spectra of 156 1.47-10° M in ACN-H,0 8:2 at different pH values (Aexc=318 nm). At pH 5.27 (solid line)
the only absorbing species is the acidic 156, while at pH 10.27 (dashed line) the only species present at equilibrium is the
conjugate base 156°. (b) Emission spectra of 156 1.5:10° M in different ACN-H,O mixtures (Aexx=318 nm); %v/v is the
percentage of H,0.

The two species were also investigated by fluorescence spectroscopy. Despite the
intrinsically low emission, as should be expected by the presence of a competing mechanism
of consumption of Si, an interesting behaviour could be observed in buffered ACN-H20 8:2
(Figure 67a). In fact, while the deprotonated species 1561 afforded the expected emission
band centred at 470 nm, the situation for acidic 156 was more peculiar. In more detail, its
fluorescence spectrum consisted in a convolution of two bands, respectively peaking at 380
and 470 nm. This observation suggested that structural changes might be occurring at the
singlet excited state surface, and the deprotonated species could be forming via an excited
state proton transfer (ESPT) mechanism involving the solvent as proton acceptor. This

hypothesis was confirmed by recording the fluorescence spectra of the compound in
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solutions at varying solvent composition (Figure 67b). Upon gradual substitution of polar
aprotic ACN with water the emission spectrum shifted from that of the pure 156 (at 370 nm)
to the one which was assigned to 156" (480 nm), while the absorption spectrum remained

mostly unchanged, displaying the features of 156.

The same spectroscopic study was carried out on the corresponding Mannich base 155,
obtaining similar results. Interestingly, though, this dual emission behaviour was no more
detected, not even in neat ACN (Figure 68). Only in ACN containing concentrated HCI the
emission of the fully protonated species became detectable. This unambiguously indicated
the intervention of an intramolecular proton transfer mechanism (ESIPT) from the naphthol

to the proximal tertiary amine.
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Figure 68: (Left) Emission spectra (Aexc=318 nm) of 155 1.5-10° M in neat ACN before (solid line) and after addition of a drop
of 37% HCI (dashed line). (Right) Protonation equilibrium between 155 and 155* and generation of 155%, which is the true
emitting chromophore at 470 nm, through ESIPT.

3.2.3 LFP detection of a naphtho-QM

Following the preliminary results on occurring ESPT mechanisms, quaternary ammonium salt
156 was chosen as a prototype system to study the ability of the new class of naphtho-QMPs
to effectively generate a quinone methide upon photochemical activation. Laser flash
photolysis (LFP) measurements were carried out in order to detect any transient species
generated upon irradiation at 354 nm. For the scope, an Ar-purged 10™* M solution of 156 in
buffered water (pH 7.4) was irradiated with a Nd:YAG laser. A transient band of remarkable

intensity was observed centred around 650 nm and extending far beyond 700 nm (Figure
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69a). However, its lifetime (.ca 30 us) is relatively short if compared to previously reported
naphtho-QM. Moreover, quenching studies with molecular oxygen and various nucleophiles
did not allow to surely establish the nature of the transient species. In order to clarify
whether it was actually a quinone methide, similar experiments were carried out on
derivative 164, which was missing the trimethylaminomethylene moiety (Scheme 50). As this
compound is unable to generate a QM, a difference in the transient spectra obtained upon
its irradiation with respect to 156 would confirm that the latter is actually generating a QM-

type transient.

Indeed, the transient spectrum of 164 was quite different from that of 156 (Figure 69b). In
fact, apart from displaying a much lower absorption intensity, it lacked the intense band in
the NIR region. This was substituted by a less intense one, centred at 510 nm. It was thus

concluded that the band generated by 156 can safely be assigned to NQM3.

® H,O
MeOQC\‘\Ti MeOzC\* 2 MeOZC\‘\OH
! E oOH o g g o) ! E OH
Cl

H,0
156 (pH 7.4) NQM3 165
MeOzC A =354 nm
OH 7

164

Scheme 50: Generation of NQM3 by photolysis of 156. The analogue 164 was used as a reference compound, since it cannot
generate any QM.

a) 0.5 b) 0.06 -

0.05
A

0.04

A0O.D.

© 0.03
<
0.021

0.01+

T T T T T 1 0-00 T T T 1
400 450 500 550 600 650 700 400 450 500 550 600
A (nm) A (nm)

Figure 69: Transient absorption spectra of (a) 156 and (b) 164 10* M in Ar-purged buffered water solution (pH 7.4), irradiated
at 354 nm. To dissolve 164 ACN was used as a co-solvent in a 1:1 mixture.
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3 PHOTOINDUCED G4 ALKYLATION

Fitting of the transient decay trace (Figure 70) yielded a pseudo-first order rate constant kops
= (3.05+0.04)-10% s7*. Such a high decay rate was indicative of a highly reactive and possibly
electrophilic transient species. This reactivity was much more remarkable than those
reported in the literature for unsubstituted NQMs, likely indicating that the ester

functionality played a major role in it.
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Figure 70: Decay trace monitored at 650 nm and relative to NQM3; fitting with a first order kinetic law yielded an observed
rate constant of (3.05+0.04)-10* s* for the trapping of NQM3 with H,0 to afford 165. Such high reactivity could be explained
by the effect of the carbomethoxy group in enhancing the electrophilic character.

3.2.4 Photoreactivity and QM trapping

As a following step for the reactivity investigation, photo-trapping experiments were carried
out on the model derivatives 155 and 156 (Scheme 51). Upon irradiation of 10* M solutions
in 1:1 aqueous ACN and buffered water (phosphate buffer), the expected photoreactivity of

QMPs was observed.

In particular, in ACN:H20 1:1, the products obtainable from the trapping reactions with water
and 2-mercaptoethan-1-ol were detected (165 and 166 respectively). Moreover, two
additional side-products were observed, resulting from the bimolecular reaction between
NQM3 and another QMP molecule at the most nucleophilic sites, namely the aromatic
carbon in position 1 (154 and 155) and naphthol oxygen (156 and 157). As expected, these

products disappeared by lowering the reagent concentration (Figure 71c).

124



3.2 Design of a naphtho-QMP functional tool
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Scheme 51: Photolysis adducts of QMPs 155 and 156. All reactions were performed in a Rayonet© multilamp reactor using
2 x 15 W UV lamps and 20 mL quartz tubes centred at 310 nm. (a) 10 M solution in ACN-H>0 1:1, 20 min (yield: 82% from
156, 23% from 155) (b) 10* M solution in ACN-H,0 1:1, 2-mercaptoethan-1-ol 102 M, 15 min (yield: 39% from 156 and 19%
from 155). Bimolecular side-products formed by both photolysis.
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Figure 71: Kinetic plots for the photolysis of 156 10* M in ACN:H,0 1:1 (a) without and (b) with added 2-mercaptoethan-1-ol
102 M. (c) Dependence of the ratio between products 168 and 165 obtained upon photolysis of 156 in ACN-H,0 1:1 (after
20% conversion) on the total concentration.
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Interestingly, the fact that upon prolonged irradiation some of the primary products started
to fade to the advantage of secondary ones (Figure 71b), confirmed that these NQM
derivatives display the typical photochemical reversibility of most QM adducts.

Photohydrolysis reaction quantum yields (®r) were determined by monitoring the QMP
conversion to the products by HPLC at low reaction conversion. In order to take into account
the multiple photoalkylation products, the reagent consumption was monitored instead of
the products formation. Since all the products had been demonstrated to be formed via QM
generation, this parameter was the most suited to assess the actual reactivity of the QMP.
Unexpectedly, in aqueous ACN Mannich base 155 proved to be more photoreactive than 156
(®r=0.37 vs 0.19). Additionally, when looking at the specific product formation, their
distribution appeared different for the two derivatives (Figure 72). In fact, Mannich base 155
seemed to react preferentially via the alkylation of another molecule of QMP at carbon (167,
®r=0.24), while 165 (Pr=0.08) was formed as a minor product together with 169 (®r=0.05).
Conversely, the quaternary ammonium salt 156 vyielded for the major part the
photohydrolysis product (165, ®r=0.16), forming the bimolecular adduct 168 only in low

amounts (®r=0.03) and 170 just in traces.

a
i5E ) 167 \

[
)
©

Figure 72: Enlarged HPLC chromatograms of photolysis reactions of (a) Mannich base 155 and (b) quaternary ammonium salt
156 10 M in ACN:H,0 1:1, after about 20% of conversion.

The photohydrolysis reactions of derivatives 155 and 156 were further investigated in
buffered water. The overall reactivity was negatively affected moving from aqueous ACN to
pure water, roughly decreasing by a factor of two. Although a clear explanation for the trend
could not be found, this behavior is extremely general and is observed for most

photochemically generated quinone methides.

As the compounds are involved in one or two protonation equilibria (deprotonation of the

naphthol and protonation of the Mannich base), the photoreactivity was assessed at pH
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values for which a single species was prevailing (Scheme 52). When testing 156 (naphthol
pKa =7.77), pH 5.27 and 10.27 were selected as the conditions in which the fully protonated
and depronotonated species would respectively be present. In this case, the neutral and
anionic species proved to be equally reactive, since photohydration quantum yield was the
same (Pr=0.15), although at acidic pH only 165 was observed, whereas a mixture of 165 and
168 was formed in basic conditions (Pr=0.10 and ®r=0.05 respectively). On the other side,
the corresponding Mannich base 155 could be present in three forms, the fully protonated
155*, the zwitterionic 155*" and the anionic 155". Their distribution is governed by the two
pKas (7.41 £ 0.01 and 10.72 + 0.01) measured by spectrophotometric titration. The first two
species proved again to have similar reactivity (Or=0.08 and ®r=0.10 respectively at pH 4.91
and 9.07). Instead, the anionic species 155 was completely unreactive, displaying uniquely a
slow thermal hydrolysis of the ester. This was however expected as Me:;N" is not a leaving

group under these conditions (pKa~35).

P =0.15 P =0.15
MeO,C ®_ pKa  MeO,C ®_
N\ o N\
I ~® |
OH +H O@
156 156"
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OO = O r
\ _— \ _—
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155* 155%% 155°

0.8+ 0.8+
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Scheme 52: Protonation equilibria for 155 and 156 in neat water and species distribution at different pH values (pKa = 7.77
+0.01, pKa; = 7.41 £ 0.01, pKa, = 10.72 + 0.01).
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3.2.5 Substituent effect on NQMP photoreactivity

The reactivity study mentioned above was extended to NQMPs embedding different
substituent in position 7. First, the absorption proprieties were checked for all compounds
under study. In particular, the naphthol -OH acidity constant resulted to be slightly affected
by the electron-withdrawing ability of the substituent R (pKa = 7 + 8), the extremities being

represented by oxazole 162 (pKai = 7.14, Figure 73) and boronic acid 157 (pKanaphtho! = 8.03).
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Figure 73: (a) Absorption spectra of compound 162 2.75-10° M in H,0 at different pH values. Blue spectrum corresponds to
162*, red spectrum to 162?%, green spectrum to 162-. (b) Molar absorptivity monitored at 380 nm; non-linear fitting of the
experimental data yielded pKa: = 7.14 + 0.01 and pKai = 10.93 + 0.04.

The resulting spectra showed that the absorption bands of the protonated and deprotonated
reactive species are very similar for all the precursors (Table 6). More powerful electron-
withdrawing groups red-shifted both absorption bands, despite such bathochromic effect

was much more intense for the deprotonated species (.ca 40 nm vs 20 nm).

Table 6: Absorption maxima of 10* M solutions in H,O of 7-substitued 2-naphthol Mannich bases and quaternary
ammonium salts. A* and A* correspond to the absorptions relative to the fully protonated Mannich base and the
zwitterion respectively; A and A correspond to the absorptions relative to the quaternary ammonium salt and the
deprotonated conjugated base respectively.

a R = CONH(CH,)sNHMey* R
bR =COO L
<R = B(OH)O- OH
R L=NMe: At (nm) A (nm) L=NMes'Cl" A (nm) A (nm)
o] NMez
158° 298 324 - - -

ﬁ‘{lu’\)
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R L=NMe: A (nm) A (hm) L=NMes*Cl" A(nm) N (nm)

0 o
o Cli NMeg

- - - 159 298 328
H

COOMe 155 306 334 156 307 336
COOH 151 306 3200 - - -

CHO 149 317 365 150 320 370
B(OH), 157 287,337  351° - - -

-N —
o
ig\\’\?—Q 162 324 355 163 322 357
N

The effect of the substituent on quinone methide generation efficiency was thus
investigated. Since all the compounds paralleled the spectral behavior of 155 and 156,
irradiation in the near UV was possible in every case. Therefore, simple photohydrolysis
experiments in ACN-H;0 1:1 using 310 nm centered light source were performed to assess
NQMP photoreactivity (Scheme 53). In analogy to what have been observed in arylethynyl
benzo-QMPs, the effect of the substituent attached to the naphtho- core was governed by
its electron-withdrawing character (Table 7). In fact, the carboxylic acid 151, the aldehyde
149 and the oxadiazole 162 were less reactive than the ester 155. However, in contrast to
this trend, amide 158 was markedly less reactive than the ester 155, despite the lower
electron-withdrawing ability. The same trend was confirmed for the quaternary ammonium
salts. Interestingly, though, direct comparison with the analogous Mannich bases showed an
unexpected lower reactivity, with the only exception of amide 159. This is rather in contrast
with what was observed for the parent o-QMP system (see Section 3.1) and might be a
unique feature of such naphtho-derivatives, which should be taken into account for

subsequent implementation into the ligand scaffolds.

ACCORL I O Gy

Scheme 53: NQMs hydration products by photogeneration from NQMPs. All reactions were performed in a Rayonet©
multilamp reactor using 2 x 15 W UV lamps and 20 mL quartz tubes. (a) 10 M solution in ACN-H,0 1:1, 310 nm, 20 min — 6
h depending on ®x (yields: 18 - 95%).
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Table 7: Quantum yield of photohydration (®g) of 10* M solutions of 7-substitued NQMPs in ACN:H,0 1:1 irradiated

at 310 nm.
g
OH
R L=NMe; ®r  L=NMes'Cl @ L=OH
0] NMe,
%LN ~ 158 0.084 - - 171
H
© o
(0] Cl NMe3
- - 159 0.17 172
N
H
COOMe 155 0.37 156 0.19 165
COOH 151 0.049 - - 173
CHO 149 0.010 150 0.0016 174
B(OH) 157 0.042 - - 175

-N —
(0]
H‘#h‘\)—@ 162 0.016 163 0.0054 176
N

In conclusion, 7-substitued naphtho-QMPs were shown to be capable of generating highly
electrophilic QM intermediates through ESPT mechanisms. The nature of the remote
substituent influenced the efficiency of the naphtho-QM generation process in a rather
similar way to the substituted arylethynyl benzo-QMPs (Section 3.1). In particular, powerful
electron-withdrawing groups had a detrimental effect on QM generation, although providing
a convenient red-shift in the absorption proprieties of the precursor. However, the nature of
the leaving group had a much less clear influence on the elimination process which precedes

QM formation.
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3.3 Towards selective G4 photo-alkylation

The ability to form a covalent bond, giving rise to an irreversible immobilization of the ligand
on the G4 structure, could open up new perspectives for the development of novel
quadruplex-binding molecular tools for in cell applications®. Ligand-mediated
photoreactivity on G4 has been prompted by the potential applications of G4 tagging and

“pull-down” processes by covalent modifications.

To date, only two classes of alkylating G4 ligands upon photoactivation have been
described*3% 137] and were based on benzophenone and arylazide excited state chemistry in
one case, photo-induced electrontransfer and phenoxyl radical generation in the other. This
innovative photoaffinity labeling of G4-ligand interactions encloses the potential of obtaining
spatial and temporal control over the alkylation event, providing an added value for
diagnostic and therapeutic strategies. However, due to the irreversible nature of the newly
formed bond, such photoaffinity labels cannot be exploited for G4 genome sequencing,
which requires ligand detachment after pull-down. Conversely, the unique reversibility —
upon irradiation — of the alkylation adducts formed with phototriggerable quinone methides,

could offer a precious tool for mapping G4-forming sites in the strict cell context.

Apart from better analyze ligand-G4 interactions or capture a particular DNA sequence, it is
also mandatory to get more corroborating proofs of G4 alkylation as a valuable therapeutic
strategy. In this context, the design of new reversible ligand/alkylating agent hybrids is highly
desirable. Based on the results discussed in the previous sections, a series of putative ligands

embedding multiple photoactivatable quinone methide precursors have been developed.

First, the synthetic approach to 3 classes of water-soluble putative G4 ligands will be
presented. Hence, the result of several screening biophysical assays will be shown and some
conclusion will be derived concerning their binding mode. Additionally, the photoalkylation
proprieties of the same compounds will be evaluated by PAGE analysis of the irradiated
mixtures with two selected G4-forming oligonucleotides and in the presence of ds-DNA
competitor. Stability of the newly formed covalent bond under heating will be determined.
Finally, three lead compounds will be selected for assessing the sites of alkylation.

Preliminary data will be presented in this regard.
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3.3.1 Synthesis of V-shaped bifunctional o-QMPs

Based on the results achieved in Section 3.1, the synthesis of an extended aromatic
compound embedding the arylethynyl structural motif was prompted. The evidences
supporting target preference for planar V-shaped small molecules suggested the possible
exploitation of a 1,3-diarylethynylbenzene scaffold!*?¢! (Scheme 54). Besides simplifying the
overall synthetic approach, the design of a symmetrical structure enabled the introduction
of two QMPs at the same time. The presence of more than one QMP within the same
molecule was proposed to enhance the photoreactivity. In fact, although the single
chromophore quantum vyield is not affected, the overall cross-section results doubled. In
addition, considering the typical reversibility of QM alkylation adducts promoted both
thermally and photochemically, the use of bifunctional QMPs could potentially lead to cross-
links between G-quadruplex nucleobases, thus lowering considerably the probability of off-
target migration, which would require simultaneous QM generation and ligand detachment.
Finally, directly conjugated electronrich QMPs should enhance each other’s photoreactivity,

as previously shown.
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Scheme 54: Synthesis of V-shaped bifunctional o-QMPs 178-181. (a) Pd(PPhs).Cl, 10%, Cul 20%, TEA, DMF, rt, 9 h (yields: 25-
38%); (b) Mel, ACN, rt, 48 h; (c) HCI, H2O (yields over 2 steps: 97-99%).

The synthesis of V-shaped bifunctional o-QMPs followed straightforwardly the protocol used
in Section 3.1. Therefore, the isomeric iodo-derivatives 114 and 115 were coupled with
commercially available 1,3-diethynylbenzene (177) through Sonogashira cross-coupling in
DMF to afford Mannich bases 178 and 180 (Scheme 54). This time, a high catalyst loading
was needed and the low isolated yields reflected low substrate reactivity and catalyst

turnover. Methylation of the tertiary amines was achieved by addition of excess
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iodomethane in ACN affording the quaternary ammonium salts 179 and 181. Hence, the
affinity for quadruplex DNA and the subsequent photoreactivity was studied in vitro for both

Mannich bases and quaternary ammonium salts.

3.3.2 Synthesis of V-shaped bifunctional NQMPs

The preliminary study described in Section 3.2 suggested that for efficient QM generation
from 7-substitued naphtho-QMP the best functional group is the ester. Unfortunately, this
functionality cannot be used as a central structural motif when it comes to build a G4 ligand.
In order to get a planar arrangement for the whole ligand all the atoms of the central core
must be sp? hybridized, but both arylesters and vinylesters suffer of hydrolytic instability.
Conversely, arylamides have been extensively used as G4 binders, as fully demonstrated by
the PDC series®?], Phen-DC3 and Pyridostatin, which are still considered among the most
powerful and selective ligands. Therefore, the first attempts were made towards the

synthesis of dicarboxamide 183 (Scheme 55).
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Scheme 55: Unsuccessful synthesis of dicarboxamide 183 and diimine 186. (a) PyBOP, DIPEA, DMF, 60°C, 3 d; (b) MeOH,
reflux, 22 h. Neither protected carboxylic acids 184 and 185 reacted with 2,6-diaminopyridine 182.

Unfortunately, the condensation was unsuccessful, and even when the hydroxyl group was
protected as a benzylether (184) or in the absence of the tertiary amine (185) no reaction

was observed between the carboxylic acid and 2,6-diaminopyridine (182). Imine formation
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between aldehyde 149 and 182 was also endeavored to afford compound 186 with little

success.

Therefore, two alternative strategies were considered. The first was the exploitation of the
arylethynyl motif used successfully with the benzo-QMPs (Scheme 56). Unfortunately, any
attempt of obtaining compound 190 through direct cross-coupling between bromo-
derivative 148 and 177 was vain. Luckily, employing less sterically demanding
ethynyltrimethylsilane afforded the desired arylethynyltrimethylsilane 187 in good yield.
Subsequent TMS cleavage by basic methanol and Sonogashira cross-coupling with highly
reactive 1,3-diiodobenzene (189) afforded the desired compound 190 in excellent yield. The
quaternary ammonium salt 191 was achieved by addition of excess iodomethane in ACN. To
get over the low kinetics observed at room temperature, exhaustive methylation was

accomplished at reflux temperature to solubilize the reagent.
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Scheme 56: Synthesis of V-shaped bifunctional arylethynyl NQMPs 190 and 191. a) PdCl>(PPhs), 4%, Cul 4%, TMS-CCH, TEA,
80°C, 1 h (yield: 86%); (b) K2COs, MeOH, rt, 16 h (yield: 59%); (c) PdCl>(PPhs), 4%, Cul 4%, TEA, 80°C, 2 h (yield: 81%); (d) Mel,
ACN, reflux, 2 h; (e) HCI, H20 (yield over 2 steps: 68%).

The second strategy relied on extending the synthesis of oxadiazole 162 for a bifunctional
derivative 192 (Scheme 57), which closely mimics the structure of oligo-heteroaromatic
compounds of Chapter 2. The same protocol was applied, but diamidoxime 79 was used in
the place of monofunctional analogue 160. After the acylation step (Scheme 57a) three
major products 193-195 were isolated and characterized by ESI-MS. Their structure (Scheme
58) was consistent with a reaction mechanism involving a slow transacylation step following

the fast formation of an oligomeric arylester by condensation of the carboxylic acid of one
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molecule with the naphthol hydroxyl of another. Eventually, ring closing cyclodehydration

was achieved under basic conditions, affording the Mannich base 192.
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Scheme 57: Synthesis of V-shaped bifunctional oligo-heteroaryl NQMP 192. a) PyBOP, DIPEA, DMF, rt, 6 d; (b) K.COs;, DMF,
65°C, 2 h; (c) HCI, H20 (yield over 3 steps: 34%).
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Scheme 58: Structures of the intermediates identified during the step (a) in Scheme 57. Proposed transacylation mechanism
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accounting for the observed intermediate 195.

Despite the fact that it would had been worth to synthesize the quaternary ammonium salt
as the effect of the leaving group on the reactivity of the prototype NQMPs was much less
clear if compared to the benzo-analogues, the low isolated yield for compound 192, together

with the long multi-step procedure, did not allow its achievement.
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3.3.3 Synthesis of trifunctional o-QMPs

To realize the tempting synthesis of a trifunctional QMP as G4 alkylating agent, the choice
fell upon the Cs-symmetric 2,4,6-triaryl-1,3,5-triazine scaffold. The most convenient route
towards symmetrically trisubstitued triazines is based on the cyclotrimerization of arylnitriles
under highly acidic conditions (triflic acid or anhydride are mostly used) and has been widely
described in the literature?’3l. Moreover, the central triazine ring ensured the effective
planar arrangement of the oligoaryl system, while its electronic proprieties should control

the overall electron-poor nature of the putative ligand.

Following a two steps protocol (Scheme 59), commercially available 4-cyanophenol 196 was
first converted into its Mannich base 197 through the same procedure used for iodo-
derivatives 114 and 115. Subsequently, the nitrile was treated with triflic acid in chloroform,
yielding the cyclotrimerization product 198 in good yield. Methylation of the tertiary amines
was achieved by addition of excess iodomethane in ACN affording the quaternary
ammonium salt 199.
OH L
oH OH N E/?) L=NMe, 198
a b cd |: ® ©
© - ©) — NTIN L = NMesCl 199
CN CN L/D)LN/)\C(\L
HO OH

Scheme 59: Synthesis of trifunctional o-QMPs 198 and 199. (a) PFA, NHMe: 33% in EtOH, EtOH, reflux, 2 h (yield: 50%); (b)
TfOH, CHCls, rt, 48 h (yield: 83%); (c) Mel, ACN, rt, 24 h; (d) HCI, H,O (yield over 2 steps: 97%).

196 197

3.3.4 QMPs as G-quadruplex reversible ligands

To evaluate the ability of the tested compounds to stabilize quadruplex structures, a
preliminary FRET-melting assay was performed with a panel of seven G4-forming
oligonucleotides. The assay was carried out under standard conditions, where labelled DNA

0.2 uM was incubated with the tested compound 1.0 uM.
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Figure 74: FRET-melting assay for photoalkylating agents 178-181, 190-192, 198-199 with a panel of G4s. Conditions: DNA
0.2 uM, compounds 1 uM, LiCaco 10 mM (pH 7.2), LiCl 99 mM and KCI 1 mM (LiCl 90 mM and KCI 10 mM for F21T and
F(21CTA)T).

10
1T
. F(21CTA)T
F(Pu24T)T J
g EEIF(cKi2T )

F(CEB25wt)T
F(Bcl2)T
[_JFMyo)T

178 179 180 181 190 191 192 198 199

Figure 75: FRET-melting assay after doubling the concentration of the compounds. Conditions: DNA 0.2 uM, compounds 2
1M, LiCaco 10 mM (pH 7.2), LiCl 99 mM and KCI 1 mM (LiCl 90 mM and KCI 10 mM for F21T and F(21CTA)T).
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The measured melting stabilization temperatures (Figure 74) were quite low and did not
exceed 8°C even in the best cases (i.e. triazines 198 and 199). Moreover, the standard
deviation was often comparable to the ATm value itself. Therefore, this first assay did not
allow the proper characterization of the affinity of such structures for quadruplex DNA.
Hence, the same screening was performed after doubling the concentration of the tested
compounds (DNA 0.2 uM, compound 2 uM). A significant increase of the G4 stabilization was
observed (Figure 75), even if ATm values did not exceed 10°C in every case studied. Moreover,
keeping in mind that ATm values for different structures should not be directly compared as
they depend on the intrinsic stability of any particular G4, no significant differences were
observed in the relative selectivity among different G4-forming sequences. The only evident
discrepancy could be attributed to F(Bcl2)T, for which naphtho-QMPs 190-192 showed to be

better ligands if compared to benzo-QMPs.

As a further evidence for the actual interaction with quadruplex DNA, the same compounds
were screened with two selected sequences, namely F21T and F(Pu24T)T, at a concentration
as high as 20 uM, corresponding to 100 equivalents. The ATm values were plotted against
ligand concentration, showing a clear dose-response correlation (Figure 76). In both cases a
similar pattern was observed, which allowed to rank the compounds for their ability to

stabilize a general G-quadruplex.
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Figure 76: Dependence of ATm of (a) F21T and (b) F(Pu24T)T on the concentration of the putative ligands.

