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1.1 The DNA and RNA Quadruple Helix 

 

1.1.1 Fundamentals structural elements of G-Quadruplexes  
 

In 1953, Watson and Crick published the discovery of DNA double helix, now commonly known as B-DNA1 

and, for decades, scientific community considered this as the only relevant DNA structure. However, during 

the last years, mounting evidence pointed out that nucleic acid sequences can adopt different kind secondary 

structures, involved in critical physiological processes2. Among them, A- and Z-DNA forms, which represent 

alternative conformations to B-DNA, but also DNA bulges, hairpins, cruciforms, triplexes, quadruplexes and 

i-motifs are significantly interesting. Their formation has been subject of debate for years, but it has been 

established that classical biological processes as replication and transcription, involving DNA unwinding, 

favour their formation. Presence of these secondary structures depends on different factors, as nucleic acid 

sequence, solution conditions, hydration, ions and proteins. In particular, it has been established that their 

formation occurs in particular during replication and transcription, which involve DNA unwinding and 

formation of single strand2. Furthermore, DNA secondary structures can regulate gene expression, 

interactions with proteins and have an impact on genomic stability, DNA repair and damages3.  

In this context, G-Quadruplexes (G4s) emerged for their unique structural properties and for their key role in 

fundamental physiological processes. In details, nucleic acid sequences, including both DNA and RNA, with 

high guanine contents, may self-assembles to form these supramolecular structures, characterized by two or 

more guanine tetrads, stacked one on top of each other through π-π interactions (Figure 1.1). Guanine 

quartets are held together by Hoogsteen-type base-pair hydrogen bondings. G4s can be further stabilized by 

intercalation, into the anionic channel formed by O6 of guanine residues, of different cations4, as Na+ and K+, 

Pb2+ and Ba2+5, while, on the contrary, destabilization was observed upon interaction with Li+ 6.  

 

 
 

Figure 1.1 – A) Representation of G4 folding from G-rich DNA sequence; B) Guanine tetrad.  
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G4s present high structural variability, depending on folding conditions, including the type of sequence and 

number of G-tracts, cations, loops length, pH and solution conditions, and finally chemical modifications. 

Furthermore, G4s can be generated through interaction of only one polynucleotide strand (Monomolecular), 

two (Bimolecular), three or four (Trimolecular and Tetramolecular)7. From a topological point of view, G4s 

can be classified into three main classes: 1) parallel, with all four strand oriented in the same direction; 2) 

antiparallel, with two strands pointing in the same direction and other two in the opposite one; 3) hybrid, 

with two polynucleotide sequences oriented in the same direction8. Each topology is characterized by other 

specific structural features, including loop length and composition, the coordinated cation and the glycosidic 

angle. Loops can be defined as the nucleotide sequences connecting the different tetrads and can be 

distinguished into three main classes: propeller, lateral and diagonal (Figure 1.2)9. Propeller loops connect 

adjacent parallel strands, lateral antiparallel ones, while diagonal links two sequences across the diagonal of 

guanine quartet (Figure 1.2).  

 

 

 

Figure 1.2 – A) Representation of Parallel, Antiparallel and Hybrid G4. B) Representation of diagonal, lateral and 

propeller loops. 

 

 

Therefore, three propeller loops can be found in parallel topology, while one propeller and two lateral loops 

are typical of hybrid structures. Antiparallel G4s are more versatile and can be distinguished for the presence 

of two lateral and one diagonal or three lateral loops. Even loops length can be associated to a certain 

topology: indeed, long loops are more typical of antiparallel or hybrid topology, while shorter ones are more 

frequently found in parallel G4s10. It has been discovered that, in antiparallel G4s, presence of longer loops 

stabilize the structure, possibly due to the presence of further interactions between the loop and guanine 

tetrads11. On the contrary, short loops have a positive effect on formation and stability of parallel G4 and, in 

particular, most of quadruplex present in gene promoter regions are characterized by three one-nucleotide 

propeller loops12.  

As mentioned before, also cations are important for quadruplex folding and stability13 and they can interact 

with O6 of guanine residues, which create a negatively charged cavity in the centre of the tetrads. Their effect 

on quadruplex structure depend on several factors, including ionic radii, hydration energy, the type of nucleic 

acid and on topology14 but,  in general, coordination to K+ and Na+ are the most common, also because of 

their abundance in cellular environment, and, in most cases, K+ is preferred over Na+ 13.  

 

B) A) 
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Figure 1.3 – Representation of syn and anti conformation for guanine base. 

 

G4 stability is affected also by another parameter, the glycosidic bond angle (GBA) of guanines, defined as 

the angle between the sugar moiety, lying on the plane, and the nucleobase, disposed perpendicularly to it. 

In particular, there are two possible conformation: syn, with sugar and the base pointing in the same direction 

and anti, with the opposite orientation (Figure 1.3). When guanines fold into G4, they can face to each other 

in different configuration: sin/sin, sin/anti, anti/sin and anti/anti. Among reported situations, anti/anti 

represents the most favourable, because of the reduced steric hindrance in the resulting structure, while the 

other cases require higher energy. However, presence of one conformation rather than another is strictly 

dependent on quadruplex topology: the presence of these different possible combination is strictly 

dependent on topology: indeed, for example, anti/sin disposition is necessary when there is a polarity 

inversion point, present when strands are oriented in opposite directions. Therefore, these conformations 

are common in antiparallel and hybrid quadruplexes. On the contrary, in parallel topology, where these 

inversion points are missing, only anti/anti conformation is observed.  

Considering all these factors, it seems reasonable that G4s can form many types of different structures and 

their formation is a complex process, affected by several factors. However, their existence has been recently 

demonstrated in vivo15, underlining their involvement in several physiological processes, which together with 

their unique structural features make them an interesting therapeutic target for several pathologies.  

 

 

1.1.2 Biological Role of DNA and RNA G-Quadruplexes  
 

It has been widely demonstrated that putative quadruplex forming sequences (PQS) are present in several 

important regions of human genome, including telomeres16, gene promoters17 and 5’-Untraslated Region (5’-

UTR) of RNA18. Several computational algorithms predicted the existence of at least 370.000 PQS19, mainly 

distributed in the previous mentioned regions: the highest content of PQS has been observed in telomeres, 

characterized by the TTAGGG repeat. The percentage of PQS is significantly high also in gene promoters, 

between introns and exons, and in DNA replication origins that are most frequently used20. It has also been 

discovered that 5’-UTR regions of mRNA are rich in PQS, as well as TERRA sequences, RNA transcripts of 

telomeres21. All these considerations highlight the probable regulatory functions of G4s in vivo, despite their 

physiological role is still subject of investigation and debate22. Another important question that should be 

addressed in this context, to further clarify G4s biological role, is when they can be formed under 

physiological environment: DNA is present in a double strand conformation and stabilized by chromatin, 

however, during processes as replication, transcription and repair, the impairing of complementary strands 

allows the formation of alternative interactions, including Hoogsteen-hydrogen bonds that lead to the 
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formation of G4s. Moreover, G4s formation can be induced also by different conditions, as superhelical 

stress, molecular crowding and specific G4 binding proteins23.  

 

 

 
 

Figure 1.4 – Representation of localization of G4s structures in  regions of humane genome17. 

 

In order to demonstrate and detect quadruplex formation in vivo, several tools have been developed during 

the last years: Balasubramanian and co-workers produced a specific fluorescent antibody, BG4, for the 

specific detection of telomeric quadruplex24. Thanks to this antibody, not only it has been possible to 

demonstrate presence of G4 in cells, but also that the enzyme telomerase interact with telomeric quadruplex, 

further corroborating their involvement in physiological processes25. More recently, identification of these 

secondary structures in the genome has been possible thanks to the development of a next-generation 

sequencing: a map of G4s in human genomic DNA has been realized using different G4s stabilizing conditions, 

to individuate DNA-polymerase stalling sites generated by G4 formation26.  G4 detection can be accomplished 

also using small molecules as fluorescent probes, but this approach will be addressed in detail in the next 

section.  

All these achievements had a crucial impact in this research area, not only to prove quadruplex existence, 

but also to elucidate their biological functions. Here, a brief overview of the G4s physiological roles is 

provided, classifying the secondary structures for the type of region in which are localized, mentioning also 

examples of quadruplexes identified in virus and parasites genome.  

 

1.1.2.1 G-Quadruplexes in Telomeres 

 

Telomeres are DNA sequences characterized by repetitive nucleotide sequences with a double strand region 

and a 3’ single-stranded overhang, which have a “capping function”, protecting DNA from degradation and 

maintaining chromosomal and genomic stability. The double strand portion is composed of several kilobases, 

while 3’-overhang is constituted by few hundred bases. Moreover, the presence of large loops, called T-loops, 

are binding sites for different proteins, including TRF1, TRF2, POT1, RAP1, TIN2 and TPP1, which taken 

together, are part of the shelterin protein complex, protecting telomeres from DNA repair machinery27. 

Human telomeres are characterized by the presence of the repetitive sequences (TTAGGG)n, with high 
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guanine content, that result in the formation of secondary structures. PQS in this region attracted significant 

attention during the last twenty years and telomeric quadruplex has been deeply studied. In 2002, Neidle et. 

al. reported the crystal structure of a 22-nt human telomeric sequence (wTel22), that presented an 

intramolecular parallel structure, in presence of K+, composed of three guanine tetrads, connected by three 

chain-reversal loops28.  However, 1H-NMR experiments performed in solution, with Tel26 sequence (5’-

AAAGGG(TTAGGG)3AA), indicated that this quadruplex folds into an intramolecular hybrid topology, with 

three tetrads connected by mixed parallel/antiparallel strands29, which remains the major topology even in 

presence of increasing concentrations of Na+. However, it has been observed that this G4 can form two 

distinct hybrid-type structure: hybrid-1 and hybrid-2, which depend on the type of flanking regions differing 

for the loops arrangements, strand orientation, tetrads arrangements and capping structures30. 

In details, three TTA loops can adopt chain-reversal lateral, propeller and edgewise conformation in hybrid-

1 and lateral-lateral-side conformation in hybrid 2 (Figure 1.5). The two topologies differ also for the type of 

capping structure: hybrid-1 is characterized by a triple-adenine capping at 5’-end, while T:A:T triplet caps the 

3’-end of hydrid-2 conformation. Despite the possibility to fold into both topologies, hybrid-2 resulted to be 

the major conformation of human telomeric sequence, even if they are in equilibrium31. These different 

capping arrangements strongly influence the resulting topology and, moreover, represent a potential binding 

site for potential drugs.   

 
 

Figure 1.5 – Topologies adopted by human telomeric quadruplex in K+ solution28.  

 

More recently, it has also been proposed that highly repetitive telomeric sequences can generate higher-

order structures composed by monomeric quadruplex32, which can be distinguished into two different 

arrangements: 1) “beads on a string”, where single monomers doesn’t interact with each other33; 2) 

consecutive G4s exploit stacking interactions on terminal tetrads to assemble into high-order structures34. 

This second option seems to be the most likely and structures with these features have been determined by 

different techniques, including electron microscopy and FRET-melting assays. Moreover, use of specific G4-

antibodies evidenced the presence of these structures at telomeres tips even in vivo35. 

Significant effort has been dedicated to the study of G4s in telomeric regions because, from previous 

considerations, appears evident that their formation can interfere with crucial physiological processes, 

including replication, causing telomere instability. Indeed, formation of a G4 represents an obstacle for DNA 

polymerase and, if it cannot be removed, the replication fork can bypass the G4, producing a single-strand 

gap in position of G4 that results in double strand breaks in subsequent replications36. Presence of G4 can 

also inhibit telomerase activity, causing telomere shortening37. However, different proteins are able to 

resolve G4 structures and, in case of telomeres, two in particular: DNA helicase, a class of enzymes involved 
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in DNA replication with the function to impair DNA double strand, and a single-strand DNA binding protein 

(ssDNA-binding proteins).  

 

 

Figure 1.6 – A) Proteins responsible of G4 unfolding. B) Telomere protection by telomeric G422. 

 

In the class of helicases, it has been reported that BLM, WRN, RTEL1 and DNA2 are able to unwind telomeric 

G4. Helicases as BLM and WRN act on single strand, necessary for enzyme loading, with 3’-5’ polarity. The 

unwinding of G4 requires different steps: for example, once that enzyme BLM is located on the tail near the 

quadruplex, it converts the quadruplex into a triplex and, subsequently, into an hairpin, before the complete 

unfolding38. It has been assumed that BLM and WRN can be recruited by shelterin complex, therefore 

deficiencies of these enzymes result in higher content of G4s in telomeric regions39. Among ssDNA-binding 

proteins involved in G4 regulation, POT1 and TPP1 are particularly interesting, because they are responsible 

of chromosomes protection and length regulation of telomeres. When a G4 structure is formed and interfere 

with telomere elongation, POT1 or TPP1 unfolds the secondary structure40. Interestingly, G4 assembled in 

telomeric region could act also as down regulators of telomerase, which represents a promising strategy to 

develop novel anticancer therapies: indeed, this enzyme is overexpressed in several types of tumors and is 

responsible not only of telomere maintenance but also of “immortality” of tumor cells41. Therefore, folding 

and stabilization of telomeric G4 inhibit telomerase activity, leading to damages and death of tumor cells42.  