Conditions: (a) DNA 0.2 uM, LiCaco 10 mM (pH 7.2), LiCl 90 mM and KCI 10 mM; (b) DNA 0.2 uM, LiCaco 10 mM (pH 7.2),
LiCl 99 mM and KCl 1 mM. Phen-DC3 has been used as a reference.

In particular, naphtho-QMPs 190-192 were found to be better ligands than benzo-QMPs 178-

181 and 198-199, and among them the quaternary ammonium salt 191 was the more
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3.3 Design of a naphtho-QMP functional tool

effective at 20 uM, while oligoarylic compound 192 situates between 191 and the
corresponding Mannich base 190. Among bifunctional benzo-QMPs 178-181, the binding
was substantially unaffected by the nature of the leaving group, while 5-arylethynyl 180-181
were slightly more performing than 4-arylethynyl derivatives 178-179. Trifunctional benzo-
QMPs based on the triazine core 198 and 199 showed a similar behavior and meanly the
same affinity as their bifunctional counterpart, but with a slight preference for the telomeric
sequence F21T. Definitely, none of the tested compounds were vaguely comparable to
benchmark Phen-DC3 in its ability to stabilize G4 even at very low concentration. In this
context, it should be remembered that the upper limit of ATm in melting assays normally lies
between 30 and 40°C — depending on the actual sequence — as melting temperatures above

90°C are not measurable.

To assess the selectivity of the ligands for G-Quadruplex secondary structures over duplex
DNA, FRET-based competition assays were performed for the same G4-folding sequences
(F21T and F(Pu24T)T) with increasing concentration of a competitor ds-DNA (ds26). Notably,
despite the general low affinity, all the compounds under study displayed good selectivity
for the tested G4s, as the ATm was poorly affected by the addition of the competitor (Figure
77). In the worst case, i.e. oligoarylic NQMP 192 and sequence Pu24T, the melting
stabilization temperature diminished from 19.9°C to 9.4°C after addition of 10 uM of ds26,

which correspond to about 118 base pairs equivalents.
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Figure 77: FRET-melting competition assay for photoalkylating agents 178-181, 190-192, 198-199 with (a) F21T and (b)
F(Pu24T)T in the absence and in the presence of double-stranded DNA competitor (ds26). Conditions: (a) DNA 0.2 uM,
compounds 1 pM, ds26 0, 3, or 10 pM, LiCaco 10 mM (pH 7.2), LiCl 90 mM and KCI 10 mM; (b) DNA 0.2 uM, compounds 20
UM, ds26 0, 3, or 10 uM, LiCaco 10 mM (pH 7.2), LiCl 99 mM and KCI 1 mM.
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3 PHOTOINDUCED G4 ALKYLATION

Fluorescence intercalator displacement (FID) was used as a further G4 affinity screening
assay. Fluorescence titrations of the 2:1 complex between thiazole orange (TO) and eight
DNA sequences (seven G4 and one ds-DNA) were performed with all the QMPs under study.
Thiazole orange displacement (TOD) was hence inferred by fluorescence quenching (Figure
78). Remarkably, in most of the cases no significant displacement was observed even after
addition of 10 equivalents of ligand. The only exceptions to this trend were observed for
triazines 198 and 199 and 22AG and Myc sequences (those with the highest ATm on FRET-
melting assay, Figure 74), for which a still low 40% of displacement was obtained after the

addition of 10 equivalents of ligand.
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Figure 78: FID titration assay assay for photoalkylating agents 178-181, 190-192, 198-199 with a panel of seven G4s and one
ds-DNA control sequence (ds26). Conditions: DNA 0.25 uM, TO 0.5 uM, compounds 0-2.5 puM, LiCaco 10 mM (pH 7.2), KCI
100 mM.
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3.3 Design of a naphtho-QMP functional tool

The complete absence of TO displacement, along with the relatively low values of ATm under
standard conditions led to consider the possibility that the affinity of the QMPs for DNA in

general is very weak, far lower than that of thiazole orange.

In order to investigate this aspect and gain a better understanding on the actual affinity of
the QMPs as reversible binders, UV-vis absorption measurements were performed. In
particular, a slight red-shift at about 320-340 nm in the absorption spectrum of 181 was
noticed upon addition of DNA, and assigned to the bound species (Figure 79a). Importantly,
this bathochromic shift was enough intense to allow the monitoring of complex formation
during a titration. Therefore, binding constants for the complexes of 181 with different DNA

structures were extrapolated from UV-vis titrations (Figure 79b-d).

b) 0.04 .
i
- L]
L ]
- -
0.03 P n i,
o 141 Fit
5 ” 2:1 Fit
g "
g 0021 g
-
-
0.01-
"
L]
-
0.00 ; ‘ - . 0.00 48 . . . ; . .
300 310 320 330 340 350 0.0 0.5 1.0 1.5 20 25 3.0
% (nm) CDNA/CLi\]Ind
c) . d) . -
0.074 w2 0.05 - .
" - -
0.06 - " -
n
0.05 "4 ) " AAbs,, a4 =
A - -
" 1:1 Fit o
4 2:1Fit q
004 -' ! 0.03 o = AAbs,,
- 2 . 1:1 Fit
< b
“003] 3 o 2:1 Fit
: 0.02-
| ]
0024 [ .
7 001 o
0014 ] :
0.00 4 T
T T T T T L § T T T T T T T T T T
00 05 10 15 20 25 30 35 40 45 50 0.0 20 40 6.0 8.0 10.0
CDNAIcLigInd CDNAICLIginﬂ

Figure 79: (a) Change in the UV-vis absorption spectrum of 181 (5 uM) upon addition of 22AG G4. Conditions: LiCaco 10 mM
(pH 7.2), KCI 100 mM. (b-d) Titration plots of the absorption enhancement at the most convenient A vs DNA equivalents;
fitting analysis yielded 2:1 ligand-DNA stoichiometry in each case. (b) 22AG, K, = (2.3+0.2)-10° M. (c) Pu24T, K, = (2.8+0.1)-10°
M. (d) ds26, K, = (6.6+0.1)-10* M.
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3 PHOTOINDUCED G4 ALKYLATION

For simplicity, the absorption enhancement plots were fitted with a model that considers n
independent host (DNA) binding sites for which the guest (QMP) exhibits the same binding
constant K, (see Appendix B). The parameter n was fixed as an integer and the best fit was
obtained for a 2:1 guest-host stoichiometry for all the cases. The affinity of 181 for
quadruplex structures is well depicted by the extrapolated mean binding constants Ka =
(2.340.2)-10°> M for its complex with 22AG and Ka = (2.8+0.1)-10° M! with Pu24T. According
to the aforementioned selectivity, the binding constant for the complex with duplex DNA

ds26 is about 5-fold lower (Ka = (6.6+0.1)-10* M1).

Since the reported affinity constant for TO-G4 complexes is in the order of 10°-10° (e.g. Ka =
2.1-10° M for 22AG in K* buffer)**®l, the measured K. could account for low TOD values
and/or curve slope, but not for the observed complete absence of any displacement.
Probably an independent binding site was involved for QMP 181, so that TO stacking
interactions with the external quartets were not affected by QMP complexation. Likely, the

conclusion held true for the other QMPs, although the Ka were not measured.

The interaction of the putative ligands with quadruplex DNA was further established by
circular dichroic spectroscopy. The CD spectra of six G4 sequences were measured before
and after incubation with increasing concentration of QMPs. In almost all cases a significant

change in the G4 dichroic signature was observed as a consequence of complex formation

(Figure 80).
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Figure 80: CD titration of 22AG in (a) K* and (b) Na* rich buffers, with trifunctional QMP 198. Conditions: DNA 3 pM,
compounds up to 15 uM, LiCaco 10 mM (pH 7.2), KCl or NaCl 100 mM.
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3.3 Design of a naphtho-QMP functional tool

Remarkably, the formation of a signal associated with ligand transitions was also evident in
some cases. For instance, addition of arylethynyl naphtho-QMP 190 to both hybrid (in K*-rich
buffer) and antiparallel (Na*-rich buffer) 22AG G4 clearly showed the appearance of a new
band ascribable to an induced CD (Figure 81). Remarkably, such an intense ICD is the typical
signature of an electronic transition arising from a helical arrangement of conjugated n

systems.
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Figure 81: CD titration of 22AG in (a) K* and (b) Na* rich buffers, with arylethynyl naphtho-QMP 190. Conditions: DNA 3 puM,
compounds up to 15 uM, LiCaco 10 mM (pH 7.2), KCl or NaCl 100 mM. Ligand molar absorptivity has been superimposed for
a clearer comparison.

This ICD is common to most arylethynyl QMPs (both benzo- and naphtho-), although some
distinctions must be made among the different compounds. In particular, 5-arylethynyl
benzo-QMPs 180 and 181 displayed a marked ICD band — positive or negative depending on

the particular sequence — whereas isomeric 4-arylethynyl 178 and 179 did not (Figure 82).
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Figure 82: CD titration of 22AG in Na* rich buffer with arylethynyl quaternary ammonium salts (a) 179 and (b) 181. Conditions:
DNA 3 uM, compounds up to 15 uM, LiCaco 10 mM (pH 7.2), NaCl 100 mM. Ligand molar absorptivity has been superimposed
for a clearer comparison.
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3 PHOTOINDUCED G4 ALKYLATION

The ICD arousal for oligoaryl QMP 192 was particularly interesting as it was observed in a
topological dependent manner (Figure 83). More specifically, a remarkable negative ICD
signal was observed upon complexation of hybrid and antiparallel G4, namely 22AG in K*,
22AG in Na*, and 21CTA. Conversely, no additional transition was detected with parallel
conformations, namely c-Kit2, Myc and Pu24T. The fact that the former group of G4 has less
hindered grooves, as they are not occupied by propeller-type loops, suggested that the
binding might occur precisely at such site and thus produce an ICD signal, usually associated
with helical distortion. On the contrary, the encumbered grooves of parallel G4s make such

interaction mode less feasible, which was in agreement with the lack of ICD.

a) 4 b) 2
I 4.0x10°
P F3.5x10°
‘73 34
Faoxio <
£ °
i t2.5x10° £
e 24 °
1} F20x10° e
o <E O
() { 1.5x10
T 1- Tl e
o F10x10' 2 © \
=) © g \ 1
= - 5.0x10° P eq
3 04 = e \V/ 2eq F-2x10°
2 0.0 -1 \\Vf 3eq
O ® \f
= M phs: L -3x10°
. I -5.0x10° —3e
F--1.0x10° - -ax10°*
T T T T T T T 2 T T T T T T T T
225 250 275 300 325 350 375 400 225 250 275 300 325 350 375 400 425 450
A (nm) A (nm)
& <
) 94 \ 4x10°
8] Oeq - 4x10
—_ 1eq I 3x10°
w 71 2eq "
o 3eq - 3x10°
64
£ deq -
N‘U 54 ——5eq X
g 7ol — F2x10' = -
3] —.E - 1x10* 'g
3,] Fixiot £ s
- &) ® Lo &
x5
@ 0+ S— 0
14 +-1x10°*
2 F-1x10"
3 - -2x10*
T T T T T T T T T T T T T T T T T T
225 250 275 300 325 350 375 400 425 450 225 250 275 300 325 350 375 400 425 450
A (nm) A (nm)

Figure 83: CD titration of (a) 22AG in K* rich buffer, (b) 22AG in Na* rich buffer, (c) c-Kit2, (d) Myc with oligoaryl QMP 192.
Conditions: DNA 3 uM, compounds up to 15 uM, LiCaco 10 mM (pH 7.2), KCl or NaCl 100 mM (if not specified KCI was used).
Ligand molar absorptivity has been superimposed for a clearer comparison.

Differently from the other QMP ligands, trifunctional benzo-QMP 198 and 199 did not
feature any ICD signal (Figure 80). However, this opposite behavior was in line with what had
already been observed in FID and FRET-melting assays, and might be justified by the

markedly different structure.
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3.3.5 Photoalkylation of G-quadruplex

As biophysical assays confirmed a certain degree of interaction with the targets, the tests
proceeded to assess the alkylating activity of the compounds. First, the UV-visible absorption
spectra of all the synthesized compounds were measured under the same conditions needed
for G-quadruplex formation, namely lithium cacodylate and KCI buffered water (pH 7.2), in

order to choose the appropriate irradiation conditions for the following experiments.

Table 8: Absorption maxima in H,O — lithium cacodylate 10 mM (pH 7.2), KCI 100 mM - of putative G4
photoalkylating agents.

L=NMEz Amax (nm) L=NMe3+CI- Amax (nm)
4-ethynyl 178 308 179 308
Bifunctional
Qvip
5-ethynyl 180 288 181 290
7-ethynyl 190 319 191 322
Bifunctional
NQmP
7-oxazole 192 333 - -
Trifunctional L.
Triazine 198 358 199 360

Qamp

Besides the absorption maxima located around 310 nm (Table 8), the bifunctional arylethynyl
benzo-QMPs 178-181 featured an absorption band extending up to 370 nm (Figure 84),
which is in line with what had been observed for the prototype system (Section 3.1). The
substitution of the benzo-QMP with the naphtho-analogue (190 and 191) already broadened
the absorption tail up to 400 nm, proving itself a successful strategy to achieve a red-shift in
the visible region. The additional electron-poor oxadiazole system enhanced this
bathochromic effect further extending the absorption band up to 430 nm (192). Despite
bearing benzo-QMPs, the trifunctional triazines 198 and 199 exhibited a remarkably red-
shifted band due to the intervention of a charge transfer mechanism from the phenol to the
central triazine ring. In this case, the absorption extended up to 400 nm and the maxima fell

at higher wavelengths than those of all the other derivatives (360 nm).
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Figure 84: Absorption spectra of compound (a) 178, (b) 190, (c) 192 and (d) 198 10 M in H,O under the same conditions
used in the biophysical and biochemical assays with DNA, i.e. lithium cacodylate 10 mM (pH 7.2), KCl 100 mM.

Next, the ability to alkylate the bound target upon an external light stimulus was tested on
two G4-folding sequences (22AG and Pu24T). The reaction mixtures were exposed to 365 nm
filtered and collimated light beam. After irradiation, the reaction mixtures were analyzed by
denaturing polyacrylamide gel electrophoresis (PAGE). 5’-end 3?P-labelled oligonucleotides

were used to detect and quantify the separated bands.
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Figure 85: Denaturing 15% PAGE analysis of the irradiated 22AG and Pu24T G4s alone and incubated with the QMPs.
Conditions: DNA 10 pM, compounds 20 pM, LiCaco 10 mM (pH 7.2), KCl 100 mM, 365 nm, 0.1 mW, 30 and 60 minutes
irradiations.
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As a first screening, all the compounds were irradiated in the presence of both G4s. Blank
samples containing only DNA were used as a reference. In almost all cases a new slowly
migrating band was detected, consistently with the expected alkylated adduct formation
(Figure 85). Triazines 198 and 199 were the only QMPs displaying negligible photoreactivity,

likely due to a competitive excited state deactivation mechanism (e.g. tautomerization).

The four compounds that displayed the highest photoreactivities, regardless of the
sequence, were 178, 181, 191 and 192. However, arylethynyl naphtho-QMP 191 produced a
non-migrating band, whose intensity depended on the irradiation time and compound
concentration (data not shown). This was likely due to wide DNA clustering caused by adduct
precipitation. The detection of such a band indicated itself that the compound was
effectively photoreactive, but the precipitation hampered further investigation of the
phenomenon as it impeded gel analysis. Such compound was hence discarded and the

investigation was focused on the remaining three.
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Figure 86: (above) Denaturing 15% PAGE analysis of the irradiated 22AG and Pu24T G4s alone and incubated with the more
reactive QMPs 178, 181 and 192. Conditions: DNA 10 uM, QMP 20 uM, LiCaco 10 mM (pH 7.2), KCI 100 mM, 365 nm, 0.1
mW, irradiation time up to 8 hours. (below) Corresponding kinetic plots obtained after bands quantification.

The alkylation produced by the three selected compounds was assessed regarding the

influence of the irradiation time, while fixing the compound molar ratio. As a reference, DNA
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alone was irradiated for the corresponding amount of time. Quantification of the bands was
performed to obtain the kinetic plot (Figure 86). In all cases alkylation increased with
exposure time, before reaching saturation after 1-2 hours for 181 and 192, and 2-4 hours for
178. The general lower reactivity observed towards all-parallel Pu24T if compared to hybrid
22AG, under the same conditions, indicated a less efficient QM trapping by proximal
nucleobases. However, it is difficult to elucidate the reason of this empirical finding without
knowing the exact position occupied by the ligand, the nature of the closer nucleobases and

their orientation with respect to the compound.

The highest percentage of photoalkylation was observed for compound 181. In more detail,
20% of alkylated products was detected with 22AG, and 13% with Pu24T. In the first case,
three bands could clearly be distinguished forming with rather different kinetics (Figure 87).
The band which was closest to the unmodified 22AG was assigned to the mono-alkylated
adduct as it formed more readily. The second and third bands formed more slowly, after the
first band had already reached its maximum. These bands were thus assigned to the bis- and

tris-alkylated adducts.
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Figure 87: Kinetic plot of adducts formed by irradiation of 181-22AG complex.

Subsequently, the optimal molar ratio of ligand was assessed in a concentration dependent
experiment (Figure 88). Increasing concentrations of the three compounds were thus
irradiated with 22AG for one hour. As a reference, equally composed samples were kept in
the dark. Bands quantification revealed that the alkylation percentage increased with the

concentration of the ligands, regardless of their identity. Five equivalents appeared to be the

148



3.3 Design of a naphtho-QMP functional tool

optimal value as when more than 50 uM compound was added a non-migrating band

ascribable to DNA clustering and precipitation started to be observed.

192 178 181
hv dark hv dark hv dark
s | — | S |
ol e 9 N0 0 1 2 o0 M0, 6 R 2 S 30 8 L & 8 A0 0 4 @ S %0 Mo 4 @2 5 10
. - —— e

24 24 24
22 = hy 224 8 hv - 224
20 non-migrating 20 non-migrating 20
4 dak A dark
18 18 18
16 16 164 o " hv

non-migrating
dark

Alkylation (%)
=R
Alkylation (%)

]
Alkylation (%)
3

F T T T T T ¥ T T T T T T T
0 2 4 3 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Ligand equivalents Ligand equivalents Ligand equivalents

Figure 88: (above) Denaturing 15% PAGE of 22AG incubated with increasing concentrations of QMPs 178, 181 and 192,
irradiated or not. Conditions: DNA 10 uM, QMP 20 uM, LiCaco 10 mM (pH 7.2), KCl 100 mM, 365 nm, 0.1 mW, 1 hour
irradiations. (below) Concentration dependent plots obtained after bands quantification.

Since 178 produced an alkylation band also when the samples were kept in the dark, some
kind of competing thermal reactivity had to be operating in this specific case, although a
different product was apparently generated. Interestingly, 181 did not exhibit the same
behavior, despite having a chemical structure similar to 178 and being a quaternary
ammonium salt, theoretically more reactive as MesN is a better leaving group than Me;NH.
It is reasonable that the electron-withdrawing proprieties of the alkynyl moiety rise the free
energy of the intermediate quinone methide, and thus the transition state that leads to it.
Therefore, the general effect of the substituent is to lower the thermal reactivity of the
precursor. However, such an influence was more effective in the 5-substitued derivative 181
than in the 4-sustitued derivative 178. This observation was consistent with the findings
reported by Rokita and Freccero!® for ortho-QMPs substituted with different groups at the
5- or 4-position. The proposed rationalization takes into account resonance and

hyperconjugtion effects between the substituent and the benzylic bond with the leaving
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group in the QMP. Such conjugation can in fact occur only when the substituent is located at

the 5-position (Scheme 60).

Ar. Ar: Ar.

178 181

Scheme 60: Schematic representation of the hyperconjugation effect in 181, which prevents thermal QM generation. Such
stabilization is less important in 178, for which the EWG arylethynyl substituent displays only an inductive effect.

Alkylation of 22AG was also monitored upon addition of a duplex DNA competitor (Figure
89). As the percentage of G4 alkylation is only slightly affected by the presence of as high as
10 molar equivalents of ds26, corresponding to about 25 base pair equivalents, the assay
indicated that the selectivity of the QMPs for quadruplex over duplex DNA was retained even

during QM generation and directly translated into a selective alkylation.

28 4
26 192

24 4 = 178

22AG 2] A 181

192 178 181 < 20]
—] —_— 1] |
0 1 2 5 10 20 40 0 1 2 S 10 20 40 0 1 2 5 10 20 40

>

-

©
Il
>

16 A
14

Alkylation (%
o
1

10

8m - [}

2
0 T T T T T
0 2 4 6 8 10
ds26 equivalents

Figure 89: (left) Denaturing 15% PAGE analysis of the irradiated mixtures of 22AG incubated with QVIPs 178, 181 and 192 in
the presence of increasing concentration of a non-labelled double strand competitor (ds26). Conditions: 22AG 10 uM, QMP
20 uM, ds26 up to 400 uM, LiCaco 10 mM (pH 7.2), KCl 100 mM, 365 nm, 0.1 mW, 1 hour irradiations. (right) Competition
plot obtained after bands quantification (wells 20 and 40 were discarded as well overloading hampered proper DNA migration
and separation).

Finally, thermal stability of the alkylated DNA adducts was checked by heating the reaction
mixtures at 37°C and 95°C after the irradiation (Figure 90). The results showed a complete
stability of the three DNA adducts under physiological conditions for over 4 hours.
Remarkably, even upon heating in denaturing conditions, the same adducts showed only a

partial reversibility of the alkylation.
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Figure 90: Percentage of alkylated adducts between 22AG and QMPs 178, 181 and 192 before and after heating at (a) 37°C
for 4 hours or (b) 95°C for 15 minutes. The mixtures were analysed by denaturing 15% PAGE. Conditions of irradiation: DNA
10 uM, QMP 20 pM, LiCaco 10 mM (pH 7.2), KCI 100 mM, 365 nm, 0.1 mW, 1 hour irradiations.

3.3.6 Assessment of the alkylation site

In order to gain a better insight on the alkylation mechanism at the molecular level, further
investigation was carried out to identify the reaction site. For the scope additional
biochemical studies were performed exclusively on 22AG G4, which proved to be the most
reactive. The photoalkylation was thus carried out under the same conditions using a higher
radioactive loading. The alkylation bands were isolated and the adduct was eluted and

precipitated.

The isolated bands were submitted to 3’-5’ exonuclease digestion. The enzyme degrades the
DNA sequence moving in the 3’-5’ direction, but becomes less efficient when it encounters a
modified nucleobase, such as an alkylated one. Therefore, a stop band would be detected by
PAGE corresponding to the alkylated site. A reference ladder was obtained from the partial
digestion of the unmodified 22AG. Although these bands cannot be assigned to a specific
nucleobase alkylation, as the obtained fragment has a different mobility with respect to the
unmodified one, some qualitative information could be gathered from the results obtained

through this assay.

Notably, few predominant stop signals were observed in the gel (Figure 91), meaning that

there must be some site-specificity in the alkylation event.
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Figure 91: Denaturing 20% PAGE of 3’-5" exonuclease digestion assay performed on the isolated alkylation adducts obtained

from 22AG-QMP mixtures. The prevailing stop signals have been underlined.
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More in detail, the following remarks could be made.

e For the adduct between 192 and 22AG, two major stop signals could be identified
located at the 3’-end (likely between A13 and A19).

e With 178 three major stop signals were observed, one located at the 3’-end
(A19+G22), one in the middle (G4+A7) and one in the 5’-end (A1+G2). This last stop
band migrated quite slowly, being even slower than the alkylated whole sequence.
This might be justified by the introduction of a positive charge on a small fragment

bearing few negative ones.

e With 181 just one major stop signal was identified, located at the 3’-end (G16+A19).

In order to identify the precise alkylation sites by comparison with the ladder, release of the
nucleic acid fragments was attempted by heating the single isolated adducts at 95°C for 15
minutes. Besides the difficulties encountered in the isolation of the smallest adducts, all of

them proved to be thermally stable, impeding the dealkylation process.

With the aim of addressing the identification site issue otherwise, two alternative treatments
were attempted. One was dimethylsulphate (DMS) footprinting. DMS selectively methylates
the N7 position of purines (guanines and to a lower extent adenines). Subsequent heating of
the DNA in piperidine (Pip) leads to the excision of the N7 alkylated nucleobase and cleavage
of the single strand at that position. Comparison of the shifts of the degradation products of
the unmodified 22AG with those of the alkylated one should give an insight on the position
of the QMP alkylation. In particular, if alkylation involved any nucleobase of the sequence,
an upward shift should appear for all the fragments that still contain the alkylating moiety.
The second assay was simpler and consisted in bare heating with piperidine of the untreated
adducts. In this case an excision product would be identified by PAGE corresponding to the

alkylation site, exclusively in case this occurred at the N’ of a purine.

In practice, PAGE analysis of the treated and untreated samples along with the reference
ladders showed ambiguous patterns (Figure 92). Unfortunately, the gathered information

was often in disagreement with previous assays and therefore could be misleading.
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Figure 92: Denaturing 20% PAGE of DMS + Pip and Pip treatment assays performed on the isolated alkylation adducts
obtained from 22AG-QMP mixtures. The prevailing signals and shifts have been underlined.
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3.3 Design of a naphtho-QMP functional tool

In particular, the following conclusions were inferred.

e For the adduct between 192 and 22AG, piperidine treatment did not show any
significant difference upon comparison with the unmodified sequence. Instead, DMS
+ Pip treatment showed an upward shift starting from G20. Moreover, the presence
of a blurred band corresponding to the T17+A19 loop might indicate that an

alkylation process was ongoing close to that site.

e With 178, piperidine treatment showed two major spots at A7 and G10 and two
minor ones at A13 and G14. Conversely, DMS + Pip treatment showed a complete
upward shift of the G20+G22 triad and a complicate pattern of bands from G10 to
G22. Taken together, this data might suggest that the alkylation occurred
somewhere between G10 and A13. However, the footprinting pattern might also
indicate an alkylation in the T17+A19 loop, so that conclusive deduction cannot be

made.

e With 181, piperidine treatment showed one major spot at A7. Instead, DMS + Pip
treatment showed the presence of intense bands which had to be assigned to
guanines preceding the T11+A13 and T17+A19 loops, indicative of a shift starting
from G9 or G10. This suggests that an alkylation event occurred probably at such

guanines, although not involving their N’.

In conclusion, although getting some qualitative information about some possible alkylation

sites, their unambiguous identification was not possible by these means.
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Conclusions and Remarks

This thesis was focused on the design of new small molecules targeting G-quadruplex nucleic
acids and on the investigation of their interactions with such NA structures. In order to
extend the panel of tools available to date and provide new therapeutic strategies based on

G-quadruplex stabilization, two approaches were proposed and studied.