 

1.1.2.2 G-Quadruplexes in Gene Promoter Regions 

 

Bioinformatic analysis evidenced a massive and non-statistical presence of PQS in promoter regions of gene, 

on sense or antisense strand, in introns or in proximity of Transcription Starting Site (TSS), suggesting that 

they can act as regulators of gene expression43.  In particular, from different experimental results, it emerged 

that G4s behave as both up-regulator and down-regulators of specific genes, opening even more questions 
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about their biological functions44. PQS in promoters are double-stranded DNA, therefore G4 folding is more 

complicated: it has been proposed that transition from duplex to tetraplex is favoured by negative 

chromosomal supercoiling, because G4 can partially neutralize the negative supercoiling,  

 However, during the last years, a large number of G4 forming sequences have been identified in promoter 

regions of several oncogenes and, in most cases, it has been demonstrated that their formation reduced the 

expression of the gene itself, highlighting their role as promising target in anticancer therapy.  

In this context, one of the most significant example is represented by c-MYC proto-oncogene, responsible of 

cellular growth and proliferation, which is overexpressed in several types of tumors. This is one the first 

reported examples of a G4-containing oncogene. The 5’-extremity of c-MYC is characterized by different 

DNAase I hypersensitive sites, including the nuclease-hypersensitive element III1 (NHIII1), located upstream 

promoter P1, which has been deeply studied because represents the preferred transcription starting site and 

controls 80-90% of the expression of c-MYC.  This region includes a pyrimidine-rich coding strand and purine-

rich noncoding strand, responsible of polymerase arrest in presence of increasing concentration of KCl and it 

has been suggested that this result was due to G4 folding on this sequence. Later, this hypothesis has been 

confirmed and the formation of a parallel intra-molecular tetraplex, composed by three guanine tetrads, 

stabilized by two AT base-pair terminal capping domains, has been demonstrated45. The G4 in this sequence 

has a potential regulatory function, through interaction with different nucleic acid-binding proteins, such as 

CNBP and NM23-H2 and play a dual role: binding with mentioned proteins favours the recruitment of 

transcription factors, inducing the transcription process. On the contrary, extensive folding of G4 structures 

can down-regulate c-MYC activity, as they hinder interactions with transcription factors leading to 

suppression of gene expression. This has been confirmed, for examples, by studies reporting the stabilization 

of the G4 with nucleolin protein, which led to inhibition of c-MYC expression46.  

 

 

 

Figure 1.7 – Mechanisms of c-MYC expression regulated by G4 formation: A) binding with NM23-H2 and CNBP induces 

transcription; B) Interaction with nucleolin protein lead to transcription inhibition22. 

 

The RAS family gene, which includes HRAS, NRAS and KRAS, is considered a critical target in anticancer 

research and their mutation are involved in different types of tumors47. The nuclease hypersensitive element 

of the KRAS promoter is particularly rich of G-tracts and it has been reported that several transcription factors 

interact with the G4 in this region48. Experiments with oligonucleotides engineered to fold into a more stable 
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G4, compared to the native sequence, showed that secondary structure was able to interact with several 

transcription factors, presenting high cytotoxicity against pancreatic cancer cells49. Even the oncogene H-RAS, 

involved in tumorigenesis, contains a G4 structure in its promoter region, which is recognized by zinc finger 

transcription factor MYC-associated zinc finger protein (MAZ). Unfolding of quadruplex make the sequence 

readily accessible by the replication machinery, enhancing gene expression50.  Therefore, stabilization of PQS 

of RAS genes family can be considered a valid strategy to down regulate their activity.  

Another interesting example is represented by Telomerase Reverse Transcriptase (hTert), a catalytic subunit 

of enzyme telomerase: its corresponding gene promoter region present various PQS and it has been 

demonstrated that one of these was able to suppress its expression upon interaction with protein factor 

metastasis suppressor non-metastatic 2 (NME2) and with RE1-silencing transcription factor (REST)-repressor 

complex. From these studies, it has been discovered that the role of G4s in gene promoter regions is strictly 

dependent on their interaction with protein binding factor 51.  

 

 
 

Figure 1.8 – Cancer-related genes containing G4 in their promoter regions52. 

 

PQS have has been identified also in promoter P1 of BCL-2 proto-oncogene, coding for a protein responsible 

of cell survival and inhibition of apoptosis, overexpressed in several kind of tumors, including breast, 

prostate, cervical, colorectal and non-small cell lung carcinoma53. The P1 promoter is located 1386-1423 

base-pairs upstream of the translation start site and represents the most important transcriptional promoter 

of the gene. The 5’-end of the gene includes a GC-rich region, with six guanine tracts, involved in the 

regulation of the gene expression and it has been demonstrated that this region can folds into three different 

G4s in potassium solution. Among them, quadruplex formed on the middle of four consecutive guanine tracts 

is the most stable and NMR resolution revealed that it consists of an intramolecular structure with mixed 

parallel/antiparallel strands and three guanine tetrads54.  The regulatory action of these G4s have been 

demonstrated by different experiments, including luciferase assay: with a mutated sequence, able to form 
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another G4 located in the upper region of P1 promoter, reduced expression of the gene has been observed55. 

This result highlighted that stabilization of G4 represent a valid strategy to inhibit BCL-2 activity in cancer 

cells.  

Presence of a G4 forming sequence has been established also in c-KIT proto-oncogene, that encodes for a 

tyrosine kinase receptor, involved in cells proliferation and survival, whose overexpression is associated to 

different kind of tumors, including gastrointestinal stromal tumors (GIST), mastocytosis, and acute 

myelogenous leukemia. The region located 200 base-pairs upstream the transcription start site (TSS) is rich 

in GC base-pairs and is also involved in interactions with different transcription factors, including MAZ in 

human normal fibroblast and SP1 in hematopoietic cells and carcinomas56. The sequence 

d(AGGGAGGGCGCTGGGAGGAGGG), positioned 87 nucleotides upstream of the transcription start site of the 

gene, folds into a single G4 structure. The NMR resolution, in potassium solution, revealed the formation of 

an intramolecular parallel structure, with three guanine tetrads57. As in case of BCL-2, it has been 

demonstrated that stabilization of this quadruplex has a downregulatory effect towards c-KIT gene. In the 

last years, several molecular tools have been developed to further clarify biological role of c-KIT and BCL-2 

gene and to achieve a therapeutic effect, but this aspect will be discussed in detail in the section 1.2.2  

More recently, it has been discovered that transcription of Vascular endothelial growth factor (VEGF), a signal 

protein that stimulates the growth of blood vessels and that is upregulated in carcinoma of the cervix58, 

contains five arrays of more than three consecutive G-tracts in its promoter, which easily fold into G4 

structures. This region is also a consensus sequence for different transcriptional factors, as Egr-1 and Sp1, 

suggesting that the equilibrium from different DNA forms regulate the expression of the gene59. Several 

studies demonstrated that small-molecules, able to interact and stabilize G4 in this region, can suppress the 

expression of this gene60.  Moreover, it has been discovered that regulation is also influenced by oxidative 

stress, which alters the structural balance between G4 and duplex in its promoter region. In VEGF promoter 

region there are five G-tracts and G4 folding is possible even in unfavourable conditions. In presence of 

reactive oxygen species (ROS), transcription is enhanced upon oxidation of guanine to 8-oxoguanine (8oxoG): 

indeed, formation of 8oxoG lead to the formation of an abasic site in the sequence, which favour the folding 

of the sequence into a G4 structure, which is recognized by transcriptional factors that activate gene 

expression61.  

 

 

1.1.2.3 G-Quadruplexes in Viruses: the HIV case 

 

As mentioned above, G-quadruplexes are widely diffused in human genome and their involvement in 

regulation of key physiological mechanisms is supported by solid experimental evidence. However, these 

secondary structures are not exclusive of human genome: indeed, an increasing number of experimental 

results documented that several PQS are present also in virus genome and they also present regulatory 

functions. In particular, G4 formation in Epstein-Barr virus–encoded nuclear antigen 1 (EBNA1) mRNA 

reduces translation of maintenance proteins, influencing antigen presentation62.  PQS have been identified 

even in Human Papilloma Viruses (HPV)63 and in Herpes Simplex-1 (HSV-1) genome64. An interesting case is 

represented by G4s in Human Immunodeficiency Virus 1 (HIV-1), responsible of acquired immunodeficiency 

syndrome (AIDS). This virus is characterized by single-stranded RNA genome, which is integrated, as provirus 

form, in the chromosomes of the host cell after retro-transcription. At this point, provirus can be involved 

into two different processes: a productive replicative cycle or a state called “latency”.  

The efficient progression of the viral cycle depends on 5’-Long Terminal Repeat (LTR), with 634 base-pairs, 

containing several sites for different transcription factors. Recently, it has been demonstrated that in this 
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specific region, formation of multiple G4 structures is possible and they can act as suppressor of viral 

transcription. In particular, this sequence contains four GGG-tracts, ,two GGGG-tracts and three additional 

GG-tracts, which resulted in the identification of three G4s: LTRI-II, LTR-III, spontaneously formed in presence 

of 100 mM K+ , and LTRI-IV, which resulted to be less stable, but its formation and stabilization can be induced 

by the use of proper G4 ligands65.  

 

 

 
 

Figure 1.9 – Representation of LTRIII G466. 

 

All three G4s showed structural features comparable to G4 present in oncogenes promoters. Among them, 

LTR-III showed highest thermal stability, as proved by Circular Dichroism and FRET experiments. Their 

physiological role has been confirmed by further studies, that demonstrated that several proteins are able 

to interact with G-rich region of LTR, with different consequences: nucleolin stabilizes the G4 and decrease 

viral transcription67. On the contrary, hnRNP A2/B1 is able to unwind LTR-II and LTRI-III, activating 

transcription process68. In presence of mutated sequences, not able to fold LTR-III, mentioned proteins do 

not affect the activity of the promoter, highlighting the regulatory role of LTRI-III. Due to its interesting 

biological effects, LTR-III has been deeply investigated and its structure has been resolved through 1H-NMR 

studies. It has been discovered that LTR-III present a very unique topology: it’s characterized by (3+1) hybrid 

structure, with three guanine tetrads and a long 12-nucleotide loop forming a duplex hairpin66. This duplex-

quadruplex hybrid structure opened new possibilities to design highly selective molecules, able to interact 

specifically with the quadruplex-duplex junction, with the potential to inhibit viral transcription, minimizing 

off-target interactions.  

 

1.1.2.4 G-Quadruplexes in RNA 

 

Due to the massive presence of PQS in fundamental DNA sequences, it is not surprisingly that they can be 

easily identified in RNAs69 and their formation is associated with specific biological functions. Compared to 

DNA, RNA G4s can be more easily formed in vivo, because of the lack of the complementary strand and for 

their higher stability. In nature, there are several types of biologically active RNAs: messenger RNA (mRNA), 
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transfer RNA (tRNA), ribosomal ribonucleic acid (rRNA), small nuclear RNA (sNRNA) and non-coding RNAs 

(ncRNA). Initially, the first PQS have been discovered mostly on mRNA, localized on 5’-end of the first intron 

of pre-mRNA, in both 5’- and 3’-untraslated regions (UTR), and in the coding region of mature RNA, 

evidencing possible regulatory functions also for these kind of quadruplexes. It has been recently 

demonstrated that G4s formed in 3’-end of pre-mRNA affects RNA maturation process, as transcription 

termination and polyadenilation within the nucleus. G4 folding can occur during transcription: indeed, after 

the hybridization of RNA with complementary DNA sequence, formation of a R-loop structure favour the 

folding of PQS into G4, which represents an obstacle for the enzyme RNA Polymerase II, unable to continue 

the process. Indeed, during 3’-end processing all RNA transcripts are cleaved and polyadenylated in the 

nucleus: polyadenylation, which consists in the addition to multiple adenosine monophosphates (poly(A)tail) 

to mRNA, is essential to ensure their stability, transport to cytoplasm and translation. In this context, it has 

been demonstrated that, for example, a G4 is formed in 3’-end of a pre-mRNA encoding for TP53, a tumor 

suppressor, and interact with the splicing and polyadenylation regulator hnRNP H/F, contributing to p-53 

dependent-apoptosis70.  

G4s can be found also near the splicing junctions and it has been suggested that they can modulate splicing 

process in association with specific exons and introns splicing enhancers or silencers. This is the case of G4 

found in intron 6 of the human telomerase transcript (TERT), able to regulate splicing of TERT acting as a 

silencer71. However, G4s are more prevalent in exons, as in case of exon 15 of fragile mental retardation 1 

(FMR1) mRNA, which contains two PQS, which act as splicing enhancers. Briefly, experimental results 

suggested that FMR1 expression is strictly dependent on the interaction of X mental retardation protein 

(FMRP) with quadruplex sequences in FMR1 mRNA72.  

RNA G4s are particularly abundant also in 5’-UTR of mRNA and are able to modulate translation process, 

because 5’-UTR is fundamental for translation initiation and translational control. In this context, it emerged 

that most of G4s identified in this region behave as translational repressor, as in case of BCL-2 and FMR1. On 

the contrary, there are reported cases of G4s in 5’-UTR which are necessary to ensure translation: one of the 

most significant example is represented by VEGF, which contains a 5’ PQS on internal ribosome entry site 

(IRES) domain, responsible of translation initiation in a cap-independent manner73. It has been demonstrated 

that PQS in IRES directly interact with 40S ribosomial subunit (40S) to induce the translation process. It should 

be underlined that cap-independent translation is active in only particular physiological conditions, including 

mitosis, hypoxia, nutritional stress, and cell differentiation: therefore, because of the well-established role of 

VEGF in angiogenesis and cancer, identification of a G4 that promotes translation of this gene open new 

possibilities to develop novel anticancer strategies.  

In this research context, one of the most remarkable examples of how G4s can misregulate critical 

physiological processes is represented by PQS identified in hexanucleotide repeat expansions (HRE), in a non-

coding region of C9orf72 gene, involved in the development of amyotrophic lateral sclerosis (ASL) and 

frontotemporal dementia (FTD).  Indeed, the expansion of short repetitive sequences (3-6 nucleotides), can 

induce the expression of proteins through a Repeat Associated Non-AUG translation (RAN translation), that 

results in accumulation of toxic di-peptides repeat proteins detected in tissues of patients affected by ASL 

and FTD. The HRE on DNA of this gene can fold into different quadruplex structures, with parallel or 

antiparallel topology. Formation of this secondary structure represents an obstacle for RNA polymerase 

transcription, which lead to the production of truncated RNA transcripts. Abortive transcripts generated by 

HRE region contain other secondary structures, including parallel G4s and hairpins, able to specifically seize 

fundamental proteins in a conformation-dependent manner, that could explain the occurrence of functional 

defects in ASL and FTD patients74.  
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Figure 1.10 – G4s formation on C9orf72 HRE sequence and on RNA transcripts induces the formation of abortive 

transcripts and recruitments of important proteins74.  

 

In physiological environment, there are several types of RNAs that do not encode for any protein, as 

ribosomal RNA (rRNAs), transfer RNAs (tRNAs), small nuclear RNAs (snRNAs), small nucleolar RNAs 

(snoRNAs), telomere-associated RNAs (TERRA), long noncoding RNAs (lncRNAs), microRNAs (miRNAs), small 

interfering RNAs (siRNAs) and PIWI-interacting RNAs (piRNAs). In the last years, PQS have been identified in 

several of these noncoding RNAs, including tRNAs, lncRNAs and miRNAs69. Among them, TERRA lncRNA, 

generated by transcription of a cytosine-rich sequence of telomeric DNA by RNA Polymerase II, attracted 

remarkable attention, due to its promising biological role. TERRA lncRNA is characterized by an high content 

of guanines, which can lead to the production of high-order quadruplex structures or can assemble into a 

“beads on a string” conformation. This particular RNA can interfere with the activity of telomerase, 

establishing interaction with telomeric DNA that leads to the generation of hybrid DNA-RNA quadruplex 

structures. Moreover, it has been demonstrated that TERRA G4 can bind several proteins, including TRF, TRF2 

and some proteins of hnRNP family, evidencing that their formation can be implicated in maintenance of 

chromosomal integrity, upon recognition of corresponding proteins75.  

All these experimental evidences proved the crucial role of G4 structures also in physiological processes 

involving several classes of RNA. Although some mechanism needs to be still clarified, their regulatory 

function seems to be well established and these discoveries represent a solid base to create innovative 

therapies, using RNA as target, against different pathologies, as cancer and neurodegenerative diseases.  

 

1.1.2.5 G-Quadruplexes in parasites 

 

As previously mentioned, G4s have assumed high relevance in biological context and their formation is not 

limited to human genome. More recently, PQS have been found also in different organisms, including 

bacteria, yeasts, viruses and even parasites. This last class of microorganisms attracted significant attention, 

because G4 can be exploited as a target against several kind of infections. For example, despite the malaria-
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causing parasite Plasmodium Falciparum is characterized by an elevated content of AT base-pairs, 

bioinformatic analysis revealed the presence of several PQS in its genome, which could be involved in 

antigenic variation and diversification. Indeed, it has been discovered that PQS are particularly abundant in 

var gene, encoding for pfEMP1, a family of surface antigens which prevent recognition of infected cells by 

the immune system of the host, by continuously expressing different PfEMP1 proteins76. Formation of G4 in 

this gene influences var gene recombination and switching, therefore it represents a novel interesting target 

against malaria.  

PQS in Plasmodium Falciparum has been extensively studied, but, more recently, interesting discoveries  have 

suggested the presence of quadruplexes in the genome of another relevant class of parasites, the 

Trypanosomatides. Trypanosoma Brucei and Leishmania Major are responsible of two severe infections, the 

“sleeping sickness” and “leishmaniasis”. Both are transmitted by two different insects, the “tse-tse” fly in the 

first case and phlebotomus fly in the second one and are responsible of thousands of deaths per year, in 

Africa, then development of novel therapeutic strategies is urgent. Even in this case, G4s emerged as 

promising therapeutic target: these parasites are characterized by the presence of telomeric regions rich in 

guanines, whose variability is fundamental for their survival. However, direct role of G4s in modulation of 

antigen expression must be still elucidated. Furthermore, it has been reported that 27 PQS have been found 

in pre-mRNA transcripts of T. Brucei, suggesting that G4 formation could influence RNA editing processes in 

this microrganism77. More recently, a deep bioinformatic analysis of the genome of Leishmania Major and T. 

Brucei reported that most of PQS, in these parasites, are localized in telomeric sequences. However, in T. 

Brucei, a new non telomeric PQS has been identified, repeated 22 times on chromosome 9, in a gene coding 

for a purine nucleoside transporter (NT10), a peptidase, an adenylosuccinate lyase, and other proteins with 

unknown function. The rest of sequences were found on chromosome 11, on a gene encoding for an 

oxidoreductase. Due to the interesting localization of this new PQS, called “EBR1”, several biophysical 

experiments have been performed to test its ability to fold into a quadruplex structure: in potassium buffer, 

the sequence formed a parallel quadruplex, which was partially folded even in absence of metal cations78. 

Despite these evidences, more intensive studies are required to confirm the effective biological role of this 

new G4s. Nevertheless, these preliminary results suggested that EBR1 could represent a new therapeutic 

target in the treatment of “sleeping sickness”.  

 

 

1.2 G-Quadruplex ligands: molecular tools for detection and therapy 
 

1.2.1 Small Molecules as sensors for Quadruplex Structures 
 

As described in detail in the previous section, it appears evident that G4s play a crucial role in several 

physiological processes, however, despite all experimental evidences reported to date, their specific 

biological functions in different metabolic pathways need to be clarified. Moreover, algorithms analysis 

predicted the presence of 370.000 PQS in the human genome and, now, only a small fraction of them has 

been found and studied. Therefore, in this context, the development of new tools which can help in the 

identification of quadruplex forming sequences in vitro and, above all, in their native environment, is 

fundamental.  

A significant contribution in this research field arrived with the development of fluorescent antibodies, 

characterized by high specificity for the target. In 2001, Schaffitzel et al. individuated selective antibodies for 



21 
 

Oxytricha/Stylonychia parallel telomeric quadruplex, exploiting high throughput screening79. Competition 

experiments in presence of different types of nucleic acid sequences demonstrated their high specificity. In 

particular, Sty3 was able to bind parallel conformation with 1000-folds selectivity compared to antiparallel 

one (Kd = 126 pM), while Sty49 recognized both topologies (Kd= 3-5 nM). Later, Balasubramanian’s group 

reported the discovery of a new antibody (BG4)80, with high selectivity for quadruplex structures (Kd = 0.5-

1.6 nM). Moreover, this antibody allowed visualization of G4s in living cells, exploiting an amplified 

fluorescence signal, generated by treatment with a secondary and a tertiary, fluorophore-labelled, 

antibodies. BG4 showed excellent selectivity and it has been possible to establish formation of G4s in 

different cellular regions and to determine an increase of G4s amounts during cellular replication.  

 

 
Figure 1.11 – Fluorescence signal of BG4 on metaphase chromosomes in HeLa cancer cells80. 

 

Although antibodies showed excellent performances in terms of specificity, they present several drawbacks: 

not only they are highly expensive, but are characterized by poor cellular permeability, they must be 

conjugated to an additional fluorescent probe to visualize the target and, even with this strategy, selectivity 

towards specific quadruplex topologies has not been achieved yet.  

To overcome these limits, researchers focused their attention to the use of small-molecules as fluorescent 

probes to identify and investigate the physiological role of quadruplex structures. With this alternative 

approach, it is possible to rely on the possibility to exploit chemical synthesis to properly modify the structure 

of the probe, to modulate the fluorescent properties, solubility and affinity for the target.  

The ideal fluorescent probe should be able to interact with the target, without altering its conformation or 

structure. In other words, efficient G4s probes are expected to “take a picture” of the target in its native 

environment. G-quadruplex structures have some specific structural elements which can be exploited for 

interactions with ligands, as the guanine tetrads, the loops and the grooves. In more details, three different 

types of binding modes can be exploited: 1) π-π stacking interactions with planar guanine tetrads; 2) selective 

recognition of loops and grooves, for example through electrostatic interactions or hydrogen-bonds; 3) 

intercalation between two tetrads81.  With these premises, it is not surprising that compounds able to bind 

quadruplex structures present some common structural features: presence of an extended, planar, aromatic 

surface is a necessary requirement to achieve high affinity, because it can establish strong π-π stacking 

interactions with guanine quartet, which are even more stronger in case of an electron-poor aromatic 

scaffold, because, in this case, strong cation-π-interactions with negatively charged cavity of the G4 ensure 
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high affinity. Moreover, in order to further improve ligand performances and selectivity, the structure can be 

modified to achieve also binding of loops and grooves, introducing moieties for exploiting electrostatic 

attraction to recognize phosphate backbone or hydrogen-bonds with grooves81.  

Therefore, in order to design a fluorescent probe for a G4, all these aspects must be taken into account and, 

at the same time, the molecules should be selected also for their spectroscopic properties, to guarantee high 

levels of efficiency in target visualization. Not only they must be able to discriminate the target from other 

nucleic acid sequences and biomolecules, but they must exhibit strong fluorescence emission under 

physiological conditions. Additionally, high fluorescence quantum yield is required. Moreover, signal 

emission must be achieved upon excitation with visible light (possibly among 600-800 nm), because 

excitation with radiation at lower wavelength do not penetrate efficiently cell tissues.  

During the last years, a wide number of molecules have been emerged as promising fluorescent probes for 

G-quadruplexes and they can be distinguished in different classes on the basis of  their chemical structure 

and on how the target affect the fluorescence reported emission82.  In this last-mentioned case, three 

different classes of probes can be identified. The properties of the most recent fluorescent ligands will be 

reported as following. 

 

1.2.1.1 Light-up Probes  

 

These are compounds which are non-emissive in free solution, because of the conformation 

freedomguaranteed by rotation or vibration around a single bond, which cause the thermal deactivation of 

the emitting excited state. Upon interaction with the target, they are forced to adopt a more rigid 

conformation and rotation is hindered, leading to restoration of fluorescence emission. The most 

representative category of these kind of probes are cyanine-based dyes, characterized by two heteroaryl 

moieties connected through a methine or polymethine spacer.  

 

 

Figure 1.12 – Fluorescence “light-on” mechanism based on rigid conformation of the ligand, forced by G4. 

 

Among them, the most commonly used are Thiazole Orange (TO) and Thioflavin T (ThT) (Figure 1.12). 