As a first strategy, a new family of eight oligo-heteroaromatic compounds has been
synthesized based on the structure of a promising class of G4 ligands, namely non-
macrocyclic telomestatin analogues. A convergent and strategically versatile synthetic
process was designed to easily implement single structural modifications and study the
contribute of the single features on target binding. These new molecules were also designed
to contain tertiary amine pendals, which made them water-soluble at physiological pH,
differently from the previously reported compounds. FRET-melting analysis on the whole
family revealed a good affinity and selectivity for G4s over ds-DNA. Among these, four
heptacyclic derivatives were compared to assess the role of the 6-membered rings in target
recognition, since data on the true involvement of pyridine nitrogen for this class of open-
chain oligo-heteroaryl ligands was missing. Indeed, the results showed higher G4
stabilization with compounds featuring pyridine rings, in particular in the central position.
Further biophysical studies were used to get an insight on the binding mode. These suggested
that the interaction preferentially occurs with the G-quadruplex grooves. In particular, this
was highlighted by the formation of an induced CD band ascribable to the ligand, the only
partial displacement of end-stacker thiazole orange, and the detection of a ternary complex
between the target G4, thiazole orange and the ligand by MS. Docking studies further
confirmed this hypothesis, suggesting a mixed binding mode for the heptacyclic compounds,
which accommodate one half of the structure in the groove while protruding the other half

on the end quartet.

The synthesized family offers further functionalization options, as the central ring has also
been equipped with a primary amine group, which could provide a possible tethering point
for functional moieties (e.g. fluorophore tags, QMPs). Therefore, this thesis offers a toolbox

of new molecules that can be implemented for various applications.
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The second strategy that was proposed was based on G4 selective alkylation with photo-
activatable moieties. Besides the intrinsic interest in using an externally controlled trigger for
the process, covalent binding was proposed not only as a mean to irreversibly stabilize G4s,
but also as a new approach to implement a number of applications (e.g. fluorescent tagging
and G4 pull-down). Due to the poor number of reports on such methods in the literature,
this thesis served to lay the basis of this approach. Two types of photoactivatable building
blocks, arylethynyl benzo-QMPs and 7-substitued naphtho-QMPs, have been proposed,
which have then been combined in minimal G4-binding structures to preliminarily evaluate

the alkylation feasibility.

An issue often encountered when considering the in vivo application of any photoactive
molecule is the need of long excitation wavelength (A = 350 - 400 nm), in order to limit
damage of the biological matrix through direct or photosensitized reactions. Quinone
methide precursors featuring an extended conjugated structure were thus proposed, which
were demonstrated to absorb light and be photoactive in the near UV-vis region. The
quinone methide transient species was identified in all cases by means of spectroscopic
methods. Photoreactivity was investigated in detail, showing which are the most important
features in terms of substituents and leaving groups to implement them in the putative
ligands. These new molecules were designed so as to contain at least two alkylating moieties
and thus increase the process efficiency and prevent off-target migration. Their G4 binding
activity was preliminarily investigated by biophysical assays, revealing modest but selective
stabilization. Combination of an ICD band observed during circular dichroic titrations, and
poor performance in FID likely suggests a different binding mode with respect to the end
tetrad, possibly via groove binding. G4 photo-alkylation experiments revealed three
particularly active species which alkylated the target NAs with a maximum efficiency of
roughly 20%. Interestingly this photoalkylation was not affected by the presence of a duplex
competitor and proved to have a remarkable thermal stability. Unfortunately, due to this

intrinsic stability the alkylation sites could not be identified by simple experiments.

Despite this limit in understanding the process details, these new alkylating moieties proved
to be moderately efficacious and might be thus profitably used for subsequent applications,
both to construct new G4 irreversible ligands, and as functional tools to anchor fragments of

interest to the G4 target.
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CHAPTER 4 : Experimental
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4.1 Materials and methods

4.1.1 Purification

Reverse phase HPLC analysis was performed using an Agilent Technologies 1260 Infinity

analytical HPLC provided with single channel UV-vis detector. The column was either XSelect

CSH C18 (2.5 um, 150 x 4.6 mm) or XSelect CSH Phenyl-Hexyl (2.5 um, 150 x 4.6 mm).

Analytical method (might vary)

time A B time A B

(min) | H,0+0.1% TFA ACN (min) | H,0+0.1% TFA ACN
0 95.0 5.0 11 0.0 100.0
2 95.0 5.0 12 95.0 5.0
10 0.0 100.0 15 95.0 5.0

Flow: 1.0 mL/min

Injection volume: 10 pL

Detector wavelength: 256 nm

Solvent A: 0.1% trifluoroacetic acid in water

Solvent B: acetonitrile

Reverse phase HPLC purifications were performed using an Agilent Technologies 1260

Infinity preparative HPLC provided with a diode array UV-vis detector. The column was either

SunFire C18 OBD (5 um, 150 x 30 mm) or SunFire Phenyl-Hexyl OBD (5 um, 150 x 30 mm).

Preparative Method (might vary)

time A B time A B

(min) | H,0+0.1% TFA ACN (min) | H,0+0.1% TFA ACN
0 95.0 5.0 22 0.0 100.0
3 95.0 5.0 24 95.0 5.0
15 50.0 50.0 26 95.0 5.0

Flow: 30.0 mL/min

Injection volume: 10 mL

Collection wavelength: 256 nm

Solvent A: 0.1% trifluoroacetic acid in water

Solvent B: acetonitrile
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4 EXPERIMENTAL SECTION

Direct phase flash column cromatography purifications were performed using a Biotage
Isolera One system provided with a dual-channel UV detector and an automated collection
system. The Biotage® SNAP KP-Sil cartridges were packed with 50 um silica particles with a
surface area of 500 m?/g. The size was either 10, 25, 50 or 100 g, depending on the sample

size and the separation factor.

TLC analysis were carried out on silica gel (60 F2s4) with visualization at 254 and 366 nm.

4.1.2 Characterization

IH, 13C, NMR spectra were recorded with a 300 MHz Bruker spectrometer, and the chemical
shifts are reported relative to TMS. The structures of the new compounds were deduced
from the results of *H, and 3C NMR. Elemental analyses were made on a Carlo Erba CNH

analyzer, model 1106.

4.1.3 Reactivity studies and transients detection

e Preparative trapping of photochemically generated QMs

The photochemical reactions were performed by using Ar-purged solutions in 10 mL quartz
tubes and a multi-lamp Rayonet© reactor equipped with two or four fluorescent UV-Vis
lamps (15 W) with maximum emission centred at 310 or 360 or 450 nm. Photo-hydrations
were performed on 10* M solutions in 1:1 aqueous acetonitrile or buffered water
(phosphate buffer 50 mM) whereas photo-trapping with thiol were performed using 100-
fold 2-mercaptoethan-1-ol (102 M) in 90% aqueous acetonitrile. 2-mercaptoethan-1-ol was

freshly distilled prior to use.

e Quantum yield measurement.

Reaction quantum yields (®r) were measured by irradiating 3 mL 10* M solutions of QMP
(ACN:H20 = 1:1) in 1 cm optical path quartz cells after flushing with argon. The lamp source

was a focalized 150 W high-pressure mercury arc fitted with a transmittance filter (either

162



4.1 Material and methods

315 nm or 360 nm centred transmission). Reaction conversion (1-X) was obtained by HPLC
analysis of the reaction mixture and converted into @ after linear regression analysis of

multiple time measurements:

_ molecules of reactant consumed  dX V-c
R photons absorbed ~dt gqp-(1—107¢bc)

where dX/dt (s?) is the initial QMP consumption rate, e.g. the reactant conversion per unit
of time obtained by linear regression of the QMP fraction vs time at low conversions (X >
0.80); V (L) is the volume and c (M) is the molar concentration of the irradiated solution; €
(M1cm™) is the reactant molar absorptivity and b (cm) is the optical path length; g (E) is the
photon flux, measured by potassium ferrioxalate?’" and nitrate/benzoic acid?’”!

actinometry.

Singlet oxygen quantum yields (®a) were measured by irradiating 3 mL of ACN solutions of
DHN (10 M) and the sensitizer (10* M, 131 or 135) in 1 cm optical path quartz cells. Prior to
irradiation Oz was bubbled in the solution for 10 minutes. The lamp source was a focalized
150 W high-pressure mercury arc fitted with a transmittance filter centred at 360 nm. Time
resolved DHN consumption was monitored by HPLC analysis of the reaction mixture, while
juglone formation was inferred by UV-vis spectrophotometry (g450=4.38-10° Mcml).
Pseudo-first order rate constants (kobs) were obtained by linear regression of In[DHN] vs time
and converted to singlet oxygen quantum yields by comparison with a known singlet oxygen

sensitizer used as a reference under the same conditions:

std
D, = (Dstd .kobs .I
AT A std I
obs

where | is the fraction of photons effectively absorbed by the sensitizer, which were

measured using a photon counting detector located downstream of the sample.

o Nanosecond laser flash photolysis

LP 920 Edinburgh Instrument photolysis system has been employed to carry out all the
detection experiments of the transient species. The minimum response time of the detection

system was about 10 ns. A Nd/YAG laser beam operated at 266 or 354 nm was focused on a
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3 mm wide circular area on the quartz cell and the first 5 mm in depth were analyzed at right
angle geometry. The incident energies used were 5-7 mJ/pulse. Normally the samples were
purged with argon prior to laser irradiation. The solutions, whose concentration was assuring
an absorbance of 1.0-1.2, were replaced every .ca 20 pulses. The spectra were built from

time decay profiles taken each 5 nm.

4.1.4 Biophysical assays

e Spectrophotometric measurements and titrations

UV-visible spectra were measured in a JASCO Cary-300 or an HITACHI U-2900
spectrophotometer equipped with a Peltier temperature controller. The absorbance was
recorded for the appropriate wavelength interval at a scan rate of 200 nm/min and a slit

width of 1.5 nm.

Protonation constants were determined by pH spectrophotometric titrations in a water
solution, 0.1 M in NaH;PO4, at 25.0 + 0.1 °C. In a typical experiment, 2 mL of a 10* M
compound solution were titrated by addition of 2-5 pL aliquots of carbonate-free standard

0.1 M NaOH in a 3 mL quartz cell.

Ligand-G4 binding constants were determined by titrating a solution of the ligand with the
DNA. Black-walled 1 mL rectangular quartz cells with 1 cm path length were used for the
scope. In a typical experiment, 1 mL of a 5 uM compound solution were titrated by addition
of aliquots of 200 uM G4 in 10 mM lithium cacodylate (pH 7.2) and 100 mM KCI previously

heat denatured and folded.

e  FRET-melting assay

FRET-melting assays were performed with 0.2 uM FAM (6-carboxyfluorescein) 5’-end- and
Tamra (6-carboxy-tetramethylrhodamine) 3’-end-labelled oligonucleotides (Appendix A) in
10 mM lithium cacodylate buffer (pH 7.2), 99 mM LiCl and 1 mM KCI (90 mM LiCl and 10 mM
KCI for F21T and F(21CTA)T oligonucleotides), heat denatured for 5 min at 95°C, and folded
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in G4 structure by cooling the solutions at 0°C for 30 minutes or 4°C for 16 hours. Before the
analysis, the proper amount of competitor (ds26) was added, followed by the tested
compound (usually 1 uM) or water as a reference. Fluorescence melting curves were
measured with a 7900HT Fast Real-Time quantitative PCR machine (Applied Biosystems,
Thermo Fischer Scientific), using 96-well plates and a total reaction volume of 25 pL. After a
first equilibration step at 25°C for 5 minutes, a stepwise increase of 0.5°C every 30 seconds
for 140 cycles was performed to reach 95°C. A measurement was completed after each cycle
by using 470 nm excitation and 530 nm detection. Oligonucleotide melting was monitored
by observing 6-carboxyfluorescein (6-FAM) emission, which was normalized between 0 and
1. The melting temperature (Tm) was defined as the temperature at the inflection point of
the sigmoid dose-response best fitting curve. For the cases in which a double sigmoid dose-
response fitting was required, the second inflection point has been chosen. When the upper
plateau was not reached, the melting temperature was underestimated by the abscissa at

which the normalized fluorescence was 0.5.

e  FID titration assay

FID assays were performed in a 96-well flat bottom polystyrene Nonbinding Surface (NBS™)
microplate (Corning) and the reaction volume was 200 pL. In each well DNA (0.25 uM),
Thiazole Orange (0.50 uM for G4 DNA and 0.75 uM for ds26) and tested compound (up to
2.5 uM) were mixed in 10 mM lithium cacodylate buffer (pH 7.2) and 100 mM KCI. Prior to
sample preparation, 5 uM Oligonucleotides in 10 mM lithium cacodylate buffer and 100 mM
KCl were heat denatured for 5 min at 95°C, and folded in G4 structure by cooling the solutions
at 0°C for 30 minutes. Fluorescence was measured with a FLUOstar Omega microplate reader
(BMG LABTECH GmbH), using an excitation filter centered at 485 nm and an emission filter
centered at 520 nm. Before plate reading, 5 minutes of shaking were necessary for
equilibration. All measurements were carried out in duplicate and average of data was

subsequently used. The percentage of TO displacement was then calculated using:

F
TOD% = 100 - (1 _ F—)

o

where F is the fluorescence of the well and Fo the fluorescence of the corresponding negative

control well, i.e. in the absence of the compound.
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e  Circular dichroic spectroscopy

CD titrations were performed using a JASCO J-710 spectropolarimeter equipped with a
Peltier temperature controller (Jasco PTC-348WI) and 1 mL black-walled rectangular quartz
cells with 1 cm path length. The reaction volume was 1 mL. Prior to measurements, 3 uM
oligonucleotide (2uM for control ds26) in 10 mM lithium cacodylate buffer (pH 7.2) and 100
mM KCl or NaCl were heat denatured for 5 min at 95°C, and folded in G4 structure by cooling
the solution at 0°C for 30 minutes or 4°C for 16 hours. This solution was titrated with 2 mM
solution of the tested compound to get a final concentration in the range of 1-5 eq. Scans
were recorded, from 220 to 450 nm with 50 nm min scan speed, 1.0 nm band width, 0.5 s
integration time, 0.5 nm data pitch, and were corrected by a baseline obtained from the
buffer in the same conditions. The signal, as an average of 4 accumulations, was further

smoothened with a Savitzky-Golay method (2 order, 20 points window).

4.1.5 Biochemical assays

e Oligonucleotide 5’-end labelling and purification

32p_5’_end labelling was achieved by incubating at 37°C for 30 minutes a solution prepared
by mixing 1 uL of 20 uM PAGE-purified oligonucleotide, 3 pL of 3.33 uM (.ca 10 mCi/mL) [y-
32p1-ATP (PerkinElmer), 2 pL of T4 Polinucleotide Kinase (T4 PNK), 1 pL of 10X T4 PNK reaction
buffer and 3 pL of water. The oligonucleotides were subsequently purified by gel filtration
on Sephadex® G-25 centrifugal filters after addition of 190 uL of water. Radioactivity
incorporation was eventually measured on 1 pL samples by B-emission counting on a Tri-
Carb® 2910TR Liquid Scintillator Analyzer. For a simple irradiation-PAGE analysis an amount
of solution corresponding to about 5-10* cpm was used. For subsequent band isolation and
secondary gels or sequencing assays the freshly prepared labelled oligonucleotide was used

in its entirety after concentration in a SpeedVac™ system (= 107 cpm).

T4 PNK: enzyme 10* Richardson units/mL, Tris-HCl 10 mM, KCl 50 mM, 1,4-Dithiothreitol
(DTT) 1 mM, EDTA 0.1 mM, 50% v Glycerol, ATP 0.1 uM, pH 7.4 at 25°C.

10X T4 PNK Reaction Buffer: Tris-HCl 700 mM, MgCl, 100 mM, DTT 50 mM, pH 7.6 at 25°C.
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e Irradiation of the DNA-Ligand complexes

The irradiations were performed with a MAX-303 Xenon light source (Asahi) provided with a
filter centered at 365 nm, a quartz light guide and a collimator lens. The apparatus was setup
in a top-down fashion (Figure 93), exposing an ice-cooled uncapped 1.5 mL eppendorf tube
to the UV beam at a distance of approximately 120 mm measured from the collimator
extremity to the eppendorf top (at this distance, the irradiance is approximately 1.8 mW/cm?
at 365 nm). The reaction volume was 20 pL. PAGE-purified 32P-5’-end-labelled (.ca 100 Bq/uL)
10 uM oligonucleotides (obtained by mixing the appropriate amount of labelled and label-
free dna) in 10 mM lithium cacodylate buffer (pH 7.2) and 100 mM KCI were heat denatured
for 10 min at 95°C, and folded in G4 structure by cooling the solutions at room temperature
over 3 hours. Prior to irradiation, the G4 was incubated with the compound and the

competitor.

120 mm

0°C

Figure 93: Schematic representation of the irradiation setup.

o Thermal reversibility of the DNA-ligand covalent adducts

To thermally revert the alkylation adducts, the samples were heated at 95°C for 10 minutes.

e  PAGE analysis

Denaturing 15% (20%) polyacrylamide solution was prepared by dissolving 250 g of urea in

50 mL of 10X TBE (Tris-Borate, EDTA buffer) and 187.5 mL (250 mL) of 40% polyacrylamide
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solution (19:1) at 40°C. MilliQ water was then added to the solution to reach a total volume
of 500 mL. Urea denaturing 15% polyacrylamide gel was used to analyze DNA-ligand reaction
mixtures and alkylation events, whereas urea denaturing 20% polyacrylamide gel was

preferred for sequencing assays.

To initiate gelification, 200 pL of 10%wn~ ammonium persulfate solution (APS) and 20 pL of
tetramethylethylenediamine (TEMED) were sequentially added to 60 mL of polyacrylamide
solution. The forming gel was poured gently between two Sigmacote® treated 35x40 cm glass
plates separated by 0.5 mm thick spacers, avoiding air bubble formation. A 15, 20 or 32 wells
comb was inserted and the gel was let polymerize for 30-60 minutes. After polymerization
was complete the comb was removed and the gel was assembled to the gel apparatus. 1L
of 1X TBE was used to fill lower and upper buffer chambers. After urea was gently removed

from the wells, the gel was prerun for 30 minutes at 20 W (1300 V, 15 mA).

Before sample loading, the sample volume was reduced to 5-8 plL in a SpeedVac™
concentrator and 3 pL of a solution made of 80% formamide, 0.1 M EDTA, 0.1% xylene cyanol
and 0.1% bromphenol blue (blue loading dye) were added to each sample. The gel was run
at 20 W (1300 V, 15 mA) until the front marker dye had reached the lower end of the gel.
The gel was exposed to a storage phosphor screen for 16 hours in the dark, which was

converted to a digital image with a Typhoon Trio variable-mode imager (GE Healthcare).

The digital image was further processed with ImageQuant™ TL software to determine the
counts corresponding to selected areas. The yield of alkylation was defined as the ratio
between the counts corresponding to the alkylation band and the sum of the counts
corresponding to both the alkylation and the non-modified dna bands, corrected by the

background noise.

e DNA-Ligand covalent adduct purification

Freshly prepared 32P-5’-end-labelled oligonucleotide (.ca 50000 Bq/uL) was incubated with 5
UM ligand and irradiated for 1 hour. The reaction mixture was purified by denaturing 15%
PAGE using a 15-wells comb. The exposure to the phosphor screen was shortened to 10

minutes. To isolate the bands, prior to gel exposure, some reference dots of mixed 32P-y-ATP
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and ink were deposited at the margins of the run lanes. These both radioactive and visible
dots were used to create and finely position a mold indicating the exact position of any band
of interest. After its cutting, the gel band was treated with 200 puL 0.15 M NacCl for 5 hours to
elute DNA. The aqueous phase was isolated from solid gel pieces and cooled to 0°C; 1.1 mL
of -20°C cold ethanol was added to this solution to cause DNA precipitation over 16 hours at
-20°C. Centrifugation at 125000 rpm and 4°C for 2 hours and supernatant removal led finally
to band isolation. 20 pL of water were subsequently added to dissolve DNA. Before further

manipulations, its radioactivity was inferred by liquid scintillator analysis.

e 3’ to 5’ Exonuclease digestion

PAGE-purified alkylated DNA was concentrated to a volume of 7 uL and divided in three
portions: 1 pL for the untreated negative control, and two portions of 3 uL for digestion with
two different concentration of Phosphodiesterase | from Crotalus adamanteus venom. 1 plL
of reaction buffer and 1 pL of enzyme (from stock or 1:5 diluted solutions) were added to the
treated samples at 0°C, so that the reaction volume was 5 pL; in parallel, 1 uL of reaction
buffer and 3 uL of water were added to the negative controls. The treated solutions were
incubated for 25 minutes at 37°C, subsequently cooled in an ice bath and added with 3 pL of
blue loading dye. Before gel electrophoresis the samples were stored at -20°C to prevent

exonuclease from overreacting.

For each adduct both treated and untreated samples were analyzed by urea denaturing 20%
polyacrylamide gel electrophoresis, along with treated and untreated unmodified DNA and
a reference ladder. The main bands corresponding to an arrest of the exonuclease activity
have been isolated and eluted in 200 pL of NaCl 0.15 M for 5 hours at room temperature;
the gel particles were eliminated and DNA precipitation was afforded adding 1.1 mL of
ethanol and 1 pL of Glycogen 20 pug/ulL and storing the solutions at -20°C for 16 hours. After
centrifugation at 125000 rpm and 4°C for 2 hours and supernatant removal, 20 pL of water

were added to dissolve DNA and radioactivity was inferred by liquid scintillation analysis.

Subsequently, the samples were heated at 95°C for 15 minutes to afford partial thermal
reversion of the alkylation adduct. For each DNA-Ligand adduct both treated stop signal

bands and untreated original alkylation band were analyzed by urea denaturing 20%
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polyacrylamide gel electrophoresis, along with a reference ladder. Gel exposure time
depends strongly by the amount of radioactivity loaded in each sample, but generally, after

2 consecutive bad isolation, it could reach up to 4 days.

Ladder: an amount of PAGE-purified unmodified DNA corresponding to a radioactivity 2
times higher than that of the most concentrated sample was added with 1 pL of reaction
buffer and 1 uL of 1:20 or 1:30 diluted exonuclease solutions at 0°C. If necessary, water was
added to obtain a total volume of 5 pL. The solution was incubated 25 minutes at 37°C,
immediately cooled down to 0°C and added with 3 pL of blue loading dye. The solution was

stored at -20°C until gel analysis.

Exonuclease: Phosphodiesterase | from Crotalus adamanteus venom 0.2 U/ pL, Tris-HCI 110

mM, NaCl 100 mM, MgCl> 15 mM, 50%., Glycerol.

5X Reaction Buffer: Tris-HCI 250 mM, MgCl> 5 mM, pH 7.5 at 25°C.

e Basic heating digestion

An amount of PAGE-purified alkylated DNA corresponding to .ca 5-10* cpm was needed for
each sample and untreated negative controls. Concentrations were adjusted by using a
SpeedVac™ concentrator. 50 pL of piperidine 1 M were added to 1 pL of alkylated
oligonucleotide and the mixture was heated at 90°C for 25 minutes. The solvent was
removed by evaporation under reduced pressure, then 200 pL of water were added and
subsequently removed under vacuo and these 2 steps were repeated 3 times to effectively
remove piperidine traces. The samples were dissolved in 5 pL of water and added with 3 pL
of blue loading dye before gel electrophoresis analysis. For each adduct both treated and
untreated samples were analyzed by urea denaturing 20% polyacrylamide gel

electrophoresis, along with treated and untreated unmodified DNA and a reference ladder.

Ladder: an amount of PAGE-purified unmodified DNA corresponding to an activity of .ca
1-10° cpm was diluted to 19 pL, pre-heated at 37°C, mixed with 1 uL of dimethylsulfate
(DMS), and heated at 37°C for 90 seconds to afford guanine methylation at N”. Thus, 60 pL
of ice-cold DMS stop solution were immediately added, followed by 600 uL of prechilled

ethanol. The solution was kept at -20°C for 16 hours to afford DNA precipitation. After low
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temperature centrifugation and solvent removal, the DNA was treated with piperidine 1 M

as already described.

DMS stop solution: ammonium acetate 1.5 M (pH 7.0), B-mercaptoethanol 1 M, tRNA 100

ug/mL.

e DMS-Piperidine digestion

PAGE-purified alkylated DNA was dissolved in 20 pL of water and divided in three portions:
2 plL for the untreated negative control, 9 uL for piperidine treated negative control and 9 uL

for fully treated DMS-piperidine sample.

The fully treated sample was diluted to 19 pL, pre-heated at 37°C, mixed with 1 pL of
dimethylsulfate (DMS), and heated at 37°C for 90 seconds to afford guanine methylation at
N’. Thus, 60 uL of ice-cold DMS stop solution were immediately added, followed by 600 uL
of prechilled ethanol. The solution was kept at -20°C for 16 hours to afford DNA precipitation.

The solvent was then removed after low temperature centrifugation.

Piperidine treatment was subsequently performed on both the fully treated sample and the
piperidine treated negative control by adding 50 pL of piperidine 1 M and incubating at 90°C
for 25 minutes. The solvent was then removed by evaporation under reduced pressure. 200
UL of water were added and subsequently removed under vacuo and these 2 steps were
repeated 3 times to effectively remove piperidine traces. The samples were dissolved in 5 L

of water and added with 3 pL of blue loading dye before gel electrophoresis analysis.

For each adduct both treated samples and negative controls were analyzed by urea
denaturing 20% polyacrylamide gel electrophoresis, along with treated and untreated

unmodified DNA as a reference ladder.

Ladder: an amount of PAGE-purified unmodified DNA corresponding to an activity of .ca
1-10° cpm was diluted to 19 uL, pre-heated at 37°C, mixed with 1 pL of dimethylsulfate
(DMS), and heated at 37°C for 90 seconds to afford guanine methylation at N”. Thus, 60 pL
of ice-cold DMS stop solution were immediately added, followed by 600 pL of prechilled

ethanol. The solution was kept at -20°C for 16 hours to afford DNA precipitation. After low
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temperature centrifugation and solvent removal, the DNA was treated with piperidine 1 M

as already described.

DMS stop solution: ammonium acetate 1.5 M (pH 7.0), B-mercaptoethanol 1 M, tRNA 100

ug/mL.

4.1.6 Molecular docking

MGL tools 1.5.6 with AutoGrid4 and AutoDock Vina were used to set up and exert blind
docking calculations between the heptacyclic compounds and the DNA sequence Pu24T (PDB
ID: 2A5P). The geometries of the ligands were optimized prior to the docking studies: the
solubilizing chains were first replaced by methyl groups and the ligands were geometry
optimized by DFT calculations at 6-31+G** level of theory by using Gaussian09; the
solubilizing chains were appended and geometry optimized by using Spartan 08 keeping the
core structure frozen. DNA and ligand files were provided using AutoDock Tools. The DNA
was enclosed in a box with number of grid points in x_y_z directions, 42_32_40 and an
exhaustiveness of 128. Lamarckian genetic algorithms, as accomplished in AutoDock Vina,
were employed to perform docking calculations. All other parameters were default settings.
For each of the docking cases, the lowest energy docked conformation, according to the
Autodock scoring function, was selected as the binding mode. Visualization of the docked

pose has been carried out by using UCSF Chimera molecular graphics program.
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4.2.1 Synthesis of heptacycles

e Synthesis of 5-nitroisophthalamide (107)

NO, NO,
NH;
— "
MeO,C CO,Me MeOH rt 16h H,NOC CONH,
106 107

Dimethyl 5-nitroisophthalate 106 (2.51 g, 10.0 mmol) was dissolved in methanol (10 mL),
added with methanolic ammonia 7 M (10 mL, 70 mmol), and stirred at room temperature
for 16 hours. After addition of water (100 mL) the precipitate was filtered off, washed with

water (3x50 mL), dried, and recrystallized from ethanol/water.
TLC (CHCI3/MeOH 9:1) Rf 0.95 (reagent), 0.20 (product).

5-nitroisophthalamide (107): white solid (yield = 94%); mp = °C. 'H-NMR (300 MHz,
DMSO-ds, 25°C, TMS) & (ppm) 8.81 (s, 3H), 8.43 (bs, 2H), 7.80 (bs, 2H). 3C-NMR (75 MHz,
DMSO-ds, 25°C, TMS) & (ppm) 165.4, 147.9, 136.0, 132.7, 124.5.

e Synthesis of 5-nitroisophthalonitrile (108)

NO, NO,
(CF3CO)%0 EtsN

H,NOC CONH, THF rt. 3h NC CN
107 108
5-nitroisophthalamide 107 (1.16 g, 5.54 mmol) was dissolved in anhydrous THF (30 mL),
added with triethylamine (2.3 mL, 16.6 mmol), and cooled in an ice bath. Trifluoroacetic
anhydride (2.3 mL, 16.6 mmol) was added dropwise to the stirring solution over 1 hour.
Hence, the ice bath was removed and the mixture was stirred at room temperature for
additionally 3 hours. The reaction mixture was cooled in an ice bath and quenched with
saturated NaHCOs (20 mL). The solvent was removed under reduced pressure and the

residue was extracted with DCM (3x20 mL). The combined organic phases were dried over
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MgSOQs, and the solvent was removed under reduced pressure. The crude was purified by

flash chromatography (cyclohexane/CHCIls gradient).

TLC (CHCl3/MeOH 9:1) Rf 0.20 (reagent), 0.86 (product).

5-nitroisophthalonitrile (108): white solid (yield = 87%); mp = °C. *H-NMR (300 MHz,
DMSO-ds, 25°C, TMS) 6 (ppm) 9.17 (s, 2H), 9.01 (s, 1H). 3C-NMR (75 MHz, DMSO-ds, 25°C,
TMS) 6 (ppm) 148.1, 142.1, 131.8, 115.7, 114.1.

e Synthesis of diamidoximes (79, 94 and 109)

R
O ® 2
z Cl NH30H NayCOj3 |
| N N<
N H,O/EtOH HO™ X Z “OH
NC X CN
r.t. - reflux 16h NH; NH,
R=H X=N 83 R=H X=N 79
H CH 93 H CH 94
NO, CH 108 NO, CH 109

A solution of hydroxylamine hydrochloride (1.74 g, 25.1 mmol) and sodium carbonate (1.33
g, 12.5 mmol) in water (25 mL) was added to a solution of the corresponding dinitrile (10.7
mmol) in ethanol (25 mL), and the resulting solution was stirred at the appropriate
temperature (room temperature for 83 and 108, reflux temperature for 93) for 16 hours.
Hence, the mixture was cooled in an ice bath, the solid was filtered off, washed with water

(3 x 50 mL), dried and recrystallized from ethanol/water.

TLC (CHCIs/MeOH 9:1) Rf 0.82 (83), 0.15 (79).
TLC (CHClIs/MeOH 9:1) Rf 0.85 (93), 0.26 (94).

TLC (CHCIs/MeOH 9:1) Rf 0.86 (108), 0.31 (109).

N'2,N'6-dihydroxypyridine-2,6-bis(carboximidamide) (79): white solid (yield = 78%); mp =
°C. 'H-NMR (300 MHz, DMSO-ds, 25°C, TMS) & (ppm) 9.88 (s, 2H), 7.86—7.75 (m, 3H), 6.31
(bs, 4H). 3C-NMR (75 MHz, DMSO-ds, 25°C, TMS) & (ppm) 149.6, 149.0, 136.7, 119.2.

N'1,N'3-dihydroxyisophthalimidamide (94): white solid (yield = 78%); mp = 179-182 °C. H-
NMR (300 MHz, acetone-ds, 25°C, TMS) &6 (ppm) 8.98 (s, 2H), 8.04 (t,J = 1.5 Hz, 1H), 7.73 (dd,
J=7.6, 1.5 Hz, 2H), 5.53 (bs, 4H). 3C-NMR (75 MHz, acetone-ds, 25°C, TMS) & (ppm) 152.2,
134.7,128.9, 127.1, 123.8.
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N'1,N'3-dihydroxy-5-nitroisophthalimidamide (109): yellow solid (yield = 86%); mp =

°C. 'H-NMR (300 MHz, DMSO-ds, 25°C, TMS) & (ppm) 10.02 (s, 2H), 8.49 (d, J = 1.3 Hz, 2H),
8.42 (t, ) = 1.3 Hz, 1H), 6.12 (s, 4H). 3C-NMR (75 MHz, DMSO-ds, 25°C, TMS) & (ppm) 149.1,
147.7,134.9, 128.2, 120.0.

e Synthesis of N,N-Dimethyl-N-(3-azidopropyl)amine hydrochloride (82-HCI)

Q
C|® I NaN Nal Cl I
aNj3 a
/%H,/\/CI /5"’/\/“‘3
H,O 80°C, 16h

84 82-HCI

N,N-dimethyl-3-chloropropylamine hydrochloride (2.20 g, 13.9 mmol), sodium iodide (0.10
g, 0.70 mmol), and sodium azide (1.81 g, 27.8 mmol) were dissolved in water (50 mL) and the
solution was stirred at 80°C for 16 hours. The solution was cooled to room temperature,
basified with NaOH (0.56 g, 13.9 mmol), and the product was extracted with diethyl ether
(4x50 mL). The combined organic phases were dried over Na2SO4 and filtrated. A solution of
HCl 4 M in dioxane was added until complete precipitation. The solid was filtered off, washed

with diethyl ether, dried and recrystallized from methanol/ether.
TLC (AcOEt/MeOH/acetone/water 7:1:1:1) Rf 0.20.

N,N-Dimethyl-N-(3-azidopropyl)amine hydrochloride (82-HCI): white solid (yield = 85%); mp
=109-111 °C. *H-NMR (300 MHz, DMSO-ds, 25°C, TMS) & (ppm) 11.16 (bs, 1H), 3.47 (t, ) =
7.2 Hz, 2H), 3.05 (m, 2H), 2.70 (s, 6H), 1.93 (m, 2H). 3C-NMR (75 MHz, DMSO-ds, 25°C, TMS)
8 (ppm) 54.0, 48.2, 42.0, 23.6.

e Synthesis of methyl 6-((trimethylsilyl)ethynyl)picolinate (87)

Pd(PPh3)Cl, PPh, Cul X
m iPr,NH TMS-CCH |
s
Br” “N” co,Me PhCH; 80°C 1h = N COMe
™S
86 87

Methyl 6-bromopicolinate 86 (1.20 g, 5.56 mmol) was dissolved in toluene (30 mL), and
nitrogen was bubbled for 1 minute. Pd(PhsP)2Cl2 (80 mg, 2% mol), copper (I) iodide (24 mg,
1% mol), triphenylphosphine (60 mg, 4% mol), diisopropylamine (10.0 mL, 71.4 mmol), and
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ethynyltrimethylsilane (1.16 mL, 8.37 mmol) were added in sequence under nitrogen
atmosphere, and the mixture was stirred at 80°C for 1 hour. The insoluble salts were filtered
off and washed with toluene (2x10 mL). The filtrate was washed with water (3 x 50 mL), dried
over NazS0s, and the solvent was removed under reduced pressure. The crude was purified

by flash chromatography (cyclohexane/CHCIls gradient).
TLC (cyclohexane/AcOEt 8:2) Rf 0.28 (reagent), 0.39 (product).

methyl 6-((trimethylsilyl)ethynyl)picolinate (87): colourless sticky liquid (yield = 92%). *H-
NMR (300 MHz, CDCls, 25°C, TMS) 6 (ppm) 7.89 (d, J = 7.8 Hz, 1H), 7.68 (t, J = 7.8 Hz, 1H),
7.48 (d, ) =7.8 Hz, 1H), 3.84 (s, 3H), 0.11 (s, 9H). 3C-NMR (75 MHz, CDCls, 25°C, TMS) & (ppm)
164.9, 148.0, 143.0, 137.0, 130.3, 124.0, 102.7, 96.0, 52.6, -0.62.

e Synthesis of methyl 3-((trimethylsilyl)ethynyl)benzoate (96)

Pd(PPh3)Cl,  Cul
/@\ Et;N  TMS-CCH /@\
Br CO,Me ACN  50°C 24h Z COMe

TMS

95 96

Methyl 3-bromobenzoate 95 (2.00 g, 9.30 mmol) was dissolved in acetonitrile (50 mL), and
nitrogen was bubbled for 1 minute. Pd(Ph3P)2Cl> (130 mg, 2% mol), copper (l) iodide (18 mg,
1% mol), triethylamine (2.6 mL, 18.6 mmol), and ethynyltrimethylsilane (1.6 mL, 11.3 mmol)
were added in sequence under nitrogen atmosphere, and the mixture was stirred at 50°C for
24 hours. After solvent removal under reduced pressure, the residue was dissolved in AcOEt
(75 mL), and the insoluble salts were filtered off. The filtrate was washed with water (3 x 50
mL), dried over Na>SOs4, and the solvent was removed under reduced pressure. The crude

was purified by flash chromatography (cyclohexane/CHCIls gradient).
TLC (cyclohexane/CHCIs 8:2) Rf 0.32 (reagent), 0.25 (product).

3-((trimethylsilyl)ethynyl)benzoate (96): colourless sticky liquid (yield = 88%). 'H-NMR (300
MHz, CDCls, 25°C, TMS) 6 (ppm) 8.13 (s, 1H), 7.97 (dd, J = 8.3, 2.3 Hz, 1H), 7.61 (dd, J = 8.5,
2.2 Hz, 1H), 7.37 (t, J = 8.5 Hz, 1H), 3.91 (s, 3H), 0.26 (s, 9H). 13C-NMR (75 MHz, CDCls, 25°C,
TMS) 6 (ppm) 166.5, 136.1, 133.2, 130.6, 129.8, 128.5, 123.7, 104.0, 95.5, 52.3, 0.00.
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e Synthesis of methyl 6-ethynylpicolinate (85) and methyl 3-ethynylbenzoate (97)

B K2CO;3 S
Z
MeOH Z
e " X7 COMe  MeOH rt. 2h 2 X come

X=N 87 X=N 85
CH 96 CH 97

The corresponding trimethylsilyl derivative (5.00 mmol) was dissolved in methanol (20 mL),
and potassium carbonate (68 mg, 10% mol) was added in one portion. The resulting
suspension was stirred at room temperature for 2 hours. Hence, the solvent was removed
under reduced pressure, and the crude was purified by flash chromatography

(cyclohexane/AcOEt 9:1).

TLC (cyclohexane/AcOEt 8:2) Rf 0.42 (87), 0.25 (85).

TLC (cyclohexane/AcOEt 8:2) Rf 0.78 (96), 0.67 (97).

methyl 6-ethynylpicolinate (85): white solid (yield = 87%); mp = °C. H-NMR (300 MHz,
CDCls, 25°C, TMS) & (ppm) 8.10 (d, J = 7.8 Hz, 1H), 7.84 (t,J = 7.8 Hz, 1H), 7.65 (dd, J = 7.8, 0.7
Hz, 1H), 4.00 (s, 3H), 3.21 (s, 1H). 33C-NMR (75 MHz, CDCl3, 25°C, TMS) & (ppm) 165.0, 148.3,
142.4,137.2,130.4, 124.5, 81.9, 78.4, 52.9.

methyl 3-ethynylbenzoate (97): pale yellow solid (yield = 86%); mp = 49-51 °C. *H-NMR (300
MHz, CDCls, 25°C, TMS) & (ppm) 8.16 (s, 1H), 7.96 (d, J = 7.9 Hz, 1H), 7.66 (d, ] = 7.7 Hz, 1H),
7.40 (t, ) = 7.8 Hz, 1H), 3.92 (s, 3H), 3.13 (s, 1H). *3*C-NMR (75 MHz, CDCls, 25°C, TMS) & (ppm)
166.2,136.2, 133.2, 130.5, 129.8, 128.4, 122.7, 82.5, 78.2, 52.3.

e Synthesis of methyl 3-(1-(3-(dimethylamino)propyl)-1H-1,2,3-triazol-4-yl)aryl
carboxylates (88 and 98)

CuSOy 5H,0 V4

Cle | + | N sodium ascorbate \_\_ | =

NH N P
7O TN NP coMe  HOBUOH rt. 24n XY X7 Sco Me

=z =
N=N
82-HCI X=N 85 X=N 88
CH 97 CH 98

The corresponding alkyne (1.24 mmol) was dissolved in tert-butanol (10 mL) and added to a

solution of N,N-Dimethyl-N-(3-azidopropyl)amine hydrochloride 82-HCI (226 mg, 1.37
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mmol), copper (Il) sulphate pentahydrate (31 mg, 10% mol), and sodium ascorbate (246 mg,
1.24 mmol) in water (10 mL). The resulting solution was stirred at room temperature for 24
hours. The organic solvent was removed under reduced pressure and the residue was diluted
with saturated NaHCOs (10 mL) and extracted with DCM (3x20 mL). The combined organic
phases were dried over Na>S0s, and the solvent was removed under reduced pressure. The

crude was purified by flash chromatography (CHClz/MeOH 95:5).
TLC (CHCl3/MeOH 8:2) Rf 0.95 (reagent), 0.32 (product).

methyl 6-(1-(3-(dimethylamino)propyl)-1H-1,2,3-triazol-4-yl)picolinate (88): colorless liquid
(yield = 90%). 'H-NMR (300 MHz, CDCls, 25°C, TMS) 6 (ppm) 8.39 (d, J = 7.9 Hz, 1H), 8.36 (s,
1H), 8.06 (d, J = 7.7 Hz, 1H), 7.95 (t, J = 7.8 Hz, 1H), 4.53 (t, J = 7.0 Hz, 2H), 4.02 (s, 3H), 2.34
(t, J = 6.8 Hz, 2H), 2.25 (s, 6H), 2.14 (quint, J = 6.9 Hz, 2H). 3C-NMR (75 MHz, CDCls, 25°C,
TMS) & (ppm) 165.4, 150.7, 147.5, 147.3, 137.7, 123.9, 123.2, 122.9, 55.7, 52.6, 48.2, 45.2,
28.0.

methyl 3-(1-(3-(dimethylamino)propyl)-1H-1,2,3-triazol-4-yl)benzoate (98): colorless liquid
(yield = 95%). *H-NMR (300 MHz, CDCl3, 25°C, TMS) & (ppm) 8.42 (s, 1H), 8.11 (d, J = 7.8 Hz
1H), 7.99 (d, J = 7.8 Hz, 1H), 7.89 (s, 1H), 7.51 (t, J = 7.8 Hz, 1H), 4.49 (t, J = 6.9 Hz, 2H), 3.94
(s, 3H), 2.31 (t, J = 6.7 Hz, 2H), 2.24 (s, 6H), 2.11 (quint, J = 6.8 Hz, 2H). 3C-NMR (75 MHz,
CDCls, 25°C, TMS) 6 (ppm) 166.7, 146.6, 131.0, 130.6, 129.9, 128.92, 128.88, 126.6, 120.3,
55.6,52.1,48.1, 45.2, 28.0.

e Synthesis of 3-(4-(3-carboxyaryl)-1H-1,2,3-triazol-1-yl)-N,N-dimethylpropan-1-aminium
chlorides (80 and 99)

i.K,CO3  HOITHF

o/ o
—N X reflux ~ 2-24h —\H Cl X
L\‘ P i. HCI  Hp0 \-\‘ |
N X coMe N X coH

‘N=N ‘N:N
X=N 88 X=N 80
CH 98 CH 99

The corresponding methyl ester (1.20 mmol) and potassium carbonate (248 mg, 1.80 mmol)

were dissolved in 1:1 aqueous THF (10 mL), and the solution was stirred at reflux
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temperature for the appropriate amount of time (2 hours for 88, 24 hours for 98). Hence, 1%
HCI (10 mL) was added until cease of gas evolution, and the solvent was removed under
reduced pressure. The crude was dissolved in isopropanol (5 mL) and filtered. The solid was
collected, added with isopropanol (5 mL) and filtered, and these two steps were repeated a
third time. The filtrates were combined and the solvent was removed under reduced
pressure. A purified sample for NMR characterization was obtained by reverse phase HPLC

(H20 0.1% TFA/ACN gradient) and exchanging the anion with 1% HCI (1 mL).
TLC (CHCI3/MeOH 8:2) Rf 0.32 (reagent), O (product).

3-(4-(6-carboxypyridin-2-yl)-1H-1,2,3-triazol-1-yl)-N,N-dimethylpropan-1-aminium chloride (80):
white solid (yield = 98%); mp = . TH-NMR (300 MHz, DMSO-ds, 25°C, TMS) & (ppm) 8.81
(s, 1H), 8.25 (d, J = 7.7 Hz, 1H), 8.09 (t, J = 7.8 Hz, 1H), 8.00 (d, J = 7.6 Hz, 1H), 4.8-5.8 (bs),
4.58 (t, ) = 6.7 Hz, 2H), 3.11 (t, J = 7.8 Hz, 2H), 2.78 (s, 6H), 2.33 (quint, J = 7.8 Hz, 2H). 3C-
NMR (75 MHz, DMSO-ds, 25°C, TMS) & (ppm) 165.8, 149.9, 148.3, 146.7, 138.6, 124.2,123.6,
122.5,53.9,47.0,42.1, 24.6.

3-(4-(3-carboxyphenyl)-1H-1,2,3-triazol-1-yl)-N,N-dimethylpropan-1-aminium chloride (99):
white solid (yield = 97%); mp = . *H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 10.71 (bs,
NH), 8.79 (s, 1H), 8.42 (s, 1H), 8.09 (d, J = 7.7 Hz, 1H), 7.91 (d, J = 7.8 Hz), 7.60 (t, ) = 7.7 Hz,
1H), 4.55 (t, J = 6.7 Hz, 2H), 3.09 (t, J = 7.6 Hz, 2H), 2.74 (s, 6H), 2.33 (quint, J = 7.2 Hz, 2H).
13C.NMR (75 MHz, CDCls, 25°C, TMS) & (ppm) 167.1, 145.6, 131.5, 131.1, 129.3 (x2), 128.6,
125.8,122.1,53.7,47.0, 42.0, 24.5.

¢ Synthesis of methyl 3-(1-methyl-1H-1,2,3-triazol-4-yl)benzoate (104)

Mel NaN3 Cu/CuSO,4 /\H@\
N CO,M
// CO,Me H,0/t-BuOH MW Me—N\ oMe

125°C  10m N=N
97 104

Methyl 3-ethynylbenzoate 97 (112 mg, 0.70 mmol) was put in a 10 mL MW reaction vessel
and dissolved in a 1:1 mixture of water and tert-butanol (3 mL). lodomethane (42 puL, 0.67
mmol), sodium azide (46 mg, 0.70 mmol), copper powder (50 mg, 0.79 mmol) and 1 M CuSOa4

water solution (200 pL, 0.20 mmol) were added, the vessel was sealed and heated under
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microwave irradiation (100 W) at 125°C for 10 minutes. After cooling down to room
temperature, the reaction mixture was diluted with water (30 mL) and extracted with DCM
(3x30 mL). The combined organic phases were dried over Na;SOs and the solvent was
removed under reduced pressure. The crude was purified by flash chromatography

(cyclohexane/CHCls gradient).
TLC (CHCI3) Rf 0.85 (reagent), 0.22 (product).

methyl 3-(1-methyl-1H-1,2,3-triazol-4-yl)benzoate (104): white solid (yield = 39%); mp =
!H-NMR (200 MHz, CDCls, 25°C, TMS) & (ppm) 8.38 (s, 1H), 8.04 (d, ) = 7.7 Hz, 1H), 7.95 (d, J
=7.8 Hz, 1H), 7.82 (s, 1H), 7.46 (t,J = 7.8 Hz, 1H), 4.11 (s, 3H), 3.89 (s, 3H).

e Synthesis of 3-(1-methyl-1H-1,2,3-triazol-4-yl)benzoic acid (105)

/Y@\ K2C03 /Y@\
Me=N COzMe H,O/THF reflux 16h  Me—N. COzH

- \

N=N N=N

104 105

Methyl 3-(1-methyl-1H-1,2,3-triazol-4-yl)benzoate 104 (59 mg, 0.27 mmol) and potassium
carbonate (52 mg, 0.38 mmol) were dissolved in a 1:1 mixture of water and THF (10 mL), and
the solution was stirred at reflux temperature for 16 hours. The organic solvent was removed
under reduced pressure, the residue was diluted with water (20 mL), acidified with 1% HCI
(0.5 mL) and extracted with ethyl acetate (3x20 mL). The combined organic phases were
dried over Na>SOs and the solvent was removed under reduced pressure. The crude was

recrystallized from ethanol/water.
TLC (CHCI3) Rf 0.22 (reagent), O (product).

3-(1-methyl-1H-1,2,3-triazol-4-yl)benzoic acid (105): white solid (yield = 98%); mp =
H-NMR (200 MHz, CDCls, 25°C, TMS) & (ppm) 8.47 (s, 1H), 8.34 (s, 1H), 8.06—7.99 (m, 2H),
7.55 (t,) = 7.8 Hz, 1H), 4.17 (s, 3H).
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e Synthesis of heptacyclic oligo-heteroaryls (78, 100, 101, 102, 110, 111)

R
| N
o’N\ v? /N‘o
- /4
R=H Y=N 79 \
N\ /X X‘
H CH 94 i.CDI DMF rt. 16h N
NO, CH 109 /N N\
ii. K,CO3 DMF N’ N

+ 60°C 2h-4d \N/\) K/\N/
I |

®y ©

| H N CH 100

B X CO,H
N : H CH N 101

N=N

H CH CH 102
X=N 80 NO, CH N 110
CH 99 NO, CH CH 1M1

The corresponding carboxylic acid (1.00 mmol) was dissolved in DMF (5 mL). 1,1'-
carbonyldiimidazole (243 mg, 1.50 mmol) was added and the mixture was stirred at room
temperature for 1 hour. The corresponding diamidoxime (0.50 mmol) was added and the
solution was stirred at room temperature for 16 hours. Hence, potassium carbonate (167
mg, 1.2 eq) was added and the mixture was stirred at 60°C for the appropriate amount of
time (from 2 to 4 hours when carboxylic acid 80 was used, from 2 to 4 days when carboxylic
acid 99 was used). The reaction was monitored by reverse phase analytical HPLC (H20 0.1%
TFA/ACN gradient). Hence, the solvent was removed under reduced pressure, the residue
was dissolved in 1% HCI (15 mL), and purified by reverse phase HPLC (H.0 0.1% TFA/ACN
gradient). The collected aqueous fractions were neutralized with a saturated NaHCOs
solution, extracted with chloroform (3x50 mL), the combined organic phases were dried over

Na2S04 and the solvent was removed under reduced pressure.

3,3'-(((pyridine-2,6-diylbis(1,2,4-oxadiazole-3,5-diyl))bis(pyridine-6,2-diyl))bis(1H-1,2,3-tri
azole-4,1-diyl))bis(N,N-dimethylpropan-1-amine) (78): white solid (yield = 34%); mp =

!H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 8.56 (s, 2H), 8.46 (d, J = 7.9 Hz, 2H), 8.45 (d, J
=7.8 Hz, 2H), 8.37 (d, J = 7.6 Hz, 2H), 8.15 (t, ) = 7.8 Hz, 1H), 8.07 (t,J = 7.9 Hz, 2H), 4.60 (t, J
= 6.8 Hz, 4H), 2.51 (t, ) = 6.8 Hz, 4H), 2.37 (s, 12H), 2.26 (quint, J = 6.7 Hz, 4H). 3C-NMR (75
MHz, CDCls, 25°C, TMS) & (ppm) 175.2, 168.3, 151.5, 147.2, 146.8, 142.8, 138.4, 138.1, 125.1,
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123.6, 123.3, 123.2, 55.7, 48.3, 44.9, 27.6. ESI-MS: 1369.3 (2M+Na), 712.5 (M+K), 696.5
(M+Na).

3,3'-(((pyridine-2,6-diylbis(1,2,4-oxadiazole-3,5-diyl))bis(3,1-phenylene))bis(1H-1,2,3-triaz
ole-4,1-diyl))bis(N,N-dimethylpropan-1-amine) (100): white solid (yield = 40%); mp =
1H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 8.66 (t, J = 1.5 Hz, 2H), 8.37 (d, J = 7.8 Hz, 2H),
8.21 (dd, J = 7.8, 1.5 Hz, 2H), 8.20 (dd, J = 7.8, 1.6 Hz, 2H), 8.10 (t, J = 7.9 Hz, 1H), 8.05 (s, 2H),
7.63(t,)=7.8 Hz, 2H), 4.53 (t,J = 6.9 Hz, 4H), 2.35 (t, ) = 6.8 Hz, 4H), 2.26 (s, 12H), 2.15 (quint,
J = 6.8 Hz, 4H). 3C-NMR (75 MHz, CDCls, 25°C, TMS) & (ppm) 176.2, 168.1, 146.9, 146.1,
138.3, 131.9, 129.9, 129.7, 127.5, 125.3, 125.0, 124.2, 120.8, 55.7, 48.2, 45.2, 28.0. ESI-MS:
1365.7 (2M+Na), 711.6 (M+K), 695.0 (M+Na), 673.1 (M+1).

3,3'-(((1,3-phenylenebis(1,2,4-oxadiazole-3,5-diyl))bis(pyridine-6,2-diyl))bis(1H-1,2,3-triaz
ole-4,1-diyl))bis(N,N-dimethylpropan-1-amine) (101): white solid (yield = 31%); mp =
1H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 9.11 (s, 1H), 8.47 (d, J = 7.8 Hz, 2H), 8.46 (s,
2H), 8.43 (dd, J = 7.8, 1.5 Hz, 2H), 8.32 (d, J = 7.7 Hz, 2H), 8.07 (t,J = 7.9 Hz, 2H), 7.73 (t, ) =
7.8 Hz, 1H), 4.57 (t, J = 6.9 Hz, 4H), 2.39 (t, J = 6.8 Hz, 4H), 2.29 (s, 12H), 2.19 (quint, J = 6.8
Hz, 4H). 3C-NMR (75 MHz, CDCls, 25°C, TMS) & (ppm) 174.6, 168.6, 151.5, 147.2, 143.2,
138.1,130.2, 129.5, 127.5, 126.8, 123.3, 123.2,123.1, 55.8, 48.4, 45.2, 28.0. ESI-MS: 1367.3
(2M+Na), 1345.1 (2M+1), 695.3 (M+Na), 673.6 (M+1).