However, they are unable to distinguish quadruplex from other nucleic acid structures (including ds-DNA), 

therefore they are not suitable to this purpose83. Despite such a drawback, their unique properties attracted 

significant attention and, in the last twenty years, researchers extensively modified their structures to both 

retain their fluorescent properties but, at the same time, achieve higher level of affinity and selectivity. Most 

common modifications include extension of conjugated system, as in case of Dir and 9E-PBIC (Figure 1.13). 

The first one, characterized by a modified dimethylindole with anionic propylsulfonate, showed very low 

fluorescence quantum yield in aqueous solution (Φf = 0.7%) at λexc=651 nm, which was significantly enhanced 

in the presence of parallel c-MYC (Φf=49%). Additionally, it demonstrated good selectivity, as other 
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topologies marginally affected its optical properties84. The second one, 9E-PBIC, a carbazole-based probe, 

was able to recognize, as in previous case, c-MYC with high selectivity, as testified by  118-folds enhancement 

in emission intensity at 600 nm85. Other chemical scaffolds have been widely employed as light-up probes: 

for example, several analogues of triphenylamines have been reported. Among them, the most recent 

example is compound NBTE (Figure 1.13), which, beside a light-up of the emission at 600 nm in presence of 

G4 forming sequences, exhibits an emitting excite state with a lifetime remarkably affected by different 

topologies of G4s. These results allowed the visualization of quadruplexes in living cells by fluorescence 

lifetime imaging (FLIM), discriminating G4s of different topologies from other nucleic acid sequences86. Also 

other types of heterocyclic-based compounds showed excellent properties as light-up probe, including not 

only the previous mentioned carbazoles, but even quinazolones87, quinoxalines88 and quinolines89. Very 

recently, an interesting example of light-up probe with a quinone-based scaffold, QUMA-1 (Figure 1.13), has 

been reported. It allowed the visualization ofthe dynamic folding and unfolding of RNA G4s,in living cells15. 

This compound showed only weak emission, at 600 nm, in aqueous solution, that significantly increased in 

presence of different RNA G4s, such as TERRA, FMR1, TB1 and MT3, which forced the ligand in a more rigid 

conformation. In living HeLa cells, it has been measured how fluorescence intensity of QUMA-1 foci changed 

with time, proving the effective formation and unwinding of G4s in physiological environment.  

 

 

Figure 1.13 – Common examples of fluorescent “light-up” probes.  

 

1.2.1.2 Aggregation-based probes 

 

Many organic compounds, due to their high hydrophobic character, are non-emissive in aqueous solution, 

because they form different kind of aggregates. This phenomenon has significant impact on their 

spectroscopic properties and, in most cases, fluorescence emission is quenched as a consequence of 



24 
 

aggregates generation (aggregation-caused quenching, ACQ). However, in other cases, dyes unable to emit 

in solution, show high fluorescence intensity after aggregates formation, in a process called “aggregation-

induced emission” (AIE). There are several models explaining this different behaviour, which includes the 

formation of a more rigid structure, excimer formation, excited state intramolecular proton transfer (ESIPT) 

and formation of J-aggregates, which are characterized by stacked monomers in “head-to-tail” conformation, 

resulting in red-shifted absorption. Alignment of monomers in “head-to-head” disposition, result in the 

formation of H-aggregates, characterized by fluorescence quenching. This behaviour has been explained 

taking into account the electronic properties of these aggregates: in particular, J-aggregates show extended 

surface of coherently coupled molecular transition dipoles, while H-aggregates present a “side-to-side” 

configuration (Figure 1.14)90.  

 

Figure 1.14 – A) Variation of fluorescent properties of H-Aggregates in presence of G4; B) Variation of fluorescent 

properties of J-aggregates in presence of G4.  

 

Both mechanisms have been exploited to detect nucleic acid secondary structures, because interaction with 

the target lead to the disruption of aggregates, determining a change in fluorescent emission. Among them, 

H-aggregates are more used in this field: indeed, G4 binding induces a light-up, because it restores the 

emission of the monomer and this method is more sensitive compared to the measurement of fluorescence 

quenching, observed with J-aggregates.  

During the last years, several types of H-aggregates, able to recognize selectively quadruplex structures, have 

been described. Among cyanine-based dyes, CSTS represents an interesting example: it presents very low 

fluorescence quantum yield in buffer solution (Φf = 0.01), due to the formation of H-aggregates91. However, 

its spectroscopic behaviour in presence of different parallel G4s changes significantly and quantum yields 

increased to Φf = 0.47, with maximum emission at 613 nm. More recently, a similar behaviour has been 

observed with SQgI (Figure 1.15), a squaraine-based probe with maximum emission intensity at 744 nm, that 

is completely quenched in aqueous solution, due to self-aggregation process92. This probe has been tested 
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with different quadruplex forming sequences, but best turned-on behaviour was achieved with parallel G4, 

in particular with Ceb25, that increased the quantum yield up to 0.61. Then, this probe not only displayed 

excellent fluorescent properties, but was also able to recognize selectively a specific quadruplex topology.  

Among cyanine dyes,  Dir-Trimer (Figure 1.15), gave interesting results: synthesized with the aim to achieve 

red-shifted absorption, self-aggregates in aqueous solution and interacts with quadruplexes in its monomeric 

form93. Upon binding with c-MYC, a significant fluorescence enhancement at 650 nm (138-folds compared to 

free solution) was observed, while other topologies and single and double-stranded DNA did not affect its 

spectroscopic properties. This compound has been tested inside HeLa cells where it has been possible to 

detected formation of quadruplex structure in their physiological context. 

Triphenylamine derivative TPA3PY (Figure 1.15), characterized by introduction of macrocyclic amines, 

formed H-aggregates at low pH values94. In presence of several quadruplex forming-sequences, this ligand 

showed a fluorescence light-up and red-shifted emission, from 390 to 480 nm. However, despite the good 

performance, was unable to distinguish among different topologies.  

Then, despite remarkable progresses accomplished in this context, aggregation-based probes require further 

optimization to consolidate their use, because, in general, they present poor selectivity for the target and 

interact with different nucleic acid structures.  

 

 

Figure 1.15 – Common aggregation-based probes for G4 structures. 

 

1.2.1.3 Other Fluorescent Dyes 

 

The last class of probes includes all synthesized molecules used to visualize quadruplex structures, but with 

a different mechanism compared to previous reported categories. In details, we can find three different types 

of dyes: 1) dimeric and multimeric sensors; 2) metal complexes; 3) fluorescent nucleoside analogues. The 

first two classes have the same purpose of “light-up” and aggregation-based probes, but, in this case, 

detection of the target relies on different processes. Dimeric and multimeric sensors are molecules which 
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can be divided into two major components, according to which is the emitting moiety: the G4 ligand, or the 

fluorescent reporter. Recently, the probe IZFL-2 (Figure 1.16) showed an interesting mechanism of detection: 

it is characterized by conjugation of a coumarin moiety to a triphenylbenzimidazole95. In buffer solution, 

fluorescence of this compound was completely quenched but, in this case, suppression of emission signal 

was attributed to intramolecular photoinduced electron-transfer (PeT) from benzimidazole to the 

fluorophore. In presence of c-MYC, intense fluorescence was observed: it has been suggested that interaction 

with the target disrupt the electronic transfer from ligand to coumarin, restoring the emission of the dye. 

Experiments on 30 different nucleic acid sequences also demonstrated the selectivity of this compound 

towards c-MYC.   

Most of the described compounds are based on organic fluorescent reporters, however, several metal 

complexes, where the emitting moiety is the coordinated metal, have been employed as fluorescent G4 

ligands. An interesting example is MX2 (Figure 1.16), a ruthenium-based complex, coordinated by bipyridines 

whose aromatic surface has been extended with phenazine, to avoid intercalation into double strand DNA96. 

Fluorescence emission of this derivative was measured in presence of telomeric G4, in both K+ and Na+ 

solution and a significant fluorescence enhancement (45-folds) at 600 nm was observed, demonstrating its 

efficiency to detect quadruplex structure. More recently, the good affinity of the iridium(III)-phenantroline 

complex [Ir(phenlq)2(2,9-dmphen)]PF6 (Figure 1.16), for G4s have been exploited to develop an aptamer for 

the detection of prostate specific antigen (PSA), a common marker for the diagnosis of prostate cancer97. The 

aptamer was composed by a sequence able to recognize PSA and a G-rich region, potentially able to fold into 

G4, but locked by the complementary strand. Upon PSA recognition, G-rich sequence is free and can 

assemble into a quadruplex, which can be recognized by the metal complex. The dye showed maximum 

emission a 595 nm, that remarkably increased in presence of various quadruplex forming sequences, 

including Pu27, C-KIT2 and c-KIT87.  

 

 

Figure 1.16 – Examples of other common fluorescent dyes for G4s. 
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The last class of fluorescent probes differs from all previous described because they have been designed for 

a different purpose: indeed, several fluorescent nucleoside analogues have been developed not to detect 

quadruplex structure in physiological environment, but to investigate, in vitro, quadruplex formation (for 

example, in case of still unknown G4s) and to elucidate their structure. In this scenario, the most remarkable 

example is represented by 2-amino purine 2-AP (Figure 1.17), extensively used to study G4 conformation. 

When incorporated into a quadruplex forming sequence, its fluorescence quantum yield increases 

significantly, up to 0.68, and this effect is much more pronounced compared to incorporation in double 

strand DNA. Moreover, its emission intensity was strictly dependent on its position in the sequence, 

interaction with the cation and stacking with other bases. Therefore, 2-AP have been employed to study how 

the bases interact with the cation and their influence on the topology98. During the last years, several 

additional nucleosides analogues have been designed, in order to improve the optical properties, as 8-(2-

pyridyl)-2’-deoxyguanosine 2PyG (Figure 1.17) and 8-vinyl-2-deoxyguanosine VdG. Among most recent 

examples, 5-(benzofuran-2-yl)uracil 2X definitely deserves to be mentioned, as it can be considered a “dual-

app” probe, characterized by a fluorophore sensitive to microenvironment and the presence of 19F99. The 

nucleoside has been incorporated into the loop of telomeric quadruplex, to both investigate its conformation 

in solution and its potential interactions with new ligands. The incorporated nucleoside showed marked 

emission at 437 (Φf = 0.11), that increased upon quadruplex formation (6-11 folds) with antiparallel topology. 

Authors associated this variation to reduced stacking interactions among the fluorophore and nucleobases 

and to an electron-transfer process between the dye and guanine residues. Through addition of G4 ligands, 

fluorescence was quenched. The measurement of signal decrease is a valid method to determine the binding 

affinity of added ligand. Another recent “dual-app” probe is SedU (Figure 1.17), a uridine derivative containing 

a selenophene, useful as dispersing agent to perform X-Ray analysis. This compound showed emission at 452 

nm and Φf = 0.012, in water and, once introduced into telomeric sequence, showed significant increase of 

emission intensity upon quadruplex formation100. Selenium was subsequently exploited to perform X-Ray 

analysis and distinguish the different topologies, confirming its potential use as dual-app probe. 

 

Figure 1.17 – Examples of modified, fluorescent nucleosides used as probes for G4s. 

 

 

1.2.2 G-Quadruplex Ligands and their therapeutic effects 
 

Small molecules have not only been investigated as G4s sensors, to verify their formation in physiological 

context, but also as potential drugs. Due to the relevant biological role attributed G4 structures, extensively 

described in paragraph 1.1.2 , in the last twenty years, an intense “gold-rush” began, to identify novel small-

molecules with specific therapeutic effect (in particular against cancer and neurodegenerative diseases), 

exploiting G4s as a target. In this scenario, several accomplishments have been achieved. In fact, extensive 
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studies led to the synthesis of hundreds of new molecular entities showing both excellent binding properties 

towards specific G4s and promising biological effects. Rationalization of the results collected in twenty years 

of research has been a long and not straightforward process, however, it has been possible to define chemical 

scaffolds showing remarkable therapeutic effects. Herein, a brief description of principal classes of promising 

G4s binders is provided, accompanied by the most significant examples. Based on their structural features, 

quadruplex ligands can be divided in four major classes: macrocycles, fused aromatic rings, modular ligands 

and metal complexes81.  

 

1.2.2.1 Macrocyclic Ligands 

 

Macrocyclic ligands are one of the first chemical scaffolds that have been explored: indeed, their extended, 

flat, surface can establish strong interactions with guanine quartet. Several types of macrocyclic derivatives 

have been reported, however, most representative are based on Telomestatin derivatives, Porphyrins and 

phenantroline-based ligands. Among them, Telomestatin (Figure 1.18) represents the most significant 

example: it is a natural product, extracted from Streptomyces anulatus 3533-SV4, constituted by neutral 

polycyclic structure, with five oxazoles, two methyloxazoles and one thiazoline ring and an overall size that 

ensure precise overlap with guanine tetrads101. Telomestatin was able not only to bind telomeric quadruplex 

with high selectivity, compared to duplex DNA, but also to trigger apoptosis in cells, acting as telomerase 

inhibitor. Despite these excellent results, its low solubility in water and the difficult scale-up synthesis, 

strongly limited its application. Several porphyrins derivatives have been synthesized in order to improve 

water solubility and maintain binding and biological properties. In this context, the most studied compound 

is TMPyP4 (Figure 1.18), that showed good affinity for telomeric quadruplex and not only inhibited 

telomerase, but downregulated the expression of several oncogenes, including c-MYC, KRAS, RET and c-

KIT102. The major drawback of this ligand was its poor selectivity for G4s compared to double and single-

stranded DNA. However, despite this limit, TMPyP4 is widely employed as a reference to study the affinity 

of novel ligands with G4s and, in the last years, several modifications of the scaffold have been attained. 

Interesting results have been achieved also with phenantroline-based ligand BOQ1 (Figure 1.18), able to 

selectively recognize GC base-pairs, that showed excellent affinity for telomeric quadruplex and, 

subsequently, efficient telomerase inhibition103.  
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Figure 1.18 – Examples of macrocyclic G4 ligands.  

 

1.2.2.2. Fused Polyciclic Aromatic Ligands 

 

Among the different classes of quadruplex ligands, extended aromatic systems have extensively employed, 

several types of scaffold have been designed and optimized to further improve their performances. Their 

principal advantage is given by their extended aromatic system, that guarantee strong π-π interactions with 

guanine tetrads, which can be properly modified, for example introducing functional groups to increase 

solubility or interactions with grooves and loops of the quadruplex. To date, the number of this kind of ligands 

is noteworthy, however, some principal scaffolds can be individuated: 1) acridine derivatives, 2) quindolines, 

3) quinazolones, 4) phenantrolines, 5) naphthalendiimides and perylendiimides (Figure 1.19).  
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Figure 1.19 – Most significative examples of fused-polyciclic aromatic scaffolds used to synthesize G4 ligands. 

 

Acridines are characterized by three-fused six membered rings, which have been extensively modified with 

alkyl chains to increase solubility and affinity for the target. In general, 3,6,9-acridines showed higher 

selectivity for G4 compared to other regioisomers, as testified by BRACO-19 (Figure 1.20), with excellent 

affinity for telomeric quadruplex (Ka = 1.6x107 M-1) and efficient telomerase inhibition. However, the most 

representative example of this class is the ligand RHSP4 (Figure 1.20), a quinoacridinium salt, with excellent 

selectivity for the target and for cancer cells (compared to normal ones): its promising activity as anticancer 

agent has been further demonstrated by its ability to induce DNA damages, at telomeres level, and apoptosis 

in tumor cells104. Quindolines are constituted of a quinoline fused to a benzimidazole or a benzofurane and, 

in this class, SYUIQ-5 (Figure 1.20) emerged for its good telomeric G4 stabilization and moderate inhibition 

of telomerase105. Later, its structure was subsequently modified, for example through methylation of 

nitrogen atom of quinoline, to introduce a permanent positive charge, that could both improve affinity for 

the target and stacking interaction with the tetrad. G4s ligands based on quinazolone scaffold are mostly 

derivatives of Isaindigotone, a natural alkaloid. Among them, the recent case of RGB1 (Figure 1.20) is 

particulary significative, because its biological activity relies on the selective interaction with RNA G4s. 

Treatment of human breast cancer cells MCF-7 with this ligand decreased the expression of the proto-

oncogene NRAS, due to the binding of G4 formed in 5’-UTR region of NRAS mRNA106.  Even quinolones led to 

significant progress in the development of anticancer therapies based on quadruplex ligands: CX-3543 (Figure 

1.20), also commonly known as Quarfloxin, showed potent anticancer effect, because of the binding of 

ribosomial DNA, preventing its interaction with nucleolin, a nucleolar protein involved in pre-tRNA 

transcription and ribosome assembly. More recently, it has been demonstrated that another quinolone 

derivative, CX-5461, interacts with C-MYC, c-KIT and hTELO and displays high cytotoxicity against BRCA1/2 

deficient cells107. The last-mentioned class of fused polycyclic ligands is represented by naphtalendiimides 

(NDIs), characterized by a unique structure, with planar and electron-poor aromatic core, which ensures high 

affinity for guanine tetrads and has been exploited to design several bioactive ligands. Naphthalendiimides 

have been extensively studied in our research group and this thesis also focused on the development of novel 

NDIs as photoresponsive ligands, therefore, their structure and properties will be discussed more deeply in 

the following paragraph (1.2.3).  
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Figure 1.20 – Examples of most efficient fused polyciclic aromatic ligands. 

 

1.2.2.3 Modular G-Quadruplex Ligands 

 

Modular G-quadruplex ligands differ from previous described classes because they have a limited aromatic 

surface: indeed, they are divided in, at least, two aromatic modules, composed by two fused rings, connected 

by spacers of different length and nature. In this way, the ability to interact with guanine quartets through 

π-π stacking interactions is retained, but the structure is more flexible, disfavouring off-target binding.  For 

the development of this class of ligands, several types of covalently connections have been exploited: 1) 

carbon-carbon bonds, 2) carboxyamides and 3) olefin connections81. In case of carbon-carbon connection, 

the most common employed strategy implies the connection of a central core, usually a phenyl or a pyridine 

ring, to other two aromatic moieties, in 1,3 positions, because experimental results evidenced that this 

substitution pattern was more effective for quadruplex binding. This kind of structure guarantees rotational 

freedom, which can be exploited to establish interactions with grooves and loops.  

Recently, it has been reported that acyclic polyheteroaryl compounds, alternating pyridine and oxazole units, 

showed remarkable affinity for different quadruplex structures. In particular, the ligand Iso-TOxabiPy (Figure 

1.21) emerged for its selectivity towards quadruplex c-MYC (Ka = 16*106 M-1) compared to duplex DNA (Ka = 

3*106 M-1)108. Moreover, this compound presented high cytotoxicity against different cancer cell lines, with 

more pronounced effect on HeLa cells (IC50 = 134 ± 30 nM), suggesting its possible use as anticancer agent. 

The fact that a fused polyciclic system is not mandatory to achieve elevated affinity has been demonstrated 

also by IZCZ-3 (Figure 1.21), a tri-substitued imidazole that showed very high selectivity for c-MYC (Kd = 0.5 

µM)109. Because of this promising behaviour, further experiments were performed to test its anticancer 

activity. Obtained results showed significant toxicity against different cancer cell lines, higher on HeLa cells 

(IC50 = 2.1 µM). Moreover, it has been demonstrated that IZCZ-3 was able to selectively downregulate c-MYC 

expression, with no effects on other oncogenes. Finally, treatment with this compound induced apoptosis in 

SiHa cells and inhibited tumor cell growth, demonstrating its remarkable efficiency.  

The second category of modular ligands are based on the presence of amide as function group, which offers 



32 
 

several advantages, as elevated stability in physiological context, rigid geometry and hydrogen bond donor 

and acceptor sites. The efficiency of this sub-types of ligands is well represented by N,N’-

(bisquinoline)pyridine-2,6-carboxiamides ligands. In this case, the binding affinity can be attributed to the 

formation of strong hydrogen bonds between -NH- group of amide, the nitrogen atom on pyridine and a 

molecule of water, that locks the molecule in a rigid conformation, able to interact with guanine tetrad. The 

most famous example is the Pyridostatine PDS (Figure 1.21), a ligand with unprecedented affinity for 

telomeric quadruplex and that, upon interaction with the target, activate the DNA-damage response 

machinery, inducing cell cycle arrest and apoptosis110.  

Olefin-based connection has been extensively exploited, as described in the previous section (1.2.1.1) to 

develop fluorescent sensors, in particular on cyanine derivatives and is responsible of the modulable optical 

properties of these dyes. Recently, photoinduced isomerization of stiff-stilbene ligands 1 (Figure 1.21) has 

been exploited to modulate quadruplex folding or unfolding111.  

 

 

 

Figure 1.21 – Examples of common modular quadruplex ligands. 

 

1.2.2.4 Metal Complexes  

 

As in the case of fluorescent probes, several types of metal complexes have been designed as G4 ligands for 

therapeutic applications. After preliminary optimization of their binding properties and cytotoxicity, they 

have received increased attention during the last years. Due to their particular structures, different binding 

modes can be observed with these ligands: the metal can coordinates the four guanine residues or, as an 

alternative, the organic ligands interact with the tetrad, the grooves or the loops81. To build the complexes, 

different metals have been employed but, in general, the most used are copper, zinc, nickel, manganese, 

gold, ruthenium and platinum. Some of these ligands are derivatives of TMPyP4, with  Zn(II), Cu(II) or Pt(II), 

as metal centre. However, in most cases, this approach led to lower affinity and poor selectivity, compared 
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to the original ligand. Recently, it has been reported that compound Mn(III)-37 (Figure 1.22), obtained 

through modification of TMPyP4 with four cationic chains, presented an elevated affinity towards G4 

compared to duplex DNA (1000 folds higher), accompanied by efficient inhibition of telomerase (IC50 = 580 

nM)112. More recently, also phthalocyanines found consistent application in this context, as both fluorescent 

probe and therapeutic agents. In particular, a Zn(II) phthalocyanine with tetracationic thiopyridinium arm 

showed high specificity for G4 structures and interesting anticancer activity113. The mentioned examples 

regarded complexes with a macrocyclic structure, which favour the formation of stacking interactions with 

guanine tetrads. However, in the last few years, also non-macrocyclic complexes have showed interesting 

results. For example, Pt(II)-47 (Figure 1.22) presented marked selectivity for telomeric quadruplex, c-MYC 

and BCL2, probably thanks to the presence of hydroxyl group in 6-hydroxyloxoisoaporphine114. Moreover, 

this complex had higher toxicity on tumor cells, compared to normal ones, and was able to significantly inhibit 

cancer cells growth, similarly to the common anticancer agent cisplatin.  

 

 

 

Figure 1.22 – Two recent examples of G4 ligands based on metal complexes. 

 

 

1.3 Dual-role ligands: the Naphthalenediimides (NDIs) case 
 

Naphthalenediimides (NDIs) or, more precisely, 1,4,5,8-naphtalenediimides (Figure 1.23) are organic 

compounds composed of a naphthalene core, functionalized with two electron-withdrawing imidic groups. 

The synthesis of these derivatives is straightforward as it can be accomplished in a couple of reaction steps, 

starting from 1,4,5,8-naphthalenetetracarboxyli acid dianhydride NDA (Figure 1.23). Due to their excellent 

optical and electrochemical properties, they have been widely employed in organic, biomolecular, 

optoelectronic and supramolecular science115. Their versatility can be attributed to their unique structural 

features, which includes a planar surface that can be easily modified, using different types of substituents on 

aromatic core or on two imidic positions. Moreover, their properties are strictly dependent on the nature of 

the functional groups and chemical scaffolds introduced and can be easily modulated.  
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Figure 1.23 – 1,4,5,8-Naphthalenediimide (NDI) and its principal functionalization sites. 

The possibility to induce colour changes and variations of redox properties by simply varying the substituents 

is their most appealing feature. Presence of electron-withdrawing imides is responsible of low electronic 

density, generated by a strong π-polarization of the system, and substitution in this position doesn’t influence 

the optical and electrochemical properties of the compound. On the contrary, introduction of electron-

donating (ED) heteroatoms on the aromatic core strictly modulate the colour of the substrate: the 

contemporary presence of electron-rich groups with withdrawing imides creates a push-pull chromophore. 

The nature of the substituent bound to aromatic core tunes the HOMO-LUMO band gap of the compound, 

which increases with more electron-rich groups (Figure 1.24). Replacement of heteroatom, directly bound to 

the aromatic core, is sufficient to induce a marked colour-shift of the NDI116.  

 

Figure 1.24 – Effects of electron-rich substituents, introduced on NDI aromatic core, on HOMO-LUMO band gap116.  
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Because of their unique properties, NDIs attracted considerable attention in the last years and several 

protocols have been optimized to produce a large number of derivatives. In general, synthesis of NDI starts 

with the oxidation of pyrene and the desired product is obtained with four reaction steps which involve the 

use of strong acids, strong bases and chlorine gas, to generate the dianhydride 2 (Scheme 1.1), which can be 

transformed in the corresponding NDI through reaction with amines in acetic acid, to avoid substitution on 

aromatic core. The obtained NDI 3 can undergo a wide number of nucleophilic aromatic substitutions, with 

amines, alcohols, thiols, cyanides, to produce huge libraries of different derivatives.   

 

Scheme 1.1 – Synthesis of NDIs. 