3,3'-(((1,3-phenylenebis(1,2,4-oxadiazole-3,5-diyl))bis(3,1-phenylene))bis(1H-1,2,3-triazole-
4,1-diyl))bis(N,N-dimethylpropan-1-amine) (102): white solid (yield = 37%); mp =

1H-NMR (300 MHz, CDCls, 25°C, TMS) 6 (ppm) 9.03 (s, 1H), 8.65 (s, 2H), 8.37 (d, J = 7.8 Hz,
2H), 8.23-8.19 (m, 4H), 8.02 (s, 2H), 7.69 (t, ) = 8.0 Hz, 1H), 7.66 (t,J = 7.8 Hz, 2H), 4.55 (t, J =
6.8 Hz, 4H), 2.35 (t, ) = 6.7 Hz, 4H), 2.27 (s, 12H), 2.17 (quint, J = 6.8 Hz, 4H). 3C-NMR (75
MHz, CDCls, 25°C, TMS) 6 (ppm) 175.6, 168.4, 146.2, 131.9, 130.0, 129.8, 129.7,129.4, 127.7,
127.5,126.6, 125.1, 124.6, 120.6, 55.7, 48.2, 45.2, 28.1. ESI-MS: 693.9 (M+Na), 671.9 (M+1).

3,3'-((((5-nitro-1,3-phenylene)bis(1,2,4-oxadiazole-3,5-diyl))bis(pyridine-6,2-diyl))bis(1H-

1,2,3-triazole-4,1-diyl))bis(N,N-dimethylpropan-1-amine) (110): white solid (yield = 45%);
mp = . 'H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 9.32 (s, 1H), 9.19 (s, 2H), 8.46-8.44
(m, 4H), 8.28 (d, J = 7.6 Hz, 2H), 8.05 (t, J = 7.8 Hz, 2H), 4.57 (t, ) = 6.9 Hz, 4H), 2.37 (t,) = 6.6
Hz, 4H), 2.27 (s, 12H), 2.18 (quint, J = 6.8 Hz, 4H). 3C-NMR (75 MHz, CDCls, 25°C, TMS) 6
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4.2  Synthetic protocols

(ppm) 175.2,167.0,151.6, 149.0, 147.0, 142.7, 138.1, 131.4, 129.3, 124.7,123.4, 123.3, 55.8,
48.4, 45.2, 28.1.

3,3'-((((5-nitro-1,3-phenylene)bis(1,2,4-oxadiazole-3,5-diyl))bis(3,1-phenylene))bis(1H-1,2,
3-triazole-4,1-diyl))bis(N,N-dimethylpropan-1-amine) (111): white solid (yield = 30%); mp =
. 'H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 9.29 (s, 1H), 9.17 (s, 2H), 8.65 (s, 2H), 8.22
(d, J = 7.9 Hz, 4H), 8.07 (s, 2H), 7.67 (t, ) = 7.8 Hz, 2H), 4.57 (t, ) = 6.9 Hz, 4H), 2.46 (t, ] = 7.0
Hz, 4H), 2.33 (s, 12H), 2.23 (quint, J = 6.9 Hz, 4H). 3C-NMR (75 MHz, CDCls, 25°C, TMS) &
(ppm) 176.3, 166.8, 149.0, 146.1, 132.0, 131.3, 130.2, 129.8, 129.6, 127.5, 125.2, 124.4,
124.1, 120.6, 55.5, 48.2, 44.8, 27.6. ESI-MS: 1431.1 (2M+1), 738.7 (M+Na), 716.7 (M+1).

e Synthesis of 1,3-bis(5-(3-(1-methyl-1H-1,2,3-triazol-4-yl)phenyl)-1,2,4-oxadiazol-3-

yl)benzene (103)
e N\
HO™ R 2 “OH Ne N,
NH, NH,
94 i.CDI DMF rt 16h N N
+ ii. K,CO; DMF
60°C  2h
N N
Me—N" > COzH /N,‘N NiN\
N=N | |
105 Me 493 Me

Carboxylic acid 105 (55 mg, 0.27 mmol) was dissolved in DMF (5 mL). 1,1’-
carbonyldiimidazole (66 mg, 0.41 mmol) was added and the mixture was stirred at room
temperature for 1 hour. Diamidoxime 94 (21 mg, 0.11 mmol) was added and the solution
was stirred at room temperature for 16 hours. Hence, potassium carbonate (10 mg) was
added and the mixture was stirred at 60°C for 2 hours, whereupon a white solid precipitated.

The solid was filtered off, washed with water (2x30 mL) and dried.

1,3-bis(5-(3-(1-methyl-1H-1,2,3-triazol-4-yl)phenyl)-1,2,4-oxadiazol-3-yl)benzene  (103):
white solid (yield = 49%); mp = . TH-NMR (300 MHz, TFA-d, 25°C, TMS) & (ppm) 8.66 (s,
1H), 8.53 (s, 2H), 8.51 (s, 2H), 8.32 (d, J = 7.6 Hz, 2H), 8.18 (d, ) = 7.7 Hz, 2H), 7.93 (d, J = 7.5
Hz, 2H), 7.71 (t, ) = 7.8 Hz, 2H), 7.61 (t, ) = 7.7 Hz, 1H), 4.30 (s, 6H). 3C-NMR (75 MHz, TFA-d,
25°C, TMS) & (ppm) 177.5, 170.5, 144.4, 133.5, 133.3, 133.1, 132.9, 132.1, 128.4, 128.3,
128.2,127.9,126.8, 125.2, 41.3. ESI-MS 551.6 (M+Na), 529.6 (M+1).
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e Synthesis of heptacyclic arylamines (112, 113)

NOZ NHZ
o’N\ /N‘o o’N\ /N‘o
- 7\ - 7\
N\ /< X N /K X_
N N SnCl, HCI N N
(AR o\ W n
Ny EtOH  reflux 6h Ny
X=N 110 X=N 112
CH 1M1 CH 113

The appropriate nitro derivative (0.10 mmol) was dissolved in ethanol (5 mL), and 37% HCI
(0.5 mL) was added. Subsequently, tin (lI) chloride (134 mg, 0.6 mmol) was added in one
portion and the suspension was stirred at reflux temperature for 6 hours. The reaction was
monitored by reverse phase analytical HPLC (H20 0.1% TFA/ACN gradient) until completion.
Hence, the solvent was removed under reduced pressure, the residue was added with NaOH
1 M (20 mL), and extracted with chloroform (3x20 mL). The combined organic phases were
dried over Na;SO4, and the solvent was removed under reduced pressure. The crude was
purified by reverse phase HPLC (H.O 0.1% TFA/ACN gradient). The collected aqueous
fractions were neutralized with a saturated NaHCO3s solution, extracted with chloroform
(3x50 mL), the combined organic phases were dried over Na;SOs and the solvent was

removed under reduced pressure.

3,3'-((((5-amino-1,3-phenylene)bis(1,2,4-oxadiazole-3,5-diyl))bis(pyridine-6,2-diyl))bis(1H
-1,2,3-triazole-4,1-diyl))bis(N,N-dimethylpropan-1-amine) (112): white solid (yield = 82%);
mp = . IH-NMR (300 MHz, TFA-d, 25°C, TMS) & (ppm) 8.45—8.40 (m, 5H), 8.25 (d, J = 7.7
Hz, 2H), 8.02 (t, J = 7.8 Hz, 2H), 7.68 (s, 2H), 4.55 (t, J = 6.9 Hz, 4H), 4.15 (bs, 2H), 2.36 (t, J =
6.7 Hz, 4H), 2.26 (s, 12H), 2.16 (quint, J = 6.9 Hz, 4H). 3C-NMR (75 MHz, TFA-d, 25°C, TMS) &
(ppm) 174.4, 168.8, 151.5, 147.5, 147.3, 143.3, 138.2, 128.4, 123.5, 123.2, 123.1, 116.9,
116.3,55.9, 48.5, 45.4, 28.2.

3,3'-((((5-amino-1,3-phenylene)bis(1,2,4-oxadiazole-3,5-diyl))bis(3,1-phenylene))bis(1H-
1,2,3-triazole-4,1-diyl))bis(N,N-dimethylpropan-1-amine) (113): white solid (yield = 86%);
mp=  .'H-NMR (300 MHz, TFA-d, 25°C, TMS) & (ppm) 8.64 (s, 2H), 8.41 (s, 1H), 8.20 (d, J
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= 7.8 Hz, 4H), 8.02 (s, 2H), 7.67—7.62 (m, 4H), 4.55 (t, J = 6.9 Hz, 4H), 2.36 (t, J = 6.8 Hz, 4H),
2.28 (s, 12H), 2.17 (quint, J = 6.9 Hz, 4H). 3C-NMR (75 MHz, TFA-d, 25°C, TMS) & (ppm) 175.4,
168.5,147.3,146.2, 131.8, 129.7, 129.6, 128.5, 127.4, 125.1, 124.7,120.1, 116.8, 116.0, 55.7,
48.2, 45.2, 28.0. ESI-MS 708.7 (M+Na), 686.7 (M+1).

4.2.2 Synthesis of 4- and 5-Arylethynyl-ortho-QMPs

e Synthesis of 4- and 5- iodo Mannich bases (116-117)

T | OH " PFA  Me,NH lsij(o/"'l
AN EtOH  reflux, 2h N NS
p- 114 4~ 16
m- 115 5 117

The corresponding (para- or meta-) iodophenol (3.00 g, 13.6 mmol) was dissolved in absolute
ethanol (200 mL). Paraformaldehyde (9.00 g, 0.30 mol) and 33% solution of dimethylamine
in ethanol (17.8 mL, 0.10 mol) were added under stirring. The mixture was heated to reflux
under a nitrogen atmosphere for 2 hours. The solution was cooled to room temperature and
the solvent removed by evaporation. The residue was dissolved in DCM (150 mL) and washed
with an acidic aqueous solution (HCI 1%, 3x150 mL) to selectively extract the Mannich base
product. The aqueous phases were collected and neutralized with solid NaHCOsz and
extracted with DCM (3x300 mL). The combined organic phases were dried over Na2SO4, and
the solvent was removed under reduced pressure. The crude was purified by flash

chromatography (CHClz/MeOH gradient).
TLC (AcOEt/MeOH 8:2) Rs 0.30.

2-((dimethylamino)methyl)-4-iodophenol (116): colorless oil (yield = 30%). *H-NMR (300
MHz, CDClz, 25°C, TMS) 6 (ppm) 10.43 (s, 1H), 7.35 (dd, ) = 8.5, 2.1 Hz 1H), 7.18 (d, J = 2.2 Hz,
1H), 6.53 (d, J = 8.5 Hz, 1H), 3.51 (s, 2H), 2.23 (s, 6H).

2-((dimethylamino)methyl)-5-iodophenol (117): colorless oil (yield = 35%). *H-NMR (300
MHz, CDCls, 25°C, TMS) & (ppm) 10.90 (s, 1H), 7.17 (s, 1H), 7.07 (d, J = 7.9 Hz, 1H), 6.65 (d, J
=7.9 Hz, 1H), 3.56 (s, 2H), 2.29 (s, 6H).
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e Synthesis of 4- and 5- arylethynyl Mannich bases (118-126)

s 2N OH Pd(PPhg);  Cul s 2O
X =+ | M | X = M |
X N X N

EtsN  rt 2.5h ¢

X=H 4- 116 4- X=H 118 5- X=H 123
F 5- 117 F 119 F 124
OCH,4 OCH; 120 OCH; 125
NMe, NMe, 121 NO, 126
NO, NO, 122

The corresponding aryl iodide 116 or 117 (0.200 g, 0.72 mmol), Pd(PPhs)s (3 mol %, 25.0 mg,
0.022 mmol), and copper (I) iodide (17 mol %, 23 mg, 0.12 mmol) were suspended in neat
triethylamine (23 mL). After 5 minutes of bubbling with argon, a solution of the
corresponding 1-ethynyl-4-substituted benzene (0.90 mmol) in neat triethylamine (2 mL)
was added with a syringe under Ar atmosphere, and the mixture was stirred at room
temperature for 2.5 hours. The solvent was then removed under reduced pressure. The
residue was added with water (100 mL) and extracted with DCM (3x100 mL). The combined
organic phases were dried over Na;SOs and the solvent was removed under reduced
pressure to afford a brown-yellow oil. The crude products were subsequently purified by

flash chromatography (cyclohexane/AcOEt gradient).
TLC (AcOEt/MeOH 8:2) Rf = 0.35-0.40.

2-((Dimethylamino)methyl)-4-(phenylethynyl)phenol (118): colorless oil (yield = 94%). H-
NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 10.86 (bs, 1 OH), 7.57-7.54 (m, 2H), 7.44-7.38
(m, 4H), 7.21 (s, 1H), 6.86 (d, ) = 8.3 Hz, 1H), 3.62 (s, 2H), 2.30 (s, 6H). 13C-NMR (75 MHz CDCls,
25°C, TMS) & (ppm) 158.6; 132.3; 131.6; 131.3; 128.2; 127.7; 123.6; 121.9; 116.2; 113.3; 89.5;
87.4; 62.4; 44.3. Anal. calcd for C17H17NO: C, 81.24; H, 6.82; N, 5.57; O, 6.37. Found: C, 81.19;
H, 6.89; N, 5.61.

2-((Dimethylamino)methyl)-4-((4-fluorophenyl)ethynyl)phenol (119): white solid (yield =
88%); mp = 88-90 °C. 'H-NMR (300 MHz, CDCls, 25°C, TMS) 6 (ppm) 7.51-7.46 (m, 2H), 7.36
(dd, J =2.0 Hz, J = 8.3 Hz, 1H), 7.18 (d, J = 2.0 Hz, 1H), 7.07-7.01 (m, 2H), 6.82 (d, J = 8.3 Hz,
1H), 3.66 (s, 2H), 2.35 (s, 6H). 3C-NMR (75 MHz, CDCls, 25°C, TMS) & (ppm) 161.7 (d, JCF =
246.7 Hz), 158.2; 132.7 (d, JCF = 8.2 Hz); 131.9; 131.2; 121.5; 119.3 (d, JCF = 3 Hz); 115.9;
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115.1 (d, JCF = 21.7 Hz); 112.7; 88.8; 85.9; 61.9; 43.9. Anal. calcd for C17H16FNO: C, 75.82; H,
5.99; F, 7.05; N, 5.20; O, 5.94. Found: C, 75.84; H, 6.05; N, 5.18.

2-((Dimethylamino)methyl)-4-((4-methoxyphenyl)ethynyl)phenol (120): white solid (yield
=70%); mp = 122-124 °C. *H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 7.45 (AA’XX' system,
J=8.8Hz,2H), 7.36 (dd, J = 2.1 Hz, ) =8.3 Hz, 1H), 7.18 (d, ) = 2.1 Hz, 1H), 6.88 (AA’XX' system,
] =8.8 Hz, 2H), 6.84 (d, J = 8.3 Hz, 1H), 3.84 (s, 3H); 3.67 (s, 2H), 2.37 (s, 6H). 3C-NMR (75
MHz, CDCls, 25°C, TMS) & (ppm) 159.1; 158.2; 132.7;132.2; 131.6; 121.7; 116.3; 115.7; 113.8;
113.7; 88.0; 87.3; 62.2; 55.1; 44.3. Anal. calcd for C1sH1sNO2: C, 76.84; H, 6.81; N, 4.98; O,
11.37. Found: C, 76.89; H, 6.76; N, 5.05.

2-((Dimethylamino)methyl)-4-((4-(dimethylamino)-phenyl)-ethynyl)phenol (121): white
solid (yield = 71%); mp = 149-150 °C. *H-NMR (300 MHz, CDCls, 25°C, TMS) 6 (ppm) 7.39
(AA’XX' system, J = 9 Hz, 2H), 7.35 (dd, J = 1.8 Hz, J = 8.3 Hz, 1H), 7.18 (d, J = 1.8 Hz, 1H), 6.83
(d, J = 8.3 Hz, 1H), 6.67 (AA'XX’ system, J =9 Hz, 2H), 3.69 (s, 2H), 3.00 (s, 6H), 2.35 (s, 6H).
13C-NMR (75 MHz, CDCls, 25°C, TMS) & (ppm) 157.7; 149.7; 132.4; 132.2; 131.7; 121.3; 116.4;
114.5;111.8; 110.4; 88.5; 87.0; 61.9; 44.1; 40.1. Anal. calcd for C19H2:N20: C, 77.52; H, 7.53;
N, 9.52; O, 5.43. Found: C, 77.54; H, 7.58; N, 9.49.

2-((Dimethylamino)methyl)-4-((4-nitrophenyl)ethynyl)phenol (122): yellow solid (yield =
77%); mp = 111-113 °C. *H-NMR (300 MHz, CDCl3, 25°C, TMS) & (ppm) 11.19 (bs, OH); 8.17
(AA'XX' system, J = 9 Hz, 2H), 7.58 (AA'XX' system, J =9 Hz, 2H), 7.37 (dd, J = 1.8 Hz, ] = 8.3
Hz, 1H), 7.19 (d, J = 1.8 Hz, 1H), 6.82 (d, J = 8.3 Hz, 1H), 3.66 (s, 2H), 2.34 (s, 6H). 3C-NMR (75
MHz, CDCls, 25°C, TMS) & (ppm) 159.6; 146.5; 132.7; 131.9; 131.7; 130.7; 123.5; 116.5; 113.8;
112.1; 95.5; 86.1; 62.3; 44.3. Anal. calcd for C17H16N203: C, 68.91; H, 5.44; N, 9.45; O, 16.20.
Found: C, 68.81; H, 5.47; N, 9.49.

2-((Dimethylamino)methyl)-5-(phenylethynyl)phenol (123): white solid (yield = 93%); mp =
66-68 °C. 'H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 10.86 (bs, 10H), 7.58-7.55 (m, 2H),
7.38-7.35 (m, 3H), 7.06 (s, 1H), 7.02-6.94 (m, 2H), 3.66 (s, 2H), 2.34 (s, 6H). 13C-NMR (75
MHz, CDCls, 25°C, TMS) 6 (ppm) 157.8; 131.5; 128.2; 128.0; 123.4; 123.3; 122.4; 122.3; 118.8;
89.3; 88.8; 62.5; 44.3. Anal. calcd for C17H17NO: C, 81.24; H, 6.82; N, 5.57; O, 6.37. Found: C,
81.28; H, 6.79; N, 5.59.
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2-((Dimethylamino)methyl)-5-((4-fluorophenyl)ethynyl)phenol (124): white solid (yield =
85%); mp = 104-106 °C. *H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 7.54-7.49 (m, 2H),
7.08-6.96 (m, 5H), 3.68 (s, 2H), 2.36 (s, 6H). 3C-NMR (75 MHz, CDCls, 25°C, TMS) & (ppm)
162.3 (d, JCF = 247.5 Hz), 157.8; 133.3 (d, JCF = 8.2 Hz); 128.3; 123.2; 122.4; 112.3; 119.4;
118.9; 115.4 (d, J CF = 21.7 Hz); 88.9; 87.8; 62.4; 44.3. Anal. calcd for C17H16FNO: C, 75.82; H,
5.99; F, 7.05; N, 5.20; O, 5.94. Found: C, 75.81; H, 6.00; N, 5.22.

2-((Dimethylamino)methyl)-5-((4-methoxyphenyl)ethynyl)phenol (125): white solid (yield
=70%); mp = 89-91 °C. H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 7.48 (AA’XX’ system, |
= 8.8 Hz, 2H), 7.00 (s, 1H), 6.96-6.95 (m, 2H); 6.89 (AA'XX’ system, J = 8.8 Hz, 2H), 3.84 (s,
3H); 3.67 (s, 2H), 2.36 (s, 6H). 3C-NMR (75 MHz, CDCls, 25°C, TMS) 6 (ppm) 159.4; 157.7;
132.9;128.2;123.7;122.2;122.1;118.7; 115.4; 113.8; 88.9; 87.9; 62.4; 55.2; 44.3. Anal. calcd
for C1sH19NO2: C, 76.84; H, 6.81; N, 4.98; O, 11.37. Found: C, 76.92; H, 6.88; N, 4.95.

2-((Dimethylamino)methyl)-5-((4-nitrophenyl)ethynyl)phenol (126): yellow solid (yield =
75%); mp = 89-91 °C. 'H-NMR (300 MHz, CD30D, 25°C, TMS) & (ppm) 8.39 (AA'XX’ system, J
= 8.9 Hz, 2H), 7.87 (AA'XX’ system, J = 8.9 Hz, 2H), 7.50 (d, J = 7.3 Hz, 1H), 7.29-7.25 (m, 2H),
4.45 (s, 2H), 2.99 (s, 6H). 3C-NMR (75 MHz, CD30D, 25°C, TMS) & (ppm) 158.1; 149.1; 134.1;
133.9; 131.1; 127.1; 125.1; 124.9; 119.5; 119.4; 94.2; 89.5; 58.2; 43.6. Anal. calcd for
C17H16N203:C, 68.91; H, 5.44; N, 9.45; O, 16.20. Found: C, 68.95; H, 5.42; N, 9.49.

e Synthesis of 4- and 5- arylethynyl quaternary ammonium salts (127-135)

__ s A Mel s AN
X =27 | L =27 |
X NQ ACN  rt. 24h PN g\ ©
4 X=H 118 5 X=H 123 4 X=H 127 5 X=H 132
F 119 F 124 F 128 F 133
OCH; 120 OCH, 125 OCH, 129 OCH, 134
NMe, 121 NO, 126 ONMeyl© 130 NO, 135
NO, 122 NO, 131

The corresponding 4- or 5-arylethynyl Mannich base (0.72 mmol) was dissolved in ACN (10

mL) and excess methyl iodide (280 uL, 4.5 mmol) was subsequently added. The resulting
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solution was stirred under N2 atmosphere. After 24 hours, the solvent was completely

removed under reduced pressure to yield quantitatively the quaternary ammonium salt.

TLC (AcOEt/MeOH 8:2 + 2% EtsN) Rf 0.10—-0.15.

1-(2-Hydroxy-5-(phenylethynyl)phenyl)-N,N,N-trimethylmethanaminium lodide (127):
white solid (yield = 99%); mp = 218-220 °C. *H-NMR (300 MHz, CD30D, 25°C, TMS) & (ppm)
7.68 (d, J = 1.59 Hz, 1H), 7.57-7.48 (m, 3H), 7.39-7.36 (m, 3H), 7.01 (d, J = 8.4 Hz, 1H), 4.58
(s, 2H), 3.18 (s, 9H). 13C-NMR (75 MHz, CDs0D, 25°C, TMS) & (ppm) 157.4; 137.3; 135.2; 130.7;
127.9; 127.7; 122.9; 116.0; 114.6; 114.5; 87.7; 87.6; 63.3; 52.1; 52.0; 51.9. Anal. calcd for
Ci1sH20INO: C, 54.97; H, 5.13; 1, 32.27; N, 3.56; O, 4.07. Found: C, 54.94; H, 5.19; N, 3.54.

1-(2-Hydroxy-5-(4-fluorophenylethynyl)phenyl)-N,N,N-trimethylmethanaminium lodide
(128): white solid (yield = 99%); mp = 209-211 °C. 'H-NMR (300 MHz, CDs0D, 25°C, TMS) &
(ppm) 7.65 (d, J = 2.02 Hz, 1H), 7.57-7.50 (m, 3H), 7.16-7.10 (m, 2H), 7.02 (d, J = 8.5 Hz, 1H),
4.57 (s, 2H), 3.18 (s, 9H). 3C-NMR (75 MHz, CDs0D, 25°C, TMS) & (ppm) 164.2 (d, JCF = 246.7
Hz), 159.4; 139.2; 137.1; 134.7 (d, JCF = 8.2 Hz); 121.1; 117.9; 116.9 (d, JCF = 22.5 Hz); 116.5;
116.3; 89.3; 88.5; 65.3; 53.8. Anal. calcd for Ci1gH1oFINO: C, 52.57; H, 4.66; F, 4.62; |, 30.86;
N, 3.41; O, 3.89. Found: C, 52.59; H, 4.71; N, 3.44.

1-(2-Hydroxy-5-(4-methoxyphenylethynyl)phenyl)-N,N,N-trimethylmethanaminium lodide
(129): white solid (yield = 97%); mp = 197-200 °C. *H-NMR (300 MHz, CDs0D, 25°C, TMS) &
(ppm) 7.61 (d, J = 2.0 Hz, 1H); 7.53 (dd, J = 2.0 Hz, J = 8.5 Hz, 1H), 7.42 (AA'XX' system, J = 8.9
Hz, 2H), 7.00 (d, J = 8.5 Hz, 1H), 6.94 (AA’XX' system, J = 8.9 Hz, 2H), 4.55 (s, 2H); 3.83 (s, 3H);
3.17 (s, 9H). 13C-NMR (75 MHz, CDs0D, 25°C, TMS) & (ppm) 161.5; 159.1; 138.9; 136.9; 134.1;
117.8; 117.0; 116.8; 116.4; 115.4; 89.7; 88.0; 65.1; 56.1; 53.8; 53.7. Anal. calcd for
Ci19H22INO2: C, 53.91; H, 5.24; 1, 29.98; N, 3.31; O, 7.56. Found: C, 53.94; H, 5.22; N, 3.35.

4-((4-Hydroxy-3-((trimethylammonio)methyl)phenyl)ethynyl)-N,N,N-trimethylbenzenami
nium lodide (130): white solid (yield = 95%); mp dec >150 °C. *H-NMR (300 MHz, CDsOD,
25°C, TMS) & (ppm) 7.99 (AA'XX' system, J = 8.6 Hz, 2H), 7.77 (AA'XX’ system, J = 9 Hz, 2H),
7.75 (s, 1H), 7.62 (dd, J = 2.0, J = 8.6 Hz, 1H), 7.04 (d, J = 8.6 Hz, 1H), 4.60 (s, 2H), 3.74 (s, 9H),
3.21 (s, 9H). 3C-NMR (75 MHz, CD30D, 25°C, TMS) & (ppm) 160.0; 147.9; 139.7; 137.4; 134.5;
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127.5; 122.1; 118.0; 116.7; 115.4; 92.6; 87.4; 65.2; 58.2; 54.0; 53.9. Anal. calcd
forC1H2812N20: C, 43.62; H, 4.88; 1, 43.89; N, 4.84; O, 2.77. Found: C, 43.64; H, 4.51; N, 4.87.

1-(2-Hydroxy-5-(4-nitrophenylethynyl)phenyl)-N,N,N-trimethylmethanaminium lodide
(131): yellow solid (yield = 98%); mp = 220-222 °C. *H-NMR (300 MHz, DMSO-ds, 25°C, TMS)
6 (ppm) 11.05 (bs, OH); 8.27 (AA'XX' system, J = 8.9 Hz, 2H), 7.77 (AA'XX' system, J = 8.9 Hz,
2H), 7.72 (d, J = 2.1 Hz, 1H), 7.63 (dd, J = 2.1 Hz, J = 8.5 Hz, 1H), 7.07 (d, J = 8.5 Hz, 1H), 4.48
(s, 2H), 3.08 (s, 9H). 3C-NMR (75 MHz, DMSO-ds, 25°C, TMS) & (ppm) 158.7; 146.6; 138.4;
135.6; 132.2; 129.4; 123.9; 116.8; 115.6; 111.9; 94.3; 86.7; 62.5; 52.2. Anal. calcd for
Ci1sH19IN203: C, 49.33; H, 4.37; 1, 28.96; N, 6.39; O, 10.95. Found: C, 49.37; H, 4.36; N, 6.41.