However, due to the harsh conditions required, the described synthetic pathway is rarely used and, as an 

alternative, a protocol starting from commercially available anhydride 4 is preferred117: this substrate is 

treated with dibromoisocyanuric acid DBI, to generate a mixture of products containing 5, that, in presence 

of the preferred amine, lead to the corresponding NDI 6 (Scheme 1.2). This last compound is very versatile, 

because not only can react with previous mentioned nucleophiles, but can be used also for several types of 

cross-coupling, including Suzuki-Miyaura and Stille rections, affording a vast plethora of NDI derivatives118. 

The synthesis of tetra-substitued NDIs is also feasible through tetrabromo dianhydride 12, prepared with a 

large excess of brominating reagent119, followed by the same reaction steps applied in the previous case.  

Scheme 1.2 – Synthetic routes to different core-substitued NDIs. 
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The use of compound 6 as key intermediate is a consolidated strategy, exploited by several research groups 

and, more recently, the same scaffold has been largely exploited to synthesize other types of derivatives, 

2,3,6,7-substitued NDIs, characterized by the extension of the aromatic core. Compounds 6 and 12 can 

undergo through simple condensation reaction with several aromatic nucleophiles, including ortho-

phenylendiamine, 1,2-benezenedithiol and 2-aminothiophenol (Scheme 1.3) to afford different NDI 

heterocyclic acene diimides, with an extended aromatic core (CexNDIs)120. Upon treatment of 12 with 1,2-

benzendithiol, in DMF and in presence of potassium carbonate, the corresponding symmetrical acene diimide 

is produced with almost quantitative yield. The same behaviour has not been observed in presence of ortho-

phenylendiamine that, even with longer reaction times, afford only the unsymmetrical NDI 15 (Scheme 1.3-

A). However, this undesired result led to the development of a large number of hydroazacene derivatives, 

characterized by red-NIR absorption and with interesting aggregation properties121. These last mentioned 

scaffolds can be easily obtained also from substrate 6 (Scheme 1.3-B) and an alternative synthetic protocol 

indicates that the reaction can be perfomed also under microwave irradiation, at 110°C, for 15 minutes, using 

dimethylacetamide as solvent. This procedure has been largely used by Freccero’s group to synthesize a class 

of novel quadruplexes ligands. To provide even higher structural diversity, also different metal-catalyzed 

cross-coupling reactions have been optimized to further extend the aromatic core of NDIs and achieve always 

more complex structures, which have been found applications in material field, especially in the realization 

of semiconductors115.  

 

Scheme 1.3 – Common synthetic routes to CexNDIs starting from compound 12 (A) and 6 (B). 
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The most appealing feature of NDIs is represented by the possibility to modulate their optoelectronic 

properties by simply introducing small modifications of the overall structure. Their UV-VIS spectra is 

characterized by a characteristic band around 380 nm, originated by π-π* transition, which is not influenced 

by core substitution. Their colour can be attributed to the generation of a charge-transfer band (CT band), 

which depends on the entity of the push-pull character of the system, after the introduction of substituents 

on the core. Increasing the electronic density on the aromatic system, HOMO and LUMO orbitals increase 

their energy and the bandgap is reduced (Figure 1.24). Bandgap is higher with alkoxy derivatives and 

decreases with sulfides, reaching minimum values with amines. Tetramine NDI-8 (Figure 1.24), for example, 

presented absorption band at 629 and 642 nm. Most of these compounds are non-fluorescent, especially the 

ones carrying primary amino groups, however, recently several NDIs derivatives, including CexNDIs, with 

remarkable emission, have been discovered, further expanding their fields of application. 

In fact, NDIs have been employed also in medicinal chemistry and to design innovative G-Quadruplexe 

ligands. Because of their bright colours and the recent discovered fluorescent emission of some specific 

scaffolds, it is reasonable to think at them as efficient G4 sensors. Because of their planar aromatic system, 

ideal to establish π-π interactions, the possibility to act as donor or acceptor of hydrogen bonds (depending 

on the type of susbsituents introduced) and the presence of π-acidic aromatic system, some of these 

derivatives presented high affinity for several quadruplex sequences, resulting also in interesting biological 

activities, suggesting their potential use even as therapeutic agents.  

The first example of NDIs employed as G4 ligands have been reported by Neidle’s group, in 2009: they 

synthesized compound 19 (Figure 1.25), carrying four pyrrolidine moieties. Its binding properties towards 

telomeric quadruplex, c-KIT1 and c-KIT2 were compared to reference ligands, TMPyP4 and BRACO-19, and, 

from FRET-Melting assay, ΔTm= 29°C at 1 µM concentration, was measured with c-KIT2. This value was  higher 

in comparison to reference ligands, proving the excellent affinity of this new scaffold. Moreover, NDI 19 was 

able to selectively bind the G4 even in presence of duplex DNA. Subsequent biological studies evidenced that 

19 could have a dual functional properties, acting on both telomerase enzyme and on the expression of c-KIT 

gene, involved in the progression of human gastrointestinal stromal tumor102. Later, in order to drive the 

selectivity of the substrate towards telomeric quadruplex, novel ligands have been synthesized, characterized 

by four piperazine moieties, separated from aromatic core of NDIs by alkyl chains of different lengths (3,4 

and 5 carbon-atoms)122. The choice of a tetrasubstituted naphthalenediimides was not random: presence of 

four charged piperazines, with spacers of proper lengths, are exploited to establish strong interactions with 

four grooves and, in particular, with phosphate groups. These compounds showed similar performances, but 

20 (Figure 1.25) emerged for its high affinity for telomeric quadruplex F21T (with ΔTm above 23°C) and 

interesting biological activity: not only high toxicity against a panel of different cell lines but also able to 

interfere with the binding of fundamental proteins at telomere level and to suppress telomerase activity, 

with pronounced effect already at 50 nM.  Subsequently, the same group investigated the effect of NDIs 

substituents on G4 binding and selectivity, replacing the piperazine moieties of compound 20 with different 

types of tertiary amines, including morpholine derivatives123. From these studies emerged that all NDIs 

showed good affinity and selectivity towards telomeric G4, but the NDIs bearing a 2-morpholinopropylamine 

presented better performance. Biological studies confirmed these preliminary results and, on the same 

derivatives, very low IC50 values (below 0.6 µM) were measured against different cancer cell lines. 

Interestingly, these compounds did not show telomerase inhibition, that is in contrast with previous results. 

However, it has been suggested that anticancer activity of these substrates could arise from other 

mechanisms: for example, the most efficient NDI 21 (Figure 1.25) up-regulated several genes encoding for 

markers of cellular stress and inhibited the expression of PARP, an enzyme responsible of the repair of DNA 

strand breaks. The last finding was particularly interesting because several PARP inhibitors are currently in 

clinical trials for the treatment of different kind of tumours. The success of morpholine derivatives reported 
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in this work can be explained by the reduced basicity of morpholine, compared to other aliphatic tertiary 

amines, which prevent its protonation in physiological environment, reducing off-target interactions.  

 

 

Figure 1.25 – NDIs-based G4 ligands reported by Neidle’s group.  

 

NDIs-based G4 ligands have been extensively investigated also by Freccero’s group, whose research work led 

to the identification of molecules with both interesting biological activity and remarkable sensing properties.  

In 2015, the group reported a library of CexNDIs that showed significant antiviral activity against HIV124: in 

particular, compound 22 (Figure 1.26) was characterized by elevated affinity and selectivity for LTR-III 

quadruplex, even in presence of other G4s and duplex DNA. Moreover, the same ligand displayed high 

toxicity towards infected cells, which decreased in normal ones (Selectivity Index = 17), representing a solid 

base for the development of novel anti-HIV drugs. 

Conjugation of two distinct NDIs is another strategy that led to novel functional properties. In 2019, the same 

group synthesized a library of NDIs dimers and investigated both optical and biological properties125. Briefly, 

from this study, compound 23 (Figure 1.26), characterized by two NDIs by a seven-carbon atoms chain, 

emerged for its noteworthy selectivity towards telomeric quadruplex F21T. Interestingly, its fluorescence 

emission was modulated by interaction with the target: in free solution, the ligand presented low 

fluorescence quantum yield (Φf = 0.002) that increased in presence of the target (Φf = 0.044). Biological 

studies demonstrated the high toxicity of 23 against different lines of tumor cells (IC50 < 162 nM), which was 

reduced in case of normal cells. Furthermore, it was demonstrated that this compound was able to induce 

DNA-aggregation upon interaction with telomeric sequence, supporting its potential anticancer activity. 

Concerning the telomeric quadruplex, another ligand, 24 (Figure 1.26), displayed remarkable selectivity 

towards this specific target, compared to duplex DNA126. Its behaviour was particularly interesting because, 

from ITC and fluorescence analysis, two distinct binding events were detected (with Ka1 = 1.6*107 M-1 and Ka2 
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= 3.3*105 M-1). Docking studies suggested that these data could be the result of the interaction of 24 with 

two adjacent G4s, making this ligand suitable to target more complex structures, as multimeric quadruplexes.   

The same group engineered several NDIs scaffolds to realize efficient G4 sensors: the dimer 23 (Figure 1.26), 

described previously, was initially designed as a probe. This compound displayed maximum of absorbance at 

642 nm and was characterized by low fluorescence quantum yield in solution (Φf = 0.001)127. The binding 

affinity was tested against different quadruplex forming sequences and, upon interaction with the targets, 

significant fluorescence enhancement was measured (40-folds). However, the main disadvantage of this 

probe was the inability to discriminate among different G4s. Another attempt to build a light-up probe was 

represented by compound 25 (Figure 1.26), obtained through conjugation of NDI to another fluorophore, the 

coumarin, with a seven-carbon atoms spacer, to realize a novel dye with “push-pull” character128. Design of 

this ligand was based on the idea that, in solution, two fluorophores are free to interact, leading to 

fluorescence quenching, while the presence of the target disrupt this interaction, restoring the emission. 

Naphthalendiimide showed absorption in UV region (with maximum at 342 and 360 nm) and in visible one 

(λmax = 620 nm), while coumarin presented a maximum peak at 420 nm. The ligand behaviour was analyzed 

with different G4s and double and single-stranded DNA. Upon excitation at 452 nm, a new emission band 

centered between 659-666 nm appeared increasing oligonucleotides concentration. The highest light-up has 

been measured in presence of c-KIT1, indicating a stronger affinity for this particular target (34-folds 

enhancement, with Ka = 6.9 ± 0.2 106 M-1), while negligible effect was observed in presence of duplex DNA. 

In addition to these light-up probes, the group developed even different CexNDIs as aggregation-based dyes: 

substrate 26 (Figure 1.26) formed aggregates in aqueous solution and no fluorescence emission129. Its 

spectroscopic behaviour was investigated in presence of three antiparallel (HRAS, HTELL22 in Na+ and TBA), 

one hybrid (HTEL22 in K+), three parallel (c-KIT1, c-KIT2 and c-MYC) G4s and ssDNA and dsDNA. The highest 

emission enhancement was recorded with telomeric HTEL22 in K+ solution (Φf=24%, while for 26 in free 

solution was Φf= 8%). Once that interaction with quadruplex was further confirmed through CD analysis and 

TAQ Polymerase Assay, probe 26 was used to detect G4 in fixed cells, through confocal microscopy. To further 

improve the specificity of this type of probe, a novel derivative, 27 (Figure 1.26), characterized by 

polyethylene glycol chains, was synthesized130. As the previous mentioned ligand, 27 formed aggregates in 

water solution and displayed low fluorescence quantum yield (Φf=0.0051±0.0006). Its affinity for different 

quadruplex forming sequences was explored through FRET-melting assay and, despite it showed low affinity 

for most of the targets, it was highly selective towards G4s compared to duplex DNA. Moreover, in presence 

of increasing concentration of parallel quadruplexes, its fluorescence emission significantly increased (250 

folds, with Φf=0.09 ±0.005), while other topologies and duplex and single-stranded DNA slightly affected its 

emission.  
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Figure 1.26 – NDIs-based ligands synthesized by Freccero’s group.  

 

1.4 Towards alternative targeting strategies: photo-activable ligands 

 
Quadruplex ligands listed above are non-reactive molecules whose affinity for the target is based on non-

covalent reversible interactions, which can be easily disrupted. Although remarkable progresses have been 

accomplished in this research field, nowadays the low specificity of “classic” G4 ligands still represent a non-

negligible issue, which affects both sensors and ligands with potential therapeutic effect. Indeed, in a 

complex physiological environment, even compounds with highest binding constant, display off-target 

interactions, resulting in non-specific sensing and undesired side-effects.  

To achieve a temporal control of the binding properties in complex contexts, several stimuli-responsive 

ligands are emerging for their applications, based on G4 additional stabilization, DNA-DNA and DNA-proteins 

crosslinking. The idea that different ligand properties, such as binding affinity, fluorescence and cross-linking, 

can be easily modulated by a proper “trigger” is particularly appealing. 

To reach this goal, several types of stimuli can be exploited, such as redox processes, pH, enzymatic reactions 

and photochemical activation. In this scenario, light represents one of the most attractive choice. Light-

mediated reactions are well consolidated transformations that found applications in different research fields, 

from organic synthesis to medicinal chemistry, with the recent advent of photo-pharmacology131. This 

relatively new research field relies on the design of novel drugs, whose activity can be modulated by light, 

reducing collateral effects, because activation of the ligand or inhibitor is strictly localized132. Indeed, the 

main advantage of using light is the precise spatiotemporal control of the whole process, in a non-invasive 

way.  

In the last years, photo-activable molecules, in particular azobenzene derivatives133 or compound containing 

moieties, as alkenes that, upon irradiation, can isomerize or generate a different structure, found application, 

for example, as regulators of membrane channels, enzyme inhibitors and tubulin binders132. 

https://pubmed.ncbi.nlm.nih.gov/24338872/
https://pubmed.ncbi.nlm.nih.gov/24338872/
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Despite the increasing interest in the development of photo-activable bioactive molecules, a limited number 

of examples are reported on nucleic acids and, even less on G4 structures. However, recently, different 

research groups designed and developed novel photo-triggered ligands, to enhance efficacy and specificity 

towards NA targets.  

In this context, light-sensitive molecules designed to target quadruplex forming sequences can be 

distinguished into two classes, despite the low number of examples: 1) photo-activable ligands based on 

non-covalent interactions and 2) photo-activable ligands that establish covalent interactions with the 

target.  

The first class of compounds has been used for different purposes, from the development of pro-drugs to 

the synthesis of binders that change their affinity for the target upon irradiation. One of the first interesting 

example has been reported by Balasubramanian’s group, that designed a so-called “photocaged” quadruplex 

ligand, in order to enhance the selectivity of the previous described ligand, PDS, for diseased tissues134. In 

fact, introducing a photolabile moiety, that can be removed under photoirradiation, the ligand can be 

selectively released only in the selected area, limiting its potential toxic effect. To this aim, PDS has been 

covalently conjugated to 4,5-dimethoxy-2-nitrobenzyl bromide, to obtain compound 28 (Figure 1.27). 

Binding properties of this substrate have been analyzed on different G4s, including SRC (a gene involved in 

proliferation of malignant cells), c-MYC and telomeric G4. It has been demonstrated that, in dark condition, 

the photocaged ligand displays no affinity for selected oligonucleotides. Upon irradiation, the affinity 

increased significantly, proving the release of the ligand worked properly. Subsequently, it has been observed 

that irradiation of MRC5-SV40, incubated with 2 µM of ligand, resulted in downregulation of the expression 

of c-MYC, SRC and RET genes, with more pronounced effect on SRC, whose mRNA levels decreased up to 80% 

after 30 minutes of irradiation. These results demonstrated the efficiency of this approach, which represents 

a solid starting point to make new photocaged quadruplex ligands, that can be activated only in presence of 

the desired target.   

More recently, other example of photo-activable ligands have been reported, such as stiff stilbene ligand 1 

(Figure 1.27) which has been used to photo-induce the folding and unfolding of a quadruplex structure. In 

details, the molecule, characterized by the presence of a double bond, isomerizes under irradiation and the 

two isomers present different affinity for the same telomeric sequence: in particular, E isomer showed 

stronger interactions with the target. Irradiation experiments, monitored through Circular Dichroism (CD) 

analysis, confirmed that 1 can act as a “fuel”, inducing a conformational change of the topology, which was 

completely reversible. This interesting work evidenced that photo-responsive ligands could be used to 

regulate quadruplex folding or unfolding even in their native environment, to selectively interfere with 

specific biological processes or understand they physiological role. 

 

 

Figure 1.27 – Examples of reversible photo-activable G4 ligands. 
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More recently, the same authors reported another compound characterized by the presence of pyridinium 

modified with dithienylethene, 30 (Figure 1.28) that, under irradiation at 450 nm, generate the 

corresponding cyclic derivative 30c (Figure 1.28), which can return to the original state upon excitation at 

635 nm135. It has been observed that, in presence of telomeric quadruplex in potassium solution (hybrid 

topology), the cyclic isomer 30c  showed high affinity, due to stacking interactions with guanine tetrad. On 

the contrary, open conformation resulted in disruption of the structure, probably due to a possible 

intercalative mode. Then, two ligands showed similar affinities, but induced significant variation of the G4 

structure. Moreover, cytotoxicity analysis evidenced lower toxicity for compound 30c (IC50 = 23 µM), 

compared to open conformation (IC50 = 10 µM). The possibility to modulate not only the binding mode to the 

target, but also toxicity, suggested future application of these  compound as photo-triggerable prodrugs.  

 

Figure 1.28 – Photo-induced ring-closure on compound 30. 

 

As an alternative to classic non-covalent ligands, several photo-activable ligands, able to establish covalent 

interactions with the target, have been reported. The advantage of this second approach is that both the 

ligand and the target result covalently tethered, further stabilising the G4 folding. This damage may result  

into important biological effects, which could not be easily repairable by the DNA repairing systems. Covalent 

modification is a concept that has been widely employed with enzymes. Covalent inhibitors known as 

mechanism based inhibitors (MBIs), consist of a “warhead”, a molecule with high affinity for the catalytic site 

of the enzyme and a reactive moiety able to form the covalent bond with a functional group present in the 

site of interest136. During the last years, several example of enzyme covalent inhibitors have been reported, 

for protein kinases, caspases, EGFR, RAS family and Acetylcholinesterase. The same concept could be 

translated to design novel G4 ligands, however, covalent targeting of specific nucleic acid sequences has been 

much less explored. However, already known-quadruplex ligands have been modified with photoreactive 

units, in order to achieve the formation of a covalent bond with nucleobases of the target.  

For example, piridodicarboxyamide (PDC) have been modified with two different photo-reactive moieties, 

benzophenone and 4-azido-2,3,5,6-tetrafluorobenzoic acid, separated by spacers of different length and 

nature, to achieve selective alkylation of G4s. Both these moieties, upon irradiation in UVA region, can 

generate reactive intermediate that can ultimately generate G4 covalent binding. Benzophenone, from its 

excited triplet state, can react through [2+2] cycloaddition with alkenes to generate an oxetane or, as an 

alternative, can extract hydrogen from accessible donors, creating a new covalent bond with alkyl radical137. 

Conversely, aromatic azides can evolve into nitrenes, which can give addition reaction to double bond, 

insertion into C-H and N-H bonds. These photo-reactive units were introduced on the central pyridine ring 

because experimental results evidenced that modification in this position do not alter PDC binding 

properties. The obtained ligands have been analyzed with two sequences, the telomeric quadruplex and c-

MYC, and irradiated at 360 nm. All compounds were able to form covalent adducts, as tested by gel-

electrophoresis analysis, however compound 31 (Figure 1.29) showed the highest alkylation efficiency, that 

was marginally affected by the presence of duplex DNA. Moreover, sequencing methods have been applied 

to individuate alkylation sites and, for 31, only two sites were found, in the thymine-loop of telomeric 22AG, 

supporting the stacking interaction of the ligand with external quartets. Interestingly, in presence of c-MYC, 
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low or negligible alkylation was observed, showing the specificity of this approach. In the end, biological MTT 

assay pointed out that toxicity of the ligand towards cancer cells MCF-7 and A459 was marked only upon 

irradiation, suggesting that possible toxic effects were due to G4 alkylation.  

In the context of photo-induced G4 alkylation, Freccero’s group contributed significantly: to mention the 

most recent example, the group reported the development of a naphthalenediimide conjugated to a 

Mannich base: the ligand 32 (Figure 1.29) upon irradiation at 532 nm, generate a reactive phenoxyl radical 

capable of thymine covalent targeting 138. Indeed, it has been demonstrated that, upon irradiation, selective 

alkylation of G4s was accomplished, with incredibly high efficiency (64%), with low effect on duplex and 

single-stranded DNA.  

 

 

 

Figure 1.29 – Examples of photo-activable ligands that form covalent bond with G4. 

 

1.5 Innovative Photo-activation Strategies 
 

Potential advantages of using light-activable ligands attracted the attention of an increasing number of 

scientists, however well-suited photochemical processes for the development of quadruplex ligands are still 

limited. Identification of innovative photoreactive units, with biocompatible reactivity, easily modulable 

properties and versatile structures represents the rate-determining step in this research area.  

In this scenario, this thesis has been focused on the development of innovative, light-responsive quadruplex 

ligands, with the attempt to optimize both their specificity for the target and the photochemical properties. 

To this aim, we concentrated our efforts on two types of photogenerated reactive intermediate, Quinone 

Methides (QMs) and Nitrile Imines (NI), whose properties will be briefly discussed in the next paragraph. 

 

1.5.1 Quinone Methides (QMs) 
 

Quinone Methides (QMs) (Figure 1.30) represent an interesting class of electrophiles, which have been 

employed for several types of applications, in organic synthesis139 and in medicinal chemistry, for 

bioconjugation reactions140 and as cross-linking agents141, thanks to their versatile nature. From a structural 

point of view, they are quinone analogues, in which a methylene group is replaced by a carbonyl function. 

We can distinguish ortho-quinones (o-QM) and para-quinone methides (p-QM) (Figure 1.30). In particular, o-

QMs can undergo through different reaction pathways: they can react with different types of nucleophiles 
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(including water, amines, alcohols, thiols)142 or be involved in hetero Diels-Alder with electron-rich 

dienophiles143. The reactivity of generated o-QMs resembles that of α, β-unsaturated ketones, however they 

are much more electrophilic, because of the high charge separation character of the resonance form, further 

stabilized by aromatic conjugation. 

 

Figure 1.30 – Common reaction pathways with nucleophiles and dienophiles for A) o-QM and B) p-QM.  

Furthermore, the specific case of o-QM is particularly interesting, not only for their high versatility, but also 

because they display interesting biological activity, as proved by the potent antitumor agents Mitomycin C 

and anthracycline. o-QMs can be generated exploiting different activation processes: oxidation of phenols, 

dehydration from hydroxybenzylalcohols, elimination of nitriles from 1,2-benzoxazines, use of strong bases 

and acids and fluoride-mediate desilylation144. All these methods rely on the use of harsh reaction conditions 

or, in alternative, require other reagents or catalysts, therefore, among the available protocols, 

photochemical generation represents the most interesting alternative. Light-mediated generation of QMs 

can be achieved with different types of substrates, through acid elimination, hydration or tautomerization of 

phenols or naphthols145, photohydration of alkenes146 and deamination of Mannich salt147.  

 

Figure 1.31 – Photogeneration of o-QM from different aromatic phenols. 

The generation is triggered by the acidity of phenols and naphthols in the first singlet excited state, followed 

by intramolecular proton transfer (ESIPT), which causes the transfer of phenolic proton to oxygen atom at 

the benzylic position. Further experimental evidences of this kind of mechanisms has been obtained by 

different studies on aminomethyl p‑Cresol derivatives: it has been established that QM generation efficiency 

is a function of the pH which affect the protonation of amine and it is favoured when the Mannich base is 

protonated or in its zwitterionic form147. As an alternative, it has been suggested that also solvent could play 
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a crucial role in the generation of QM, acting as proton-acceptor (ESPT mechanism) and favouring the 

expulsion of the leaving group148. The C-L bond heterolysis (Figure 1.31) can occur in a concerted step, but 

femto second laser flash photolysis studies pointed out that the expulsion of the living group occurs after the 

proton transfer 149. 

 

  

 

Figure 1.32 – Mechanisms for the photogeneration of o-QM.  

 

The o-QM is a highly reactive intermediate, with lifetime of milliseconds in water solution, therefore its 

isolation is impossible but can be effectively detected by Laser Flash Photolysis. Moreover, it has been 

observed that also thermal generation and reactivity of QM can be modulated by choice of proper 

substituents on the aromatic system. In particular, the electronic effects of the groups introduced on the 

system strongly influence the generation rate of the intermediate and its stability and decomposition. 

Electron-donating substituents accelerate the formation of QM, because they favour the expulsion of the 

leaving group, stabilizing the electron-poor intermediate and reducing its electrophilicity. To the same extent, 

electron-rich derivatives decomposed rapidly. Conversely, electron-withdrawing substituents decreases the 

QM generation rate, generating a highly reactive QM but, at the same time, they suppress its regeneration 

and formed products are characterized by high thermal stability150.  