1-(2-Hydroxy-4-(phenylethynyl)phenyl)-N,N,N-trimethylmethanaminium lodide (132):
white solid (yield = 99%); mp = 189-191 °C. *H-NMR (300 MHz, CDs0D, 25°C, TMS) 6 (ppm)
7.55-7.51 (m, 2H), 7.48 (d, ) = 8.4 Hz, 1H), 7.42-7.39 (m, 3H), 7.16-7.13 (m, 2H), 4.58 (s, 2H),
3.32 (s, 9H). 3C-NMR (75 MHz, CD30OD, 25°C, TMS) & (ppm) 158.9; 136.2; 132.9; 130.2; 129.9;
128.9; 124.2; 119.8; 116.4; 91.9; 89.4; 65.4; 65.3; 53.9; 53.4. Anal. calcd for CigH20INO: C,
54.97;H,5.13;1,32.27; N, 3.56; O, 4.07. Found: C, 54.91; H, 5.19; N, 3.57.

1-(2-Hydroxy-4-(4-fluorophenylethynyl)phenyl)-N,N,N-trimethylmethanaminium lodide
(133): white solid (yield = 98%); mp = 187-190 °C. 'H-NMR (300 MHz, CDs0D, 25°C, TMS) &
(ppm) 7.58 (M, 2H), 7.47 (d, J = 7.7 Hz, 1H), 7.19-7.12 (m, 4H); 4.57 (s, 2H), 3.17 (s, 9H). 3C-
NMR (75 MHz, CD30D, 25°C, TMS) & (ppm) 164.5 (d, JCF = 247.5 Hz), 159.0; 136.2; 135.1 (d,
JCF=8.2 Hz); 128.8; 124.4;120.5 (d, JCF =3.7 Hz); 119.8; 117.1 (d, JCF = 22.5 Hz); 116.5; 90.8;
89.1; 65.4; 53.8; 53.7. Anal. calcd for C1sH1sFINO: C, 52.57; H, 4.66; F, 4.62; 1, 30.86; N, 3.41;
0, 3.89. Found: C, 52.59; H, 4.64; N, 3.44.

1-(2-Hydroxy-4-(4-methoxyphenylethynyl)phenyl)-N,N,N-trimethylmethanaminium lodide
(134): white solid (yield = 99%); mp = 198-200 °C. 'H-NMR (300 MHz, CDs0D, 25°C, TMS) &
(ppm) 7.46 (AA’XX' system, J = 8.8 Hz, 2H), 7.43 (d, ) = 7.9 Hz,1H), 7.11 (d, ) = 7.9 Hz, 1H); 7.10
(s, 1H); 6.96 (AA'XX' system, J = 8.8 Hz, 2H), 4.55 (s, 2H); 3.84 (s, 3H), 3.16 (s, 9H). 3C-NMR
(75 MHz, CD30D, 25°C, TMS) 6 (ppm) 162.0; 159.0; 136.1; 134.5; 129.5; 124.3; 119.7; 116.2;
116.0; 115.6; 92.3; 88.1; 65.5; 56.2; 53.8; 53.7. Anal. calcd for C19H22INO3: C, 53.91; H, 5.24;
1,29.98; N, 3.31; O, 7.56. Found: C, 53.95; H, 5.28; N, 3.35.
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1-(2-Hydroxy-4-(4-nitrophenylethynyl)phenyl)-N,N,N-trimethylmethanaminium lodide
(135): yellow solid (yield = 97%); mp = 212-215 °C. *H-NMR (300 MHz, CD30D, 25°C, TMS) &
(ppm) 8.29 (AA'XX' system, J = 8.9 Hz, 2H), 7.77 (AA’XX’ system, J = 8.9 Hz, 2H), 7.49 (d, J =
7.8 Hz, 1H), 7.21-7.17 (m, 2H), 4.57 (s, 2H), 3.17 (s, 9H). 3C-NMR (75 MHz, CDsOD, 25°C,
TMS) 6 (ppm) 159.2; 149.1; 136.4; 134.0; 131.0; 127.9; 125.1; 124.6; 120.2; 117.4; 94.0; 89.9;
65.4; 53.9; 53.8. Anal. calcd for CigH19IN203: C, 49.33; H, 4.37; 1, 28.96; N, 6.39; O, 10.95.
Found: C, 49.37; H, 4.35; N, 6.41.

4.2.3 Synthesis of 7-substitued NQMPs
e Synthesis of 4,7-dibromo-3-hydroxy-2-naphthoic acid (145)12%%

COOH Bl'z Br. Oe COOH
OH CH3COOH reflux 10h \”:OH

Br
144 145

3-hydroxy-2-naphthoic acid (50 g, 0.27 mol) was added in a 1 L three-necked round-bottom
flask, glacial acetic acid (600 mL) was added, and the mixture was stirred to be a solution.
Bromine (34 mL, 0.67 mol) was dissolved in glacial acetic acid (100 mL) and slowly added
dropwise to the reaction mixture through an addition funnel. Throughout the addition the
temperature was kept at 20-30°C. Hence, the temperature was raised to 125°C, and the
reaction mixture was refluxed for 10 hours under vigorous mechanical stirring. The mixture
was slowly cooled down to room temperature upon which a large amount of solid
precipitated. The solid was filtered off, and the filter cake was washed with water (2x200
mL). The solid was dissolved in ethyl acetate (300 mL), washed with water (3x200 mL) and
with brine (100 mL). The organic phase was dried over Na;SO4 and the solvent was removed

under reduced pressure to obtain 83 g of product.
TLC (CHCIz/MeOH 80:20) Rf 0.20.

4,7-dibromo-3-hydroxy-2-naphthoic acid (145): yellow solid (yield = 90%); mp = 257-264 °C.
1H-NMR (200 MHz, acetone-ds, 25°C, TMS) & (ppm) 10.41 (bs, 2H), 8.53 (s, 1H), 8.15 (s, 1H),
7.96 (d,3)(H,H)=8 Hz, 1H), 7.72 (d, 3J(H,H)=8 Hz, 1H).
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e Synthesis of 7-bromo-3-hydroxy-2-naphthoic acid (146)1%”!

Br. COOH Sn HCI 37% BI’\‘COOH
O e OH CH3COOH reflux 12h @ O OH
Br
145 146

4,7-dibromo-3-hydroxy-2-naphthoic acid (72 g, 0.208 mol), glacial acetic acid (900 mL) and
tin powder (32.4 g, 0.273 mol) were added in a 2 L three-necked round-bottom flask and
stirred to be homogeneous. The mixture was then added with 37% hydrochloric acid (240
mL) through an addition funnel, heated to 125°C, and refluxed for 12 hours. Hence, the
mixture was added with 550 mL of water, cooled down to room temperature and filtered.
The filter cake was washed with water (3 x 200 mL) and dried in an oven to obtain 53 g of

product.
TLC (CHClz/MeOH 80:20) Rf 0.05-0.20.

7-bromo-3-hydroxy-2-naphthoic acid (146): yellow solid (yield = 97%); mp = 269-271 °C. *H-
NMR (200 MHz, DMSO-ds, 25°C, TMS) & (ppm) 8.50 (s, 1H), 8.22 (d, *J(H,H)=2.0 Hz 1H), 7.71
(d, 3J(H,H)=8.9 Hz 1H), 7.59 (dd,3J(H,H)=8.8 Hz, *J(H,H)=2.0 Hz, 1H), 7.32 (s, 1H).

e Synthesis of 7-bromo-3-hydroxy-N,N-dimethyl-2-naphthamide (147)

\N/

i. SOCl, cat. DMF
BFCOOH reflux  15m E’ro
i. Me;NH — THF
OH 0°Ctort 16h OH
146 147

7-Bromo-3-hydroxynaphthalene-2-carboxylic acid (10.0 g, 37.4 mmol) was added in small
portions to ice-cooled thionyl chloride (30 mL) under magnetic stirring. A catalytic amount
of DMF (5 drops) were added to the stirring suspension and the mixture was heated at 80°C
and refluxed for 15 minutes. Removal of the SOCI, was afforded under vacuum provided by
a water pump. After complete elimination of the solvent, the crude acyl chloride was
obtained as a yellow solid. Hence, the acyl chloride was dissolved in anhydrous THF (100 mL),
transferred into a three-necked round-bottom flask and the solution was cooled to 0°C. A
constant light flow of gaseous dimethylamine was then bubbled into the stirring solution at

0°C. Gaseous dimethylamine was generated by dropwise addition of NaOH 10 M (40 mL) in
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a 30-50°C heated flask containing dimethylamine hydrochloride (30 g). A gentle N> flux was
used to let the vapors pass through a condenser and a CaCl,/NaOH drying column to the
stirring solution. After 3 hours the flask was sealed and keeping the stirring for additional 16
hours at room temperature, whereupon a white solid precipitated. After addition of water
(400 mL) and neutralization with 10% HCI, the solid was filtered, washed with water (3 x 50

mL) and dried. The crude solid was purified by recrystallization from acetone.
TLC (CHCI3/MeOH 95:5) Rf 0.46.

7-bromo-3-hydroxy-N,N-dimethyl-2-naphthamide (147): white solid (yield = 87%); mp =
°C. 'H-NMR (200 MHz, DMSO-ds, 25°C, TMS) & (ppm) 10.29 (s, 1H), 8.08 (d, *J(H,H)=1.5 Hz,
1H), 7.70 (m, 2H), 7.50 (dd,3J(H,H)=8.9 Hz, *J(H,H)=1.9 Hz, 1H), 7.21 (s, 1H), 3.00 (s, 3H), 2.79
(s, 3H).

e Synthesis of 6-bromo-3-((dimethylamino)methyl)naphthalene-2-ol (148)

\N/
Br- 0 L|A|H4 Br- N/
THF I
OH reflux  2h OH
147 148

7-bromo-3-hydroxy-N,N-dimethyl-2-naphthamide (8.88 g, 30.2 mmol) was suspended in
anhydrous THF (250 mL) and the mixture was cooled at 0°C. Lithium aluminium hydride (2.5
g, 65.9 mmol) was added in one portion under stirring and the reaction mixture was heated
at 70 °C and refluxed for 2 hours. Hence, the mixture was cooled in an ice bath and quenched
with a saturated aqueous NaHCOs solution (100 mL). The organic solvent was removed under
reduced pressure and the aqueous phase was extracted with DCM (3x50 mL). The combined
organic phases were washed with brine and dried over Na>SOa. The solvent was removed

under reduced pressure, and the residue was purified by recrystallization in ethanol.
TLC (CHCI3/MeOH 95:5) R¢ 0.56.

6-bromo-3-((dimethylamino)methyl)naphthalene-2-ol (148): white solid (yield = 96%); mp
= 134-142°C. 'H-NMR (200 MHz, CDCls, 25°C, TMS) & (ppm) 9.66 (bs, 1H), 7.83 (d, *J(H,H)=2
Hz, 1H), 7.55 (d, 3J(H,H)=8 Hz, 2H), 7.44 (dd,3J(H,H)=8 Hz, *J(H,H)=2 Hz, 1H), 7.16 (s, 1H), 3.81
(s, 2H), 2.37 (s, 6H).
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e Synthesis of 7-((dimethylamino)methyl)-6-hydroxy-2-naphthaldehyde (149)

i.BuLi THF
Br. N/ 78°C  2h OHC N/
| i. DMF |
OH -50°C  45m OH
148 149

6-bromo-3-((dimethylamino)methyl)naphthalen-2-ol (1.00 g, 3.56 mmol) was dissolved in
dry THF (25 mL). The magnetically stirred solution was cooled to -78 °C and, under an argon
atmosphere, a solution of n-BulLi 2.5 M in n-hexane (3.14 mL, 7.85 mmol) was added
dropwise, keeping the temperature below -70 °C. After 2 hours, dry N,N-dimethylformamide
(1.10 mL, 14.2 mmol) was added dropwise, keeping the temperature below -50 °C. After 45
minutes, the reaction mixture was let warm up and was poured into HCl/ice (pH<1) under
vigorous stirring. Hence, the mixture was neutralized with NaHCO3 and extracted with DCM
(3x50 mL). The combined organic phases were washed twice with water, dried over Na>SOa,
and the solvent was removed under reduced pressure. The crude was purified by flash

chromatography (cyclohexane/CHCls 8:2).
TLC (CHCl3/MeOH 95:5) Rs 0.56. TLC (cyclohexane/CHCIlz 6:4) Rs 0.20.

7-((dimethylamino)methyl)-6-hydroxy-2-naphthaldehyde (149): white solid (yield = 71%);
mp = 146.1-148.7°C. *H-NMR (300 MHz, DMSO-ds, 25°C, TMS) & (ppm) 10.07 (s, 1H), 8.18 (s,
1H), 7.87 (dd, 3J(H,H)=8.6 Hz, “J(H,H)=1.3 Hz, 1H), 7.75 (d, 3J(H,H)=8.6 Hz, 1H), 7.64 (s, 1H),
7.23 (s, 1H), 3.88 (s, 2H), 2.41 (s, 6H). 3C-NMR (75 MHz, DMSO-ds, 25°C, TMS) & (ppm) 191.5;
159.1; 137.7; 133.6; 131.4; 128.7; 126.7; 126.4; 125.4; 122.8; 110.3; 62.3; 44.0.

e Synthesis of 1-(7-formyl-3-hydroxynaphthalen-2-yl)-N,N,N-trimethylmathanaminium
chloride (150)

OHC _ i. Mel MeCN OHC ®_
N rt. 48h oo
| 7 . |

OH on C

ii. HCI(aq)
149 150
lodomethane (40 uL, 0.65 mmol) was added to a stirred solution of the Mannich base 149
(50 mg, 0.22 mmol) in ACN (5 mL) and the reaction mixture was stirred at room temperature

for 48 hours. The solvent and excess iodomethane were removed under reduced pressure.
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The product was purified by reverse phase HPLC (H20 0.1% TFA/ACN gradient) and the anion
was exchanged with 1% HCI (1 mL).

TLC (CHCI3/MeOH 8:2) Rf 0.77 (reagent), 0.05 — O (product).

1-(7-formyl-3-hydroxynaphthalen-2-yl)-N,N,N-trimethylmathanaminium chloride (150):
white solid (yield = 99%); mp = °C. *H-NMR (300 MHz, DMSO-ds, 25°C, TMS) 6 (ppm) 11.57
(s, 1H), 10.08 (s, 1H), 8.50 (s, 1H), 8.30 (s, 1H), 7.86 (s, 2H), 7.56 (s, 1H), 4.71 (s, 2H), 3.14 (s,
9H). 3C-NMR (75 MHz, DMSO-ds, 25°C, TMS) & (ppm) 192.4; 157.6; 138.6; 137.4; 135.3;
131.8;126.9; 126.0; 123.9; 119.2; 110.3; 62.6; 52.2.

e Synthesis of methyl 7-((dimethylamino)methyl)-6-hydroxy-2-naphthoate (155)

i.Buli THF
COLT e Y r
| " | + |
ii. MeOCOOMe
OH -50°C 45m OH OH
148 155

6-bromo-3-((dimethylamino)methyl)naphthalen-2-ol (1.00 g, 3.56 mmol) was dissolved in
dry THF (25 mL). The magnetically stirred solution was cooled to -78 °C and, under an argon
atmosphere, a solution of n-BulLi 2.5 M in n-hexane (3.14 mL, 7.85 mmol) was added
dropwise, keeping the temperature below -70 °C. After 2 hours, the organolithium solution
was cannulated under an Ar pressure into a solution of dimethyl carbonate (3.0 mL, 35.7
mmol) in dry THF (50 mL) cooled to -78°C. The reaction mixture was stirred for additional 45
minutes keeping the temperature below -50 °C, after which it was let warm up and it was
poured into HCl/ice (pH<1) under vigorous stirring. Hence, the mixture was neutralized with
NaHCOsz and extracted with EtOAc (3x50 mL). The combined organic phases were washed
twice with water, dried over Na>SOa, and the solvent was removed under reduced pressure.

The crude was purified by flash chromatography (cyclohexane/EtOAc gradient).
TLC (CHCI3/MeOH 95:5) Rt 0.50 (reagent), 0.45 (dealogenated subproduct), 0.35 (product).

methyl 7-((dimethylamino)methyl)-6-hydroxy-2-naphthoate (155): white solid (yield =
46%); mp = 177.2-180.5°C. 'H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 8.48 (s, 1H), 7.98
(dd,) = 8.6 Hz, 1.6 Hz, 1H), 7.71 (d, J = 8.7 Hz, 1H), 7.60 (s, 1H), 7.23 (s, 1H), 3.97 (s, 3H), 3.88

195



4 EXPERIMENTAL SECTION

(s, 2H), 2.42 (s, 6H). 3C-NMR (75 MHz, CDCls, 25°C, TMS) & (ppm) 167.4; 158.4; 137.0; 130.6;
129.0; 126.7; 126.1; 125.4; 125.3; 124.5; 110.2; 62.6; 51.9; 44.3.

3-((dimethylamino)methyl)naphthalen-2-ol: white solid (yield = 42%). TH-NMR (200 MHz,
CDCls, 25°C, TMS) & (ppm) 10.15 (bs, 1H), 7.75 (d,J = 8.2 Hz, 2H), 7.49-7.31 (m, 4H), 3.78 (s,
2H), 2.35 (s, 6H).

e Synthesis of 1-(3-hydroxy-7-(methoxycarbonyl)naphthalene-2-yl)-N,N,N-trimethylme

thanaminium chloride (156)

MeOOC P i. Mel MeCN MeOOC
O we
OH

ii. HCl(aq)

155 156

lodomethane (122 pL, 2.0 mmol) was added to a stirred solution of the Mannich base 155
(85 mg, 0.33 mmol) in ACN (10 mL) and the reaction mixture was stirred at room temperature
for 48 hours. The solvent and excess iodomethane were removed under reduced pressure.
The product was purified by reverse phase HPLC (H20 0.1% TFA/ACN gradient) and the anion
was exchanged with 1% HCI (1 mL).

TLC (CHCl3/MeOH 8:2) Rf 0.77 (reagent), 0.05 — O (product).

1-(3-hydroxy-7-(methoxycarbonyl)naphthalene-2-yl)-N,N,N-trimethylmethanaminium
chloride (156): white solid (yield = 95%); mp = 220.8—229.3°C (decomposition with vapour
evolution). *H-NMR (300 MHz, MeOD, 25°C, TMS) & (ppm) 8.60 (s, 1H), 8.21 (s, 1H), 8.02 (d,
J=8.6 Hz, 1H),7.78 (d, J = 8.7 Hz, 1H), 7.37 (s, 1H), 4.75 (s, 2H), 3.96 (s, 3H), 3.22 (s, 6H). 13C-
NMR (75 MHz, MeOD, 25°C, TMS) & (ppm) 168.8; 158.0; 140.2; 138.7; 132.9; 128.37; 128.35;
127.7;127.0; 119.9; 111.4; 65.6; 54.0; 53.0.
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e Synthesis of 1-(7-carboxy-3-hydroxynaphthalen-2-yl)-N,N-dimethylmethanaminium
chloride (151)

MeOOC HO,C
ril/ cho3 2
OH HZO/THF 3:1 OH

reflux  16h
155 151

Methyl 7-((dimethylamino)methyl)-6-hydroxy-2-naphthoate 155 (100 mg, 0.38 mmol) was
dissolved in water/THF 3:1 mixture (20 mL). Potassium carbonate (118 mg, 0.86 mmol) was
added in one portion and the reaction mixture was heated to reflux for 16 hours. The solution
was acidified with 10% HCI (1 mL) and the solvent was removed under reduced pressure. The
crude was dissolved in isopropanol (5 mL) and filtered. The solid was collected, added with
isopropanol (5 mL) and filtered, and these two steps were repeated a third time. The filtrates
were combined and the solvent was removed under reduced pressure. A purified sample for
NMR characterization was obtained by reverse phase HPLC (H.0 0.1% TFA/ACN gradient)

and exchanging the anion with 1% HCI (1 mL).
TLC (CHCI3/MeOH 8:2) Rf 0.77 (reagent), O (product).

1-(7-carboxy-3-hydroxynaphthalen-2-yl)-N,N-dimethylmethanaminium chloride (151):
white solid (yield = 84%); mp = °C. *H-NMR (300 MHz, MeOD, 25°C, TMS) & (ppm) 8.59
(s, 1H), 8.09 (s, 1H), 8.05 (d, ) =8.7, 1H), 7.79 (d, = 8.6 Hz, 1H), 7.34 (s, 1H), 4.53 (s, 2H), 2.94
(s, 6H). 3C-NMR (75 MHz, MeOD, 25°C, TMS) & (ppm) 170.1, 157.3, 140.0, 135.7, 132.8,
128.7,128.5, 127.7 (x2), 121.8, 110.8, 59.0, 43.9.

e Synthesis of (7-((dimethylamino)methyl)-6-hydroxynaphthalen-2-yl)boronic acid (157)

i.Buli THF oH
| - |
ii. B(OMe)3
CH -50°C 45m OH
148 157

6-bromo-3-((dimethylamino)methyl)naphthalen-2-ol (1.00 g, 3.56 mmol) was dissolved in
dry THF (25 mL). The magnetically stirred solution was cooled to -78 °C and, under an argon

atmosphere, a solution of n-Buli 2.5 M in n-hexane (3.14 mL, 7.85 mmol) was added
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dropwise, keeping the temperature below -70 °C. After 2 hours, trimethyl borate (3.0 mL,
26.9 mmol) was added dropwise, keeping the temperature below -50 °C. After 45 minutes,
the reaction mixture was let warm up and was poured into HCl/ice (pH<1) under vigorous
stirring. Hence, the mixture was neutralized with NaHCOs and extracted with EtOAc (3x50
mL). The combined organic phases were washed twice with water, dried over Na>SO4, and
the solvent was removed under reduced pressure. The crude was purified by flash

chromatography (CHCls/MeOH gradient).
TLC (CHCl3/MeOH 7:3) Rf 0.79 (reagent), 0.48 (product).

(7-((dimethylamino)methyl)-6-hydroxynaphthalen-2-yl)boronic acid (157): white solid
(yield = 54%); mp = °C. *H-NMR (300 MHz, DMSO-ds, 25°C, TMS) 6 (ppm) 10.96 (s, 1H),
10.39 (bs, 1H), 8.38 (s, 1H), 8.17 (s, 1H), 7.93 (d, J = 8.3 Hz, 1H),7.75 (d, J = 8.3 Hz, 1H), 7.44
(s, 1H), 4.50 (s, 2H), 2.85 (s, 6H). 3C-NMR (75 MHz, DMSO-ds, 25°C, TMS) & (ppm) 154.6,
136.1,135.2, 133.7, 131.9, 128.7, 126.7, 124.5, 119.3, 109.0, 54.8, 42.0.

e Synthesis of 7-((dimethylamino)methyl)-N-(3-(dimethylamino)propyl)-6-hydroxy-2-
naphthamide (158)

I (0]
HOC AP PyBOP N~ -
e _PyBor N N
oH cf DMF . I
_ OH

rt. 1h
151 158

The amino acid 151 (100 mg, 0.35 mmol) was dissolved in dry DMF (5 mL). PyBOP (185 mg,
0.35 mmol) was added in one portion to the stirred solution and, after 1 minute, 3-
(dimethylamino)-1-propylamine (133 pL, 0.106 mmol) was added. The reaction mixture was
stirred at room temperature for 1 hour. The solvent was removed under vacuo and the crude
was purified by reverse phase HPLC (H20 0.1% TFA/ACN gradient). The aqueous phase was
neutralized with NaHCO3, extracted in DCM (3x10 mL), the combined organic phases were

dried over Na2SQOs, and the solvent was removed under reduced pressure.

TLC (CHCl3/MeOH 8:2) Rf 0.77 (reagent), 0.20 (product).
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4.2  Synthetic protocols

7-((dimethylamino)methyl)-N-(3-(dimethylamino)propyl)-6-hydroxy-2-naphthamide (158)
: white solid (yield = 79%); mp = °C. 'H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 8.54 (s,
1H), 8.38 (s, 1H), 7.87-7.79 (m, 2H), 7.67 (s, 1H), 7.30 (s, 1H), 3.95 (s, 2H), 3.74 (q,J = 5.4 Hz,
2H), 2.76 (t, ) = 5.9 Hz, 2H), 2.54 (s, 6H), 2.49 (s, 6H), 2.00 (quint, J = 6.0 Hz, 2H). 3C-NMR (75
MHz, CDCls, 25°C, TMS) 6 (ppm) 167.2, 157.5, 135.9, 128.8, 128.5, 127.3, 127.0, 126.2, 125.5,
123.5,110.0, 62.8, 58.5, 44.9, 44.4, 39.7, 25.0.

e Synthesis of 1-(7-((3-dimethylamino)propyl)carbamoyl)-3-hydroxynaphthalen-2-yl)-

N,N,N-trimethylmathanaminium chloride (159)

0 0
! i.Mel MeCN ® ©
ACCLY S EL Sy CrK
. S
OH ii. HCI(aq) cl OH o
cl
158 159

lodomethane (43 uL, 0.68 mmol) was added to a stirred solution of the Mannich base 158
(50 mg, 0.15 mmol) in ACN (10 mL) and the reaction mixture was stirred at room temperature
for 48 hours. The solvent and excess iodomethane were removed under reduced pressure.
The product was purified by reverse phase HPLC (H20 0.1% TFA/ACN gradient) and the anion

was exchanged with 1% HCI (1 mL).
TLC (CHCI3/MeOH 8:2) Rf 0.77 (reagent), 0.05 — O (product).

1-(7-((3-dimethylamino)propyl)carbamoyl)-3-hydroxynaphthalen-2-yl)-N,N,N-trimethylme
thanaminium chloride (159): white solid (yield = 98%); mp = °C. 'H-NMR (300 MHz,
MeOD, 25°C, TMS) & (ppm) 8.44 (s, 1H), 8.16 (s, 1H), 7.94 (dd, J = 8.7, 1.6 Hz, 1H), 7.82 (d, J =
8.8 Hz, 1H), 7.38 (s, 1H), 4.75 (s, 2H), 3.57 (t, J = 6.7 Hz, 2H), 3.52-3.46 (m, 2H), 3.21 (s, 9H),
3.18 (s, 9H), 2.18 (quint, J = 8.4 Hz, 2H). *3C-NMR (75 MHz, MeOD, 25°C, TMS) & (ppm) 170.5,
157.6, 139.5, 138.3, 130.9, 130.0, 128.5, 127.7, 127.1, 119.9, 111.4, 66.2, 65.6, 54.0, 53.9,
38.3, 24.9.
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4 EXPERIMENTAL SECTION

e Synthesis of 3-((dimethylamino)methyl)-6-(3-(pyridin-2-yl)-1,2,4-oxadiazol-5-
yl)naphthal-en-2-ol (162)

i. PyBOP DIPEA
X DMF ;l~o
| HOzCH rt. 6d =)
/ “oH * | N
C| ii. KzCOg OO
OH
2h
160

The amino acid 151 (100 mg, 0.35 mmol) and diisopropyl-ethyl-amine (124 uL, 0.71 mmol)
were dissolved in dry DMF (5 mL). PyBOP (185 mg, 0.35 mmol) was added in one portion to
the stirred solution and, after 1 hour, N'-hydroxypicolinimidamide 160 (49 mg, 0.35 mmol)
was added. The reaction mixture was stirred at room temperature for 6 days. The formation
of a major peak was monitored by reverse phase HPLC (H20 0.1% TFA/ACN gradient). Ring
closure was obtained by addition of anhydrous K.COs (5 mg, 10% mol) and heating the
suspension at 65°C for 2 hours. The solvent was removed under reduced pressure and the
crude was purified by reverse phase HPLC (H20 0.1% TFA/ACN gradient). The aqueous phase
was neutralized with NaHCOs, extracted in DCM (3x10 mL), the combined organic phases

were dried over Na;S0a4, and the solvent was removed under reduced pressure.

1-(3-hydroxy-7-(3-(pyridine-2-yl)-1,2,4-oxadiazol-5-yl)naphthalen-2-yl)-N,N-dimethylme
thanaminium chloride (162-HCI): white solid (yield = 61%); mp = °C. H-NMR (300
MHz, MeOD, 25°C, TMS) 6 (ppm) 9.00 (d, J = 4.2 Hz, 1H), 8.81 (s, 1H), 8.72—-8.68 (m, 2H),
8.24-8.16 (m, 3H), 7.95 (d, J = 8.6 Hz, 1H), 7.39 (s, 1H), 4.58 (s, 2H), 2.97 (s, 6H). *3C-NMR (75
MHz, MeOD, 25°C, TMS) & (ppm) 179.3, 166.1, 158.1, 146.9, 146.7, 142.6, 140.0, 136.0,
131.6,130.1, 129.0, 128.7,127.1, 126.6, 122.8,119.9, 111.1, 58.7, 44.0.

e Synthesis of 1-(3-hydroxy-7-(3-(pyridine-2-yl)-1,2,4-oxadiazol-5-yl)naphthalen-2-yl)-

N,N,N -trimethylmethanaminium chloride (163)

N-o
/ i. Mel MeCN - /
OH i HCI(aq) OH
16
lodomethane (58 pL, 0.90 mmol) was added to a stirred solution of the Mannich base 162

(50 mg, 0.15 mmol) in ACN (10 mL) and the reaction mixture was stirred at room temperature

for 48 hours. The solvent and excess iodomethane were removed under reduced pressure.
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4.2  Synthetic protocols

The product was purified by reverse phase HPLC (H20 0.1% TFA/ACN gradient) and the anion
was exchanged with 1% HCI (1 mL).

TLC (CHCI3/MeOH 8:2) Rf 0.77 (reagent) 0.05 — O (product)

1-(3-hydroxy-7-(3-(pyridine-2-yl)-1,2,4-oxadiazol-5-yl)naphthalen-2-yl)-N,N,N-trimethylme
thanaminium chloride (163): white solid (yield = 90%); mp = °C. H-NMR (300 MHz,
MeOD, 25°C, TMS) & (ppm) 8.88 (s, 2H), 8.40-8.32 (m, 3H), 8.19 (t, J = 7.8 Hz, 1H), 8.02 (d, J
=8.7 Hz, 1H), 7.76 (t, J = 5.3 Hz, 1H), 7.48 (s, 1H), 4.85 (s, 2H), 3.33 (s, 9H). 3C-NMR (75 MHz,
MeOD, 25°C, TMS) 6 (ppm) 178.2, 169.9, 158.4, 151.3, 147.5, 140.0, 139.8, 138.6, 131.3,
128.7,128.6, 127.9, 127.0, 125.1, 120.7, 120.5, 111.7, 65.5, 58.9.

4.2.4 Preparative phototrapping of prototype QMPs

QMs were photogenerated by irradiation of QMPs and were trapped with water and 2-
mercaptoethan-1-ol. All the reactions were performed in a Rayonet© multilamp reactor

using two 15 W UV lamps and 20 mL quartz tubes.

o Preparative photohydrations of 118, 123, 127, 132 — Synthesis of benzylic alcohols 136

and 138
_5/|OH 310 nm _5/|OH
AN L ACN-H,0 1:1 AN OH
2x15W  5m

4 L=NMe, 118
NMegl 127 4- 136

5 L=NMe, = 123 5 138
NMesl 132 i

The corresponding QMP (118, 123, 127 or 132, 0.024 mmol) was dissolved in a 1:1 ACN-H,0O
mixture (240 mL, 10* M). The solution was distributed into 20 mL quartz tubes (16x15 mL),
sealed, bubbled with argon for 30 seconds, and irradiated at 310 nm for 5 minutes (2x15 W).
Hence, the solvent was removed under reduced pressure, and the crude was purified by

column chromatograpy (cyclohexane/AcOEt 1:1).

TLC (cyclohexane/AcOEt 7:3) Rt 0.67.
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4 EXPERIMENTAL SECTION

2-(Hydroxmethyl)-4-(phenylethynyl)phenol (136): white solid (yield = 35% from 118 and
89% from 127); mp = 149-151 °C. 'H-NMR (300 MHz, acetone-ds, 25°C, TMS) & (ppm) 9.00
(s, OH), 7.62-7.58 (m, 3H), 7.50-7.44 (m, 3H), 7.38 (dd, J = 2.1 Hz, J = 8.3 Hz, 1H), 6.96 (d, J =
8.3 Hz, 1H), 4.84 (s, 2H), 4.60 (bs, OH). *C-NMR (75 MHz, acetone-ds, 25°C, TMS) & (ppm)
156.8; 132.6; 132.4; 132.0; 129.7; 129.6; 129.1; 125.0; 116.6; 115.1; 91.1; 88.3; 61.3. Anal.
calcd for CisH1202: C, 80.34; H, 5.39; O, 14.27. Found: C, 80.37; H, 5.41.

2-(Hydroxymethyl)-5-(phenylethynyl)phenol (138): white solid (yield = 10% from 123 and
64% from 132); mp = 135-138 °C. 'H-NMR (300 MHz, acetone-ds, 25°C, TMS) & (ppm) 8.79
(s, OH), 7.65-7.62 (m, 2H), 7.52-7.50 (m, 3H), 7.43 (d, ) = 7.7 Hz, 1H), 7.13 (dd, J = 1.6 Hz, ) =
7.7 Hz, 1H), 7.09 (s, 1H); 4.86 (d, J = 5.3 Hz, 2H), 4.58 (t, J = 5.3 Hz, OH). *C-NMR (75 MHz,
acetone-ds, 25°C, TMS) 6 (ppm) 156.2; 132.6; 130.2; 129.8; 129.6; 128.8; 124.5; 124.1; 123.6;
118.8; 90.5; 89.6; 61.6. Anal. calcd for C1sH1202: C, 80.34; H, 5.39; O, 14.27. Found: C, 80.32;
H, 5.35.

e Preparative photohydrations of 131 — Synthesis of benzylic alcohol 140

OH
360 nm P O OH
ACN-H,0 1:1
2x15W  7.5h
131 140

The quaternary ammonium salt 131 (10 mg, 0.024 mmol) was dissolved in a 1:1 ACN-H20
mixture (240 mL, 10* M). The solution was distributed into 20 mL quartz tubes (16x15 mL),
sealed, bubbled with argon for 30 seconds, and irradiated at 310 nm for 7.5 hours (2x15 W).
Hence, the solvent was removed under reduced pressure, and the crude was purified by

column chromatograpy (cyclohexane/AcOEt 1:1).
TLC (cyclohexane/AcOEt 7:3) Rr 0.78.

2-(Hydroxmethyl)-4-(4-nitrophenylethynyl)phenol (140): yellow solid (yield = 98%) mp =
148-150 °C. *H-NMR (300 MHz, acetone-ds, 25°C, TMS) & (ppm) 8.36 (AA'XX’ system, J = 8.9
Hz, 2H), 7.84 (AA’XX’ system, J = 8.9 Hz, 2H), 7.68 (d, J = 1.9 Hz, 1H), 7.47 (dd, ) = 1.9 Hz, ] =
8.3 Hz, 1H), 7.00 (d, J = 8.3 Hz, 1H), 4.85 (s, 2H), 3.04 (bs, OH). 3C-NMR (75 MHz, acetone-ds,
25°C, TMS) & (ppm) 157.5; 148.1; 133.3; 133.1; 132.4;131.9; 129.9; 124.9; 116.6; 113.9; 96.7;
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4.2  Synthetic protocols

87.1; 61.0. Anal. calcd for C1sH11NO4: C, 66.91; H, 4.12; N, 5.20; O, 23.77. Found: C, 66.94; H,
4.11; N, 5.24.

e Preparative phototrapping of 127 and 132 with 2-mercaptoethan-1-ol — Synthesis of
thioethers 137 and 139

s ANOH _ 3toom
=S I!J/ © T ___on <:> s
4 B S/\/ \/\OH

ACN-H,0 9:1

2x15W
4 127 X1SW - 5m 4 137

5- 132 5- 139

The corresponding quaternary ammonium salt (127 or 132, 0.024 mmol) was dissolved in a
9:1 ACN-H20 mixture (240 mL, 10* M). Freshly distilled 2-mercaptoethan-1-ol (168 uL, 2.4
mmol, 102 M). The solution was distributed into 20 mL quartz tubes (16x15 mL), sealed,
bubbled with argon for 30 seconds, and irradiated at 310 nm for 5 minutes (2x15 W). Hence,
the solvent was removed under reduced pressure, and the crude was purified by column

chromatograpy (cyclohexane/AcOEt 1:1).
TLC (cyclohexane/AcOEt 7:3) Rr 0.54.

2-(((2-Hydroxyethyl)thio)methyl)-4-(phenylethynyl)phenol (137): colorless oil (yield = 73%);
1H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 7.54-7.50 (m, 2H), 7.40-7.32 (m, 5H), 6.87 (d,
J = 8.1 Hz, 1H), 3.87- 3.83 (m, 4H), 2.69 (t, J = 5.8 Hz, 2H). 3C-NMR (75 MHz, CDCls, 25°C,
TMS) & (ppm) 155.1; 133.9; 132.5; 131.3; 128.2; 127.9; 123.3; 116.9; 115.4; 88.9; 88.1; 61.5;
33.4; 31.6. Anal. calcd for C17H160,S: C, 71.80; H, 5.67; O, 11.25; S, 11.27. Found: C, 71.77; H,
5.68.

2-(((2-Hydroxyethyl)thio)methyl)-5-(phenylethynyl)phenol (139): white solid (yield = 38%);
mp = 83-85 °C. *H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 7.56-7.51 (m, 2H), 7.37-7.35
(m, 3H), 7.15-7.07 (m, 3H), 3.94-3.81 (m, 4H), 2.68 (t, J = 5.8 Hz, 2H). 3C-NMR (75 MHz,
CDCls, 25°C, TMS) & (ppm) 154.5; 131.5; 130.6; 128.2; 124.1; 123.8; 123.7; 123.0; 119.6; 89.5;
88.7; 61.5; 33.4; 31.6. Anal. calcd for C17H160,S: C, 71.80; H, 5.67; O, 11.25; S, 11.27. Found:
C,71.83; H, 5.65.
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e Preparative photohydrations of 155 and 156 — Synthesis of alcohol 165

- i l CO,Me
HO
Me0,C OO L=NMe, 167
® S
OH

NMe,Cl 168

MeO,C L 310 nm MeO,C
oH ACN-H,0 1:1

2x15W 20 m OH
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NMesCl 156 LCOzMe
O
MeO,C L = NMe, 169
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OH NMesCl 170

The corresponding QMP (155 or 156, 0.032 mmol) was dissolved in a 1:1 ACN-H>O mixture
(100 mL, 3.2:10* M). The solution was distributed into 20 mL quartz tubes (7x15 mL), sealed,
bubbled with argon for 30 seconds, and irradiated at 310 nm for 20 minutes (2x15 W). Hence,
the organic solvent was removed under reduced pressure, the aqueous phase was acidified
with 1% HCI (1 mL) and extracted with DCM (3x25 mL). The combined organic phases were
dried over Na;SO4 and the solvent removed under reduced pressure. The crude was purified

by flash column chromatography (CHCIs/AcOEt 8:2) to obtain 165.

The aqueous phase was purified by reverse phase HPLC (H20 0.1% TFA/ACN gradient) and
the anion was exchanged with 1% HCI (1 mL) to obtain 167-HCI and 169-HCI (from 155) or
168 and 170 (from 156).

TLC (CHCls/AcOEt 7:3) Rr 0.36 (165).

Methyl 6-hydroxy-7-(hydroxymethyl)-2-naphthoate (165): white solid (yield = 18% from
120, 53% from 121) mp = °C. *H-NMR (300 MHz, DMSO-ds, 25°C, TMS) & (ppm) 10.44 (bs,
1H), 8.56 (s, 1H), 8.08 (s, 1H), 7.94 (dd, J = 8.6, 1.5 Hz, 1H), 7.86 (d, J = 8.7 Hz, 1H), 7.28 (s,
1H), 5.35 (bs, 1H), 4.73 (s, 2H), 3.98 (s, 3H). 23C-NMR (75 MHz, DMSO-ds, 25°C, TMS) & (ppm)
166.6, 155.6, 135.9, 133.2, 130.2, 127.0, 126.6, 126.0, 124.4, 123.6, 107.9, 58.4, 52.0.
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1-(3-hydroxy-4-((3-hydroxy-7-(methoxycarbonyl)naphthalen-2-yl)methyl)-7-(methoxycar
bonyl)naphthalen-2-yl)-N,N-dimethylmethanaminium chloride (167-HCIl): white solid (yield
=48%) mp = °C. 'H-NMR (300 MHz, DMSO-ds, 25°C, TMS) & (ppm) 10.87 (bs, 1H), 10.10
(bs, 2H), 8.57 (s, 1H), 8.30 (s, 1H), 8.12 (s, 1H), 7.88 (d, J = 8.9 Hz, 1H), 7.76—7.72 (m, 3H), 7.34
(s, 1H), 7.11 (s, 1H), 4.57 (s, 2H), 4.53 (s, 2H), 3.88 (s, 3H), 3.78 (s, 3H), 2.86 (s, 6H). **C-NMR
(75 MHz, DMSO-ds, 25°C, TMS) &6 (ppm) 166.4, 166.2,156.5, 154.1, 136.3, 135.6, 133.7,131.4,
130.7, 129.9, 128.4, 127.1, 126.5, 126.2, 125.9, 124.5, 124.4, 123.8, 123.5, 121.9, 118.9,
108.2,55.9, 52.1, 51.8, 42.3, 25.2.

1-(3-hydroxy-4-((3-hydroxy-7-(methoxycarbonyl)naphthalen-2-yl)methyl)-7-(methoxycar
bonyl)naphthalen-2-yl)-N,N,N-trimethylmethanaminium chloride (168): white solid (yield =
12%) mp = °C. 'H-NMR (300 MHz, DMSO-ds, 25°C, TMS) & (ppm) 10.43 (bs, 1H), 9.86
(bs, 2H), 8.57 (s, 1H), 8.26 (s, 1H), 8.16 (s, 1H), 7.91 (d, J = 8.9 Hz, 1H), 7.79-7.70 (m, 3H), 7.36
(s, 1H), 7.10 (s, 1H), 4.93 (s, 2H), 4.55 (s, 2H), 3.91 (s, 3H), 3.76 (s, 3H), 3.26 (s, 9H). 13C-NMR
(75 MHz, DMSO-ds, 25°C, TMS) & (ppm) 166.4, 166.2,156.5, 154.1, 136.3, 135.6, 133.7,131.4,
130.7, 129.9, 128.4, 127.1, 126.5, 126.2, 125.9, 124.5, 124.4, 123.8, 123.5, 121.9, 118.9,
108.2, 65.5, 53.9, 52.3, 52.0, 25.6.

1-(3-((3-hydroxy-7-(methoxycarbonyl)naphthalen-2-yl)methoxy)-7-(methoxycarbonyl)na
phthalen-2-yl)-N,N-dimethylmethanaminium chloride (169-HCI): white solid (yield = 10%)
mp = °C. IH-NMR (300 MHz, DMSO-ds, 25°C, TMS) & (ppm) 10.81 (bs, 1H), 9.36 (bs, 1H),
8.62 (s, 1H), 8.60 (s, 1H), 8.30—8.27 (m, 2H), 8.03 (s, 2H), 7.92—7.78 (m, 3H), 7.34 (s, 1H), 5.47
(s, 2H), 4.57 (s, 2H), 3.92 (s, 3H), 3.89 (s, 3H), 2.81 (s, 6H). **C-NMR (75 MHz, DMSO-ds, 25°C,
TMS) & (ppm) 166.5, 166.3, 155.9, 153.8, 136.8, 135.2, 133.9, 130.9, 130.6, 129.8, 128.0,
126.9, 125.5, 125.4, 125.3, 124.8, 122.8, 121.7, 120.5, 120.2, 118.9, 110.2, 73.2, 55.9, 52.1,
51.8,42.4.

1-(3-((3-hydroxy-7-(methoxycarbonyl)naphthalen-2-yl)methoxy)-7-(methoxycarbonyl)na

phthalen-2-yl)-N,N,N-trimethylmethanaminium chloride (170): white solid (yield = 4%) mp
= °C. *H-NMR (300 MHz, DMSO-ds, 25°C, TMS) & (ppm) 10.68 (bs, 1H), 9.72 (bs, 1H),
8.60 (s, 1H), 8.60 (s, 1H), 8.30-8.27 (m, 2H), 8.03 (s, 2H), 7.92-7.78 (m, 3H), 7.34 (s, 1H), 5.39
(s, 2H), 4.83 (s, 2H), 3.96 (s, 3H), 3.91 (s, 3H), 3.21 (s, 9H). *3C-NMR (75 MHz, DMSO-ds, 25°C,
TMS) & (ppm) 166.5, 166.3, 155.9, 153.8, 136.8, 135.2, 133.9, 130.9, 130.6, 129.8, 128.0,
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4 EXPERIMENTAL SECTION

126.9, 125.5, 125.4, 125.3, 124.8, 122.8, 121.7, 120.5, 120.2, 118.9, 110.2, 73.2, 62.9, 54.4,
52.1, 51.8.

e Preparative photohydrations of 149-151,157-159,162-163 — Synthesis of alcohols 171-176

R
R
OH ACN-H,0 1:1

2x15W  time OoH
R= CONH(CH,);sNMe, L= NMe, 158 time = 45m R= CONH(CH,);sNMe, 171
CONH(CH,)sNMesCl %Merjm@ 159 50 m CONH(CH2)3NMe30I® 172
COOH NMe, 151 45 m COOH 173
CHO NMe, 149 6h CHO 174
CHO %Merjm@ 150 40 h CHO 174
B(OH), NMe, 157 30 m B(OH), 175
(CoN50)(CsH4N) NMe, 162 4h (CaN,0)(CsHaN) 176
(CoN50)(CsH4N) %Merjm@ 163 10 h (CoN,0)(CsH4N) 176

The corresponding QMP (0.020 mmol) was dissolved in a 1:1 ACN-H>0 mixture (200 mL, 10*
M). The solution was distributed into 20 mL quartz tubes (15x15 mL), sealed, bubbled with
argon for 30 seconds, and irradiated at 310 nm for the appropriate amount of time (2x15 W).
For derivatives 173-176, the organic solvent was removed under reduced pressure, the
aqueous phase was acidified with 1% HCI (1 mL) and extracted with DCM (3x25 mL). The
combined organic phases were dried over Na;SO4 and the solvent removed under reduced
pressure. The crude was purified by flash column chromatography (CHCl3/AcOEt/MeOH

gradient).

Derivatives 171 and 172 were instead purified by reverse phase HPLC (H20 0.1% TFA/ACN
gradient). To obtain 172, the anion was exchanged with 1% HCI (1 mL). To obtain 171, the
aqueous phase was neutralized with NaHCOs3, extracted in DCM (3x10 mL), the combined
organic phases were dried over Na:SOs, and the solvent was removed under reduced

pressure.

N-(3-(dimethylamino)propyl)-6-hydroxy-7-(hydroxymethyl)-2-naphthamide (171): white
solid (yield = 18%) mp = °C. *H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 8.22 (bs, 1H),
7.80 (s, 1H), 7.57-7.45 (m, 2H), 7.26 (s, 1H), 7.09 (s, 1H), 4.88 (s, 2H), 3.56 (t, J = 5.6 Hz, 2H),
2.56 (t,J = 6.2 Hz, 2H), 2.34 (s, 6H), 1.82 (quint, J = 6.0 Hz, 2H). 3C-NMR (75 MHz, CDCls, 25°C,
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TMS) & (ppm) 167.5, 157.6, 131.8, 131.2, 130.9, 130.2, 128.2, 127.9, 126.1, 123.2, 108.9,
59.1, 58.7,47.2, 37.2, 25.9.

3-(6-hydroxy-7-(hydroxymethyl)-2-naphthamido)-N,N,N-trimethylpropan-1-aminium chloride
(172): white solid (yield = 91%) mp = °C. 'H-NMR (300 MHz, MeOD, 25°C, TMS) & (ppm)
8.31 (s, 1H), 7.93 (s, 1H), 7.81 (dd, J = 8.6, 1.7 Hz, 1H), 7.71 (d, J = 8.7 Hz, 1H), 7.16 (s, 1H),
4.83 (s, 2H), 3.56 (t, J = 6.6 Hz, 2H), 3.50-3.45 (m 2H), 3.17 (s, 9H), 2.17 (quint, 7.5 Hz, 2H).
13C-NMR (75 MHz, MeOD, 25°C, TMS) 6 (ppm) 171.2, 157.1,137.8,133.5,129.7, 129.1, 129.0,
128.8,127.4,125.0, 109.6, 66.2, 61.2, 53.9, 38.2, 25.0.

6-hydroxy-7-(hydroxymethyl)-2-naphthoic acid (173): white solid (yield = 68%) mp = °C.
'H-NMR (300 MHz, MeOD, 25°C, TMS) & (ppm) 8.50 (s, 1H), 7.95-7.88 (m, 2H), 7.67 (d, J =
8.6 Hz, 1H), 7.15 (s, 1H), 4.81 (s, 2H). **C-NMR (75 MHz, MeOD, 25°C, TMS) & (ppm) 169.3,
157.8, 134.2, 130.1, 129.5, 127.8, 127.6, 126.1, 125.4, 124.6, 107.8, 58.9.

6-hydroxy-7-(hydroxymethyl)-2-naphthaldehyde (174): white solid (yield = 32% from 114,
95% from 115) mp = °C. *H-NMR (300 MHz, DMSO-ds + DCl in D20, 25°C, TMS) & (ppm)
9.95 (s, 1H), 8.38 (s, 1H), 7.98 (s, 1H), 7.74 (s, 2H), 7.21 (s, 1H), 4.63 (s, 2H). 3C-NMR (75 MHz,
DMSO-ds + DCl in D20, 25°C, TMS) & (ppm) 194.6, 157.0, 138.1, 136.0, 133.4, 132.3, 128.9,
127.8,127.7,123.3, 109.6, 59.4.

(6-hydroxy-7-(hydroxymethyl)naphthalen-2-yl)boronic acid (175): white solid (yield = 79%)
mp = °C. 'H-NMR (300 MHz, DMSO-ds, 25°C, TMS) & (ppm) 10.18 (bs, 1H), 8.18 (s, 1H),
8.02 (s, 1H), 7.89 (d, J = 8.3 Hz, 1H),7.75 (d, / = 8.3 Hz, 1H), 7.38 (s, 1H), 5.38 (bs, 1H), 4.93 (s,
2H). ¥C-NMR (75 MHz, DMSO-ds, 25°C, TMS) & (ppm) 154.6, 136.1, 135.2, 133.7, 131.9,
128.7,126.7,124.5, 119.3, 109.0, 59.8.

3-(hydroxymethyl)-6-(3-(pyridin-2-yl)-1,2,4-oxadiazol-5-yl)naphthalen-2-ol (176): white
solid (yield = 59% from 127, 88% from 128) mp = °C. 'TH-NMR (300 MHz, DMSO-ds, 25°C,
TMS) & (ppm) 10.58 (s, 1H), 8.91 (d, J = 4.5 Hz, 1H), 8.83 (s, 1H), 8.31 (d, J = 7.9 Hz, 1H), 8.20—-
8.14 (m, 3H), 8.02 (d, J = 8.9 Hz, 1H), 7.75 (t, J = 5.8 Hz, 1H), 7.34 (s, 1H), 5.41 (d, ) = 5.5 Hz,
1H), 4.76 (d, J = 4.9 Hz, 2H). 3C-NMR (75 MHz, DMSO-ds, 25°C, TMS) & (ppm) 182.1, 168.3,
155.9, 150.3, 146.9, 137.7, 135.8, 133.8, 128.7, 127.0, 126.9, 126.5, 126.2, 125.8, 123.4,
123.2,108.2, 58.4.
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4 EXPERIMENTAL SECTION

4.2.5 Synthesis of QMMIPs for G4 binding

e Synthesis of V-shaped 4- and 5- arylethynyl benzo- Mannich bases (178 and 180)

on PACIy(PPha),
5 2 | Cul  EtN 4z [
I—\ I N + _— = / \\ 7 X /I \
4 ~ Z X OMF rt oh 5 5

—N el —_— N—
\Hd oH/
4- 114 177 4- 178

5- 115 5- 180

The corresponding aryl iodide 114 or 115 (0.300 g, 1.08 mmol), PdCl>(PPhs)2 (76 mg, 10 mol
%), and copper (l) iodide (41 mg, 20 mol %) were dissolved in dry DMF (15 mL). After 5
minutes of bubbling with argon, a solution of 1,3-diethynybenzene (72 uL, 0.54 mmol) in
neat triethylamine (1.5 mL, 10.8 mmol) was added with a syringe under Ar atmosphere, and
the mixture was stirred at room temperature for 9 hours. The solvent was then removed
under reduced pressure. The residue was dissolved in DCM (50 mL) and washed with 1%
NaHCO3s (3x30 mL). The organic phase was dried over Na>SO4 and the solvent was removed
under reduced pressure. The crude was purified by reverse phase HPLC (H.0 0.1% TFA/ACN
gradient). The aqueous phase was neutralized with NaHCOs3, extracted in DCM (3x10 mL), the
combined organic phases were dried over Na.SOs, and the solvent was removed under

reduced pressure.
TLC (AcOEt/MeOH 8:2) Rr 0.20.

4,4'-(1,3-phenylenebis(ethyne-2,1-diyl))bis(2-((dimethylamino)methyl)phenol) (178):
white solid (yield = 38%); mp = °C. 'H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 10.28
(bs, 2H), 7.65 (s, 1H), 7.45-7.28 (m, 5H), 7.19 (d, J = 1.7 Hz, 2H), 6.84 (d, J = 8.4 Hz, 2H), 3.66
(s, 4H), 2.36 (s, 12H). 3C-NMR (75 MHz, CDCls, 25°C, TMS) & (ppm) 158.7, 134.0, 132.4, 131.7,
130.5,128.3, 123.9, 121.9, 116.3, 113.1, 90.1, 86.8, 62.3, 44.3.

5,5'-(1,3-phenylenebis(ethyne-2,1-diyl))bis(2-((dimethylamino)methyl)phenol) (180):
white solid (yield = 25%); mp = °C. 'H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 8.64
(bs, 2H), 7.71 (s, 1H), 7.49 (d, J = 7.8 Hz, 2H), 7.34 (t, ) = 7.3 Hz, 1H), 7.02—-6.96 (m, 6H), 3.67
(s, 4H), 2.35 (s, 12H). 3C-NMR (75 MHz, CDCls, 25°C, TMS) & (ppm) 159.7, 136.3, 132.9, 130.1,
130.0,125.4, 124.9, 124.5, 124.3, 120.7, 91.7, 89.9, 64.4, 46.2.
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4.2  Synthetic protocols

e  Synthesis of V-shaped 4- and 5- arylethynyl benzo- ammonium salts (179 and 181)

i. Mel MeCN o o
rt. 48h Cl 4 Cl
3 F X7 — 3P XM
7 X \ o~ X, R

s ii. HCl(aq)

4- 178 4- 179
5- 180 5- 181

lodomethane (11 pL, 0.17 mmol) was added to a stirred solution of the corresponding
Mannich base (10 mg, 0.029 mmol) in ACN (10 mL) and the reaction mixture was stirred at
room temperature for 48 hours. The solvent and excess iodomethane were removed under
reduced pressure. The product was purified by reverse phase HPLC (H.0 0.1% TFA/ACN

gradient) and the anion was exchanged with 1% HCI (1 mL).
TLC (CHCI3/MeOH 8:2) Rf 0.25 (reagent) 0.05 — 0 (product)

1,1'-((1,3-phenylenebis(ethyne-2,1-diyl))bis(6-hydroxy-3,1-phenylene))bis(N,N,N-trimethyl
methanaminium) chloride (179): white solid (yield = 97%); mp = °C. 'H-NMR (300 MHz,
CDCls, 25°C, TMS) & (ppm) 10.28 (bs, 2H), 7.65 (s, 1H), 7.45-7.28 (m, 5H), 7.19 (d, J = 1.7 Hz,
2H), 6.84 (d, J = 8.4 Hz, 2H), 3.66 (s, 4H), 2.36 (s, 12H). 3C-NMR (75 MHz, CDCls, 25°C, TMS)
6 (ppm) 158.7, 134.0, 132.4, 131.7,130.5, 128.3, 123.9,121.9, 116.3, 113.1, 90.1, 86.8, 62.3,
44.3.

1,1'-((1,3-phenylenebis(ethyne-2,1-diyl))bis(2-hydroxy-4,1-phenylene))bis(N,N,N-trimethyl
methanaminium) chloride (181): white solid (yield = 99%); mp = °C. 'H-NMR (300 MHz,
CDCls, 25°C, TMS) 6 (ppm) 8.64 (bs, 2H), 7.71 (s, 1H), 7.49 (d, ) = 7.8 Hz, 2H), 7.34 (t,1] = 7.3
Hz, 1H), 7.02-6.96 (m, 6H), 3.67 (s, 4H), 2.35 (s, 12H). 3C-NMR (75 MHz, CDCls, 25°C, TMS) &
(ppm) 159.7, 136.3, 132.9, 130.1, 130.0, 125.4, 124.9, 124.5, 124.3, 120.7, 91.7, 89.9, 64.4,
46.2.

209



4 EXPERIMENTAL SECTION

e Synthesis of 3-((dimethylamino)methyl)-6-((trimethylsilyl)ethynyl)naphthalen-2-ol (187)

Br _ Pd(PPh3)Cl, ™S Q.
oH EtN 80°C 1h OO |
OH

148 187

6-bromo-3-((dimethylamino)methyl)naphthalene-2-ol 148 (500 mg, 1.78 mmol),
PdCI2(PPhs)2 (50 mg, 4% mol), copper (l) iodide (13.6 mg, 4% mol) were added into a three
necked round-bottomed flask equipped with a condenser and a magnetic stirrer and kept
under Ar atmosphere. Trimethylsilylacetylene (378 uL, 2.68 mmol) was dissolved in
triethylamine (20 mL), degassed with Ar for 5 minutes, and added in the reaction flask. The
reaction mixture was stirred at 80°C for 1 hour. The mixture was filtered through a thin pad
of celite, washed with chloroform (3x20 mL), and the solvent was removed under reduced

pressure. The crude was purified by flash chromatography (cyclohexane/AcOEt gradient)
TLC (CHClz/MeOH 9:1) Rf 0.75 (reagent), 0.69 (product).

3-((dimethylamino)methyl)-6-((trimethylsilyl)ethynyl)naphthalen-2-ol (187): white solid
(yield = 86%); mp = 123—125°C. *H-NMR (200 MHz, CDClz, 25°C, TMS) & (ppm) 7.86 (s, 1H),
7.60 (d, ) = 8.5 Hz, 1H), 7.46—7.39 (m, 2H), 7.16 (s, 1H), 3.83 (s, 2H), 2.40 (s, 6H), 0.30 (s, 9H).
13C-NMR (75 MHz, CDCls, 25°C, TMS) & (ppm) 157.0, 134.1,131.4,128.7,127.3,127.2, 126.0,
125.2,117.3, 110.3, 105.9, 93.2, 62.7, 44.3, 0.0.

e Synthesis of 3-((Dimethylamino)methyl)-6-ethynylnaphthalen-2-ol (188)

A K,COs3 X
NMe; —————— NMe;
MeOH rt. 16h
oH OH

187 188

TMS

3-((dimethylamino)methyl)-6-((trimethylsilyl)ethynyl)naphthalen-2-ol 187 (400 mg, 1.34
mmol) was dissolved in methanol (25 mL) and potassium carbonate (204 mg, 1.608 mmol)
was added in one portion. The suspension was stirred at room temperature for 16 hours.
The solvent was removed under reduced pressure, the crude was added with 1% HCI (10 mL)

and neutralized with NaHCOs. The product was extracted in DCM (3x20 mL), the combined
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4.2  Synthetic protocols

organic phases were dried over Na:SOs4 and the solvent was removed under reduced

pressure. The crude was purified by flash chromatography (cyclohexane/AcOEt gradient).
TLC (CHCI3/MeOH 9:1) Rf 0.69 (same for reagent and product).

3-((Dimethylamino)methyl)-6-ethynylnaphthalen-2-ol (188): white solid (yield = 59%); mp
= 153-155°C. 'H-NMR (200 MHz, CDCls, 25°C, TMS) & (ppm) 9.85 (bs, 1H), 7.88 (s, 1H), 7.63
(d,J=8.5Hz, 1H), 7.45 (d, ) =7.8, 1H), 7.44 (s, 1H), 7.17 (s, 1H), 3.82 (s, 2H), 3.11 (s, 1H), 2.38
(s, 6H). 3C-NMR (75 MHz, CDCls, 25°C, TMS) 6 (ppm) 156.9, 133.9, 131.3, 128.3, 128.0, 126.9,
125.8,125.1, 115.8, 109.9, 84.0, 76.0, 62.5, 44.0.

e Synthesis of 6,6'-(1,3-phenylenebis(ethyne-2,1-diyl))bis(3-((dimethylamino)methyl)
naphthalen-2-ol) (190)

Roeal
OHI
188
+

/@\ 190
| |

189

PdCl(PPh3), Cul

EtszN  80°C 2h

1,3-diiodobenzene 189 (73 mg, 0.22 mmol), PdCl2(PPhz)2 (12.4 mg, 4% mol), copper (l) iodide
(3.4 mg, 4% mol) were added into a three necked round-bottomed flask equipped with a
condenser and a magnetic stirrer and kept under Ar atmosphere. 3-
((dimethylamino)methyl)-6-ethynylnaphthalen-2-ol 188 (100 mg, 0.44 mmol) was dissolved
in triethylamine (10 mL), degassed with Ar for 5 minutes and added in the reaction flask. The
reaction mixture was stirred at 80°C for 2 hours. The residue was dissolved in DCM (25 mL)
and washed with 1% NaHCO3z (3x20 mL). The organic phase was dried over Na;SO4 and the
solvent was removed under reduced pressure. The crude was purified by reverse phase HPLC
(H20 0.1% TFA/ACN gradient). The aqueous phase was neutralized with NaHCOs3, extracted
in DCM (3x10 mL), the combined organic phases were dried over Na;SOas, and the solvent

was removed under reduced pressure.

TLC (CHCI3/MeOH 95:5) Rf 0.54 (reagent), 0.44 (product).
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4 EXPERIMENTAL SECTION

6,6'-(1,3-phenylenebis(ethyne-2,1-diyl))bis(3-((dimethylamino)methyl)naphthalen-2-ol) (190):
white solid (yield = 81%); mp = °C. 'H-NMR (300 MHz, DMSO-ds, 25°C, TMS) & (ppm)
8.06 (s, 2H), 7.77-7.74 (m, 5H), 7.62 (d, J = 7.2 Hz, 2H), 7.53-7.49 (m, 3H), 7.19 (s, 2H), 3.89
(s, 4H), 2.39 (s, 12H). 13C-NMR (75 MHz, DMSO-ds, 25°C, TMS) & (ppm) 156.6, 133.8, 133.7,
131.2,131.1, 129.4, 128.7, 128.2, 127.0, 126.3, 125.9, 123.2, 116.0, 109.2, 91.0, 87.8, 59.6,
44.0.

e Synthesis of 1,1'-((1,3-phenylenebis(ethyne-2,1-diyl))bis(3-hydroxynaphthalene-
7,2-diyl))bis(N,N,N-trimethylmethanaminium) chloride (191)

i. Mel MeCN
80°C 2h

ii. HCl(aq)

190 191

lodomethane (268 uL, 4.3 mmol) was added to a stirred solution of the Mannich base 190
(94 mg, 0.18 mmol) in ACN (10 mL) and the reaction mixture was stirred at reflux for 2 hours.
After cooling at room temperature, sodium acetate (14.8 mg, 0.18 mmol) was added in one
portion, followed by further iodomethane (67 uL, 1.08 mmol), and the suspension was stirred
at room temperature for additional 16 hours. Hence, the solvent and excess iodomethane
were removed under reduced pressure. The product was purified by reverse phase HPLC

(H20 0.1% TFA/ACN gradient) and the anion was exchanged with 1% HCI (1 mL).
TLC (CHCl3/MeOH 95:5) Rf 0.44 (reagent) 0.05 — O (product)

1,1'-((1,3-phenylenebis(ethyne-2,1-diyl))bis(3-hydroxynaphthalene-7,2-diyl))bis(N,N,N-tri
methylmethanaminium) chloride (191): white solid (yield = 68%); mp = °C. 'H-NMR
(300 MHz, MeOD, 25°C, TMS) & (ppm) 8.06 (s, 4H), 7.73-7.69 (m, 3H), 7.59-7.52 (m, 4H),
7.41 (dd, ) =8.3, 7.0 Hz, 1H), 7.33 (s, 2H), 4.72 (s, 4H), 3.21 (s, 18H). 3C-NMR (75 MHz, MeOD,
25°C, TMS) & (ppm) 156.7, 137.4, 137.0, 135.5, 133.3, 132.7, 131.6, 130.3, 129.0, 127.7,
125.4,119.7,119.6, 111.6, 91.5, 89.7, 65.6, 53.9.
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4.2  Synthetic protocols

e Synthesis of 1,1’-((pyridine-2,6-diylbis(1,2,4-oxadiazole-3,5-diyl))bis(3-hydroxy
naphthalene-7,2-diyl))bis(N,N-dimethylmethanaminium) chloride (192)

B | >
N N i. PyBOP DIPEA N P
HO™ N N Z "OH DME O/ < N Z N\
NH, NH, it 6d =N N=

_—

" O
79 ii. KoCOg3 C|® O Q al
= 0 3

—NH NH-
\

+
HO,C H_ ®\HO OH/®
N®
I Fe
on Cl

151

192

1-(7-carboxy-3-hydroxynaphthalen-2-yl)-N,N-dimethylmethanaminium chloride 151 (100
mg, 0.35 mmol) and diisopropyl-ethyl-amine (124 pL, 0.71 mmol) were dissolved in dry DMF
(5 mL). PyBOP (185 mg, 0.35 mmol) was added in one portion to the stirred solution and,
after 1 hour, N'2,N'6-dihydroxypyridine-2,6-bis(carboximidamide) 79 (35 mg, 0.18 mmol)
was added. The reaction mixture was stirred at room temperature for 6 days. The formation
of a major peak was monitored by reverse phase HPLC (H20 0.1% TFA/ACN gradient). Ring
closure was obtained by addition of anhydrous K2COs and heating the suspension at 65°C for
2 hours. The solvent was removed under reduced pressure and the crude was purified by
reverse phase HPLC (H20 0.1% TFA/ACN gradient) and the anion was exchanged with 1% HCI
(1 mL).

1,1’-((pyridine-2,6-diylbis(1,2,4-oxadiazole-3,5-diyl))bis(3-hydroxynaphthalene-7,2-diyl))bis
(N,N-dimethylmethanaminium) chloride (192): pale yellow solid (yield = 34%); mp = °C.
1H-NMR (300 MHz, CDCls, 25°C, TMS) & (ppm) 8.72 (s, 2H), 8.40 (d, J = 7.8 Hz, 2H), 8.22 (dd,
J=8.6,1.2 Hz, 2H), 8.11 (t, J = 7.8 Hz, 1H), 7.84 (d, ) = 8.7 Hz, 2H), 7.67 (s, 2H), 7.25 (s, 2H),
3.90 (s, 4H), 2.42 (s, 12H). 3C-NMR (75 MHz, CDCls, 25°C, TMS) & (ppm) 176.7, 167.8, 158.6,
146.9, 137.8, 136.5,128.9, 128.4, 126.7, 126.6, 125.7, 124.5, 123.8, 117.8, 110.1, 62.4, 44.0.
ESI-MS 614.5 (M+1), 636.4 (M+Na), 652.6 (M+1).
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4 EXPERIMENTAL SECTION

e Synthesis of 3-((dimethylamino)methyl)-4-hydroxybenzonitrile (197)

e ——
NC EtOH  reflux, 2h NC NS
196 197

4-hydroxybenzonitrile (500 mg, 4.2 mmol) was dissolved in absolute ethanol (10 mL).
Paraformaldehyde (1.30 g, 42 mmol) and 33% solution of dimethylamine in ethanol (2.2 mL,
12.9 mmol) were added under stirring. The mixture was heated to reflux under a nitrogen
atmosphere for 2 hours. The solution was cooled to room temperature and the solvent
removed under reduced pressure. The residue was dissolved in AcOEt (50 mL) and washed
with an acidic aqueous solution (HCI 1%, 3x50 mL) to selectively extract the Mannich base
product. The aqueous phases were collected and neutralized with solid NaHCOs and
extracted with AcOEt (3x25 mL). The combined organic phases were dried over Na;S0a4, and
the solvent was removed under reduced pressure. The crude was purified by flash

chromatography (CHCls/MeOH gradient).
TLC (CHClz/MeOH 8:2) R¢ 0.39.

3-((dimethylamino)methyl)-4-hydroxybenzonitrile (197): white solid (yield = 50%); mp =
1H-NMR (200 MHz, CDCls, 25°C, TMS) & (ppm) 9.35 (bs, 1H), 7.46 (dd, J = 8.5, 1.6 Hz, 1H), 7.27
(d, ) =1.7 Hz, 1H), 6.84 (d, J = 8.5 Hz, 1H), 3.68 (s, 2H), 2.36 (s, 6H).

e Synthesis of 4,4’,4”-(1,3,5-Triazine-2,4,6-triyl)tris(2-((dimethylamino)methyl)
phenol) (198)

/@C’/HI TOH
NG NQ  CHCl; rt 48h
N SN
197 \N/j@)\N/)\@\N/
|Ho OHI

198

3-((dimethylamino)methyl)-4-hydroxybenzonitrile 197 (250 mg, 1.42 mmol) was dissolved in

ice-cooled anhydrous chloroform (5 mL). Triflic acid (1.0 mL, 11.3 mmol) was added dropwise
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4.2  Synthetic protocols

and the reaction mixture was stirred for 30 min at 0°C. The ice bath was then removed and
the mixture was stirred for additional 48 hours at room temperature. Hence, the solution
was poured into ice, neutralized with NaHCOs, extracted with DCM (3x20 mL) and dried over
NazS0a. The solvent was removed at the rotary evaporator and the crude was purified by
reverse phase HPLC (H20 0.1% TFA/ACN gradient). The aqueous phase was neutralized with
NaHCOs, extracted in DCM (3x10 mL), the combined organic phases were dried over Na;SOa,

and the solvent was removed under reduced pressure.
TLC (CHCI3/MeOH 8:2) R 0.72 (reagent), 0.48 (product).

4,4’,4”-(1,3,5-Triazine-2,4,6-triyl)tris(2-((dimethylamino)methyl)phenol) (198): yellow solid
(yield = 83%); mp = . TH-NMR (300 MHz, MeOD, 25°C, TMS) & (ppm) 8.69 (d, J = 8.5 Hz,
3H), 8.66 (d, J = 1.6 Hz, 3H), 7.04 (dd, J = 8.6 Hz, 1.7 Hz, 3H), 4.39 (s, 6H), 2.83 (s, 18H). *3C-
NMR (75 MHz, MeOD, 25°C, TMS) & (ppm) 172.2, 162.4, 135.0, 134.4, 129.7, 118.7, 117.0,
58.5, 43.7.

e Synthesis of 1,1',1"-((1,3,5-triazine-2,4,6-triyl)tris(6-hydroxybenzene-3,1-diyl))tris
(N,N,N-trimethylmethanaminium) chloride (199)

|
oH N7 OH NG
©
cl
Mel
© ©
- ACN  rt. 48h ol NN o
I ® ~ | ®
HO OH HO OH
198 199

lodomethane (167 pL, 2.7 mmol) was added to a stirred solution of 4,4’,4"’-(1,3,5-Triazine-
2,4,6-triyl)tris(2-((dimethylamino)methyl)phenol) 198 (158 mg, 0.30 mmol) in ACN (5 mL)
and the reaction mixture was stirred at room temperature for 48 hours. The solvent and
excess iodomethane were removed under reduced pressure. The product was purified by
reverse phase HPLC (H20 0.1% TFA/ACN gradient) and the anion was exchanged with 1% HCI
(5 mL).

TLC (CHCI3/MeOH 8:2) Rr 0.48 (reagent), 0.05-0 (product).
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4 EXPERIMENTAL SECTION

1,1',1"-((1,3,5-triazine-2,4,6-triyl)tris(6-hydroxybenzene-3,1-diyl))tris(N,N,N-trimethylmethan
aminium) chloride (199): yellow solid (yield = 67%); mp = .H-NMR (300 MHz, MeOD, 25°C,
TMS) & (ppm) 9.01 (s, 3H), 8.81 (d, J = 8.4 Hz, 3H), 7.15 (d, J = 8.5 Hz, 3H), 4.94 (s, 6H), 3.28
(s, 27H). 3C-NMR (75 MHz, MeOD, 25°C, TMS) & (ppm) 165.0, 148.3, 142.4, 137.2, 130.4,
124.5,81.9, 78.4,52.9
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Appendix A — DNA sequences

G4-folding sequences

22AG 5’-A-GGG-TTA-GGG-TTA-GGG-TTA-GGG-3’

hTel21 5'-GGG-TTA-GGG-TTA-GGG-TTA-GGG-3’

21CTA 5-GGG-CTA-GGG-CTA-GGG-CTA-GGG-3’

Pu24T 5-TGA-GGG-TGG-TGA-GGG-TGG-GGA-AGG-3’

Myc 5-TGA-GGG-TGG-GTA-GGG-TGG-GTA-A-3’

c-Kit2 5-GGG-CGG-GCG-CGA-GGG-AGG-GG-3’

LTRIN 5-GGG-AGG-CGT-GGC-CTG-GGC-GGG-ACT-GGG-G-3’

Self-complementary duplex and hairpin-folding sequence

ds26 5’-CAA-TCG-GAT-CGA-ATT-CGA-TCC-GAT-TG-3’

Labelled sequences for FRET-melting assays

F21T 5-Fam-GGG-TTA-GGG-TTA-GGG-TTA-GGG-Tamra-3’

F(21CTA)T 5-Fam-GGG-CTA-GGG-CTA-GGG-CTA-GGG-Tamra-3’

F(Pu24T)T 5-Fam-TGA-GGG-TGG-TGA-GGG-TGG-GGA-AGG-Tamra-3’

F(c-Myc)T 5-Fam-TTG-AGG-GTG-GGT-AGG-GTG-GGT-AA-Tamra-3’

F(c-Kit2)T 5-Fam-GGG-CGG-GCG-CGA-GGG-AGG-GG-Tamra-3’

F(Bcl2)T 5-Fam-AGG-GGC-GGG-CGC-GGG-AGG-AAG-GGG-GCG-GGA-Tamra-3’

F(CEB25wt)T 5’-Fam-AAG-GGT-GGG-TGT-AAG-TGT-GGG-TGG-GT-Tamra-3’
F(LTRINT 5’-Fam-GGG-AGG-CGT-GGC-CTG-GGC-GGG-ACT-GGG-G-Tamra-3’
F(LTRIV)T 5-Fam-TGG-GCG-GGA-CTG-GGG-AGT-GGT-Tamra-3’

F(ds26)T 5-Fam-CAA-TCG-GAT-CGA-ATT-CGA-TCC-GAT-TG-Tamra-3’
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Appendix B - Fitting Equations

Monoacid pKa measurement (UV-vis titration)

10(PKa=x) 1
Y = Al oeken T A2 T o0k
y Solution molar absorptivity
X pH
Al Conjugated acid molar absorptivity
A2 Conjugated base molar absorptivity
Ka Acidity constant

Diacid pKas measurements (UV-vis titration)

10PKas+pKaz—2x) 10(®@Kaz—x)
y=A41 1 + 10®Kaz—x) + 10@Ka;+pKaz—2x) +A2 1 + 10®Kaz—-x) 4 1Q@Ka1+pKaz—2x)
1
+A3 1 + 10@Kaz—x) + 10@Ka1+pKaz-2x)
y Solution molar absorptivity
X pH
Al Diacid molar absorptivity (H2A)
A2 Monoacid molar absorptivity (HA")
A3 Base molar absorptivity (A%)
Kai First acidity constant
Kaz Second acidity constant
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Appendix B

Dose-Response Sigmoid (FRET-melting)

y=A1+

y Signal (FAM fluorescence)
X Temperature

Al Bottom asymptote

A2 Top asymptote

LOGx0 Center (Tm)

p Hill slope

A2 — A1

1+1 O(LOGxO—x)p

Biphasic Dose-Response Sigmoid (FRET-melting)

p 1-p

y =Al+ (A2 — A1) [1 T+ 10@0Gx01-x)h1 +

y Signal (FAM fluorescence)
X Temperature

Al Bottom asymptote

A2 Top asymptote

LOGx01 First EC50

LOGx02 Second EC50 (Tm)

hl First hill slope

h2 Second hill slope

p Proportion

1+ 10(LOGx02 —x)h2

]
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Appendix B

1% Order Kinetics — Reagent depletion

Signal
Time
Initial signal

Rate constant

1%t Order Kinetics — Product formation

x

~ > T

y=b+A(1—e %)

Signal

Time

Ordinates intercept
Signal/Concentration ratio

Rate constant

1t Order Kinetics — Intermediate in consecutive reactions

k1
k2

(e—klx _ e—kzx)

Signal
Time
Signal/Concentration ratio
Rate constant of formation

Rate constant of depletion

kq
Reag — Prod

k1
Reag — Prod

Ky ko
Reag — Int — Prod
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Appendix B

Complex formation — 1:1 stoichiometry (titration of ligand with G4)

G4 + L — G4:L

_ KLe+Kx+1—/(KLe+Kx+1)2—4K2L;x KLe+Kx+1—/(KLe+Kx+1)2—4K2L;x
y=b|e L — K + & K

y Absorbance

X Total DNA molar concentration
K Binding constant

f Molar absorptivity of free ligand

€b Molar absorptivity of bound ligand
b Optical path length (fixed)

Lt Ligand total concentration (fixed)

Complex formation — general stoichiometry (titration of ligand with G4)

G4 + nL — G4:L,

_ [Ga:L] _ [64:Lp] _
17 641 k2 = [G4:L][L] Ky =

[G4:Ly]
[G4:Ln—q][L]

The n different equilibria are treated like a single equilibrium in which the ligand L can
interact with n different independent binding sites, all exhibiting the same affinity and

binding constant K.

: _ l6%ynt]
G4ym + L — G4yn:L K= [GamllL]
Ae- L
y=— t(A+xn+1—\/(A +xn + 1)2 —4xn)

y Absorbance enhancement AAbs = Abs - Abso
X DNA equivalents (with respect to ligand) Cga/Lt
Lt Ligand total concentration (fixed)
Ae Instrumental response g, — &
A 1/(K - L;) where K is the mean binding constant
n Number of independent binding sites per quadruplex
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Appendix B

G4:Li]
The model assumes that K;; = ﬁ
hi—1lj

, which corresponds to the interaction of the
ligand with binding sites j = a, b, ..., n, has the same value:

foreach i =1,2,...,n (independent binding sites)

foreach j=a,b,..,n (same affinity = same energy of interaction for each biding site)

If such conditions are satisfied:

[G4:L], + [G4: L], + -+ [G4: L],
[G4][L]

K]_ = =K1a+K1b+"'+K1n=nKij

Demonstration that, in the simplified model, K = K;;

Expressing the thermodynamic constants K; in function of K;; :

_ [G4:L], + [G4:L], + - + [G4: L],

=Kiq+ Kip + -+ Ky = nKj5

e [G4][L]
_[G4:Lylap + [G4: Lylac + -+ + [GAi Lolan + - + [G4: Lo]ny - n(n—1) [G4:Ly]ey,  (m—1) K
2 ([G4: L1, + [G4: L], + - + [G4: L],)[L] T2 n[G4:Ll[L] T 2 y
more in general,
(”) nl (n—i+DIG-1! n—i+1
Ki= (l 1) “m-0Dl n! ky = i u
from which K; = n;—i';rll(l (1)
Unrolling the equation which defines K:
_ [Gaymil] [G4:L] + 2[G4:L,] + 3[G4: L] + - + n[G4: L, ] 1
T [Gayn]IL] T nlG4]+ (n— D[G4: L] + (n — 2)[G4: Lp] + -+ + [G4: Ly _4] -
_ [G4:L] + 2[G4:L,] + 3[G4: L3] + - + n[G4:L,] 1
T n[Ga]+ (n — DK, [GA][L] + (n — 2)K K, [GA][L]? + - +K K, ... Kn_1 [GA][L]™1 [L]
_ [G4:L] + 2[G4: L,] + 3[G4:Ls] + -+ + n[G4: L,] 1
- [G4][L] N+ (- DKL+ (n— KK [L]? + -+ Kpq .. KoKy [L]71

Ky + 2K,Kq[L] + 3K3 Ko Ky [L]? oo+ nKy Ky o K3 Ko K [L]
“n+ (- DK L]+ (= 2)KK[L]2 + -+ Kp_q ... K3K, Ky [L]*1

and, following equation (1)

Ko+ 20 Dk + 385 B O D i i ok md kg K P2 S D

2n 3n

nt (- DKL+ (- 2) O )&&“V+'W-im&mm_)&mz)m&mw
K (1+( Dk, [L]+ 2)("Zn L2 g e DO o et
(1 +( K L]+ n = (n K [L] + ...+%(n _21)n .'(113—712) e )K " 1[L] )

In conclusion:

I(—lK =K
I R
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