Due to their wide versatility and interesting properties, quinone methides found a wide application in 

medicinal chemistry, in particular for functionalization of biomolecules. Recently, Liu et. al. engineered a 

quinone methide precursor that could be genetically encoded into living system and could be activated by 

light. To incorporate this derivative into E. coli and mammalian cells, as unnatural amino acid, a tyrosine has 

been properly modified to obtain compound 33 (Figure 1.33). Upon irradiation, this compound was able to 

rapidly react with nucleophiles on adjacent aminoacids151. This approach represents a unique opportunity to 

spatiotemporal control the reactivity of the intermediate in a living system, which could be very useful for 

different purposes, for example to study interactions of protein with other biological targets or to regulate 

specific methabolic pathways. The same group reported also a heterobifunctional cross-linker, 34 (Figure 

1.33) that, under irradiation, eliminated a fluorine atom, leading to quinone methide formation152. The cross-

linker was conjugated to N-hydroxysuccinimidyl (NHS) group that, in physiological environment, reacts 

readily with lysine residues of proteins. Then, the photocaged QM could form two covalent bonds with 

proteins and authors demonstrated its ability to alkylate different amino acid residues, including glutamine, 

arginine and asparagine, which are inaccessible with existing cross-linking agents. Moreover, the same 
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molecule was able to efficiently alkylate the DNA sequence interacting with the protein of interest, making 

it useful to study complex protein-nucleic acid interactions.  

 

 
Figure 1.33 – Photocaged Quinone used as cross-linking agents on proteins. 

 

In order to point out the relevance of using QM for targeting nucleic acids, examples described by Rokita’s 

group deserve to be mentioned, even if, in this case, activation of the quinone methide was not light but 

fluoride mediated. In 2014, authors developed a conjugated system, composed of a bis-quinone methide 

precursor conjugated to  acridine 35 (Figure 1.34-A), with the function to guarantee the interaction with DNA, 

with the aim to induce migration of the cross-linkers through the DNA sequence153. Upon activation, the 

compound generated the QM, which could form intra and inter-strand cross-links. However, the formed 

covalent adduct could be reverted into the QM, then this process was exploited to promote QM shift along 

the strand, forming and disrupting its covalent interactions with nucleobases. The position change of QM 

wasmonitored through sequencing experiments, based on gel electrophoresis analysis, and it has been 

demonstrated that this continuous regeneration of the intermediate could last for several days. Despite this 

method resulted to be sensitive to different parameters, as nucleic acid sequence and to electronic 

properties of QM, this remarkable result showed that is possible to control covalent modification on DNA, in 

situ, using the chemistry of QMs. 

In 2016, the same group reported a similar work, developing a system composed of a QMP conjugated to an 

oligonucleotide sequence or a peptide nucleic acid (PNA) that ensured high selectivity for a selected nucleic 

acid sequence: under a specific trigger, the QM was generated, which gave a reversible self-adduct: this 

modified product, delivered to the DNA sequence of interest, regenerated the QM, affording selective 

alkylation of the target154. More recently, a further investigation demonstrated that migration process could 

be even more efficient using an electron-rich mono-alkylating ligand, based on the structure of the conjugate 

QMP-acridine reported previously, that accelerate both alkylation process and regeneration of the 

intermediate155.  
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Figure 1.34 – A) Structure of migrating bis-QMP 35; B)Migration mechanism along DNA sequence described for 35153. 

 

Some interesting examples of QMs designed as potential DNA alkylating agents have been reported by 

Freccero’s group, that, in the last decade, developed different QMPs, mostly employed to selectively alkylate 

nucleic acids, including G4s. In 2004, they developed a series of BINOL , which were expected to efficiently 

generate the quinone methide, thanks to the proximity of 2,2’-hydroxy groups, that could favour the 

intramolecular proton transfer in the excited state156. Among them, compound 36 (Figure 1.35) showed 

excellent results: not only was able to rapidly generate the desired intermediate, but, upon irradiation at 360 

nm, in presence of DNA, displayed 90% of cross-linking efficiency at 50 µM. More recently, the group 

developed novel conjugates NDIs-QMP, based on hydroxybenzyl alcohols as quinone methide precursors157. 

Among them, derivative 37 (Figure 1.35), incubated with telomeric G4, upon thermal activation, showed 

efficient alkylation, with 16.8% yield after 24 hours. In a subsequent work, similar analogues, bearing 

trimethyl ammonium salts as QMPs, were synthesized158. Compounds were tested again on telomeric 

quadruplex hTel and, upon activation, emerged that substrate 38 (Figure 1.35) showed efficient alkylation of 

the target (12% of alkylation at 50 µM).  

 

 

Figure 1.35 – Quinone Methide precursors used for DNA alkylation. 

 

This remarkable reactivity made QMs appealing reactive intermediates for applications in medicinal 

chemistry, to covalently label specific biological targets. However, their use in G4s research field is limited, 

due to the difficulty to find the proper balance between photoreactivity and selectivity for the target. Part of 

this thesis work has been focused on these two critical aspects, with the aim to partly contribute to fill this 

gap.  

 

1.5.2 Photo-activable 2,5-diaryl tetrazoles 
 

As previously mentioned, to find applications in biological context, photo-induced reactions have to satisfy 

specific features. In particular, the process must be fast and selective, in order to avoid secondary 

transformation, reagents and products must be stable in physiological environment and non-toxic, and, 

finally, the wavelength used must be biocompatible. In the pool of light-mediated reaction, one in particular 

attracted significant attention, for its interesting properties, which is the light-induced cycloaddition of 2,5-
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diaryl tetrazoles with alkenes, that generate optically-active pyrazolines. Tetrazoles are five-membered 

aromatic heterocyclic compounds, that don’t exist in nature and they can be mono-, di- or tri-substituted: 

functionalization in position 5, on the carbon atom (Figure 1.36), is the most frequent and its derivative found 

application in biochemistry, medicine, pharmacology, materials, photography and even military field159. 

However, their principal use regards medicinal chemistry: indeed, at the moment there are 43 drugs 

containing tetrazoles and 23 of them have been FDA-approved, for example, as antimicrobial, antiviral, 

antiallergic and anticancer agents160.  

 

 

Figure 1.36 – General examples of different tetrazole structures.  

 

One of the keys of their success in this context is that 5-substitued tetrazoles can be considered as isosteres 

of carboxylic acids, because of the presence of a hydrogen, with a similar pKa (4.5-4.9 for tetrazoles) and for 

the analogue electrostatic potential. However, tetrazoles are characterized by higher stability, better cell 

membrane permeation and the presence of the pentacyclic aromatic ring can provide also π-stacking 

interactions161.  In solution, 5-substitued tetrazoles exist in two tautomeric forms, 1H and 2H (Figure 1.36) 

and, despite the higher stability of 1H tautomer162, basic conditions alter the tautomeric equilibrium, 

providing the opportunity to introduce, through simple nucleophilic substitution, a wide pool of substituents 

on both positions. 

One of the most interesting properties of tetrazoles is their photoreactivity: upon irradiation, cleavage of the 

tetrazole ring occurs, affording a wide pool of photoproducts. The reaction pathway, and, subsequently, the 

nature of the generated intermediates and products, strictly depends on substituents present on the 

substrate and on the wavelength of irradiation163. 

Although their remarkable versatility, the attention of researchers has been focused on specific type of 

scaffold, that showed the most interesting properties for potential biological application, 2,5-diaryl 

tetrazoles.  These compounds can be activated under irradiation at λexc = 300 nm and, through the expulsion 

of a nitrogen molecule, they generate a reactive intermediate, a nitrile imine dipole (NI) (Figure 1.37).  
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Figure 1.37 – Photogeneration of Nitrile Imine (NI) from 2,5-diaryl tetrazoles and some of its possible reaction pathways. 

 

The reaction pathway has been deeply investigated and, recently, it has been demonstrated that, upon 

irradiation with laser, at 266 nm, the tetrazole is excited to its triplet state, then the intermediate lose 

nitrogen to produce the nitrile imine 164. This reactive, non-stabilized, specie cannot be isolated and has been 

observed only as intermediate, with transient spectroscopic techniques 165. Concerning the structure of NI, 

four different structures have been suggested for this intermediate: propargylic, allenic, 1,3-dipolar and 

carbenic (Figure 1.37). Different studies provided contrasting results: a computational study reported in 

1993, indicated that NI has a non-planar, allenic structure166, while a more recent work evidenced that 

carbene character should be dominant, despite all four resonance forms are necessary to describe the NI 167. 

However, an interesting X-Ray analysis of 2-(4′-methoxyphenyl)-5-(2′′-isopropoxy-4′′-

methoxyphenyl)tetrazole coordinated by zinc, showed that 1,3-dipolar form represents the major electronic 

structure168. Once that it’s formed, NI can undergo different types of reaction, depending on the reaction 

conditions, as the solvent, wavelength of irradiation and the presence of eventual trapping agents. In 

particular, the NI can react through nucleophilic additions (especially with water), cycloadditions with 

electron-poor alkenes or can give rise to ring-closure, to afford a diazirine. Among these different pathways, 

cycloaddition with alkenes attracted significant interest for its potential use as bioorthogonal ligation, a 

powerful tool to visualize and track biomolecules in vitro and in vivo and to elucidate their biological 

functions169. Bioorthogonal reactions must satisfy specific requirements: the process must be fast, to perform 

the reaction at low concentrations of reagents, compounds used must be stable in physiological environment 

and non-toxic, side-reactions must be avoided and formation of the product should be detected easily170. 

The light-induced cycloaddition of tetrazoles with alkenes meets most of these features, therefore different 

research groups developed several 2,5-diaryl tetrazoles which could be employed for bioorthogonal ligation. 

In this context, contribute of Lin’s group has been decisive: in 2008, they reported a novel tetrazole, 39 

(Figure 1.38) to selectively modify Lysozime171. Upon irradiation at 300 nm, the compound rapidly reacted 

with acrylamide, to generate the corresponding cycloadduct. Pyrazolines obtained by this reaction presented 
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also another interesting feature: they are fluorescent, while tetrazole is not. This represents a great 

advantage, because fluorogenicity of the reaction allows an easy detection of the product, especially in 

cellular environment. In the same work, the efficiency of the reaction has been tested in vitro: after 

conjugation of 39 to Lysozime, the solution has been irradiated and, through gel-electrophoresis and LC-MS 

analysis, the formation of desired product has been confirmed. Later, the same group worked to optimize 

the reactivity of the tetrazole, in order to obtain an even more rapid and selective process and avoid side-

reactions of NI with nucleophiles, as water: they found that presence of electron-donating substituents on 

N-phenyl ring has a strong impact on the reaction outcome, accelerating the cycloaddition step and affording 

the corresponding pyrazoline with high yield172. A smart alternative to avoid the formation of undesired 

products, which decreases the efficiency of bioorthogonal labeling, is to exploit an intramolecular process: 

Yu et. al designed a small library of tetrazoles containing an o-allyloxy group on N-phenyl ring, conjugated to 

7-β-alanyltaxol, a microtubule binding agent, in order to develop a fluorogenic probe for microtubule173. 

Among the synthesized derivatives, compound 40 (Figure 1.38), showed best performances: upon irradiation 

at 365 nm, was completely converted into pyrazoline in 320 seconds, as further confirmed by strong increase 

in fluorescence emission. To prove its utility, CHO cells have been incubated with 10 µM of 40 and briefly 

irradiated at 405 nm with a diode-laser and the irradiated region displayed a 7-folds enhancement in 

fluorescence emission, proving the efficiency of this approach. Another issue that has been faced by Lin’s 

group during the last years is the wavelength of irradiation: 2,5-diaryl tetrazoles present absorption in UV 

range, up to 300 nm, that is not compatible with biological conditions. In order to solve this problem, the 

group reported, in 2013, oligothiophene-based tetrazoles, characterized by absorption at 400 nm174. 

Compound 41 (Figure 1.38), designed to be also completely water-soluble, showed fast generation of the 

pyrazoline (with second order kinetic constant of 1299 ± 110 M-1 s-1) upon irradiation at 405 nm. To prove its 

efficiency in vivo, authors developed a docetaxel (a microtubule binding agent) modified with mono-

isopropyl fumarate, an electron-poor alkene: CHO cells were pre-treated with this conjugate, then 40 µM of 

tetrazole 41 was added. Irradiation with laser, at 405 nm, led to remarkable fluorescence enhancement at 

458 nm (typical maximum absorption of pyrazoline) after only 30 seconds of irradiation. As an alternative, 

naphthalene-tetrazoles conjugated have been developed by the same research group, to red-shifted the 

activation wavelength of photoreactive unit175. In particular, naphthalene unit has been exploited as two-

photon absorption probes, which means that these derivatives can be activated to the double of their classic 

wavelength: instead of using 300 nm for the activation, wavelengths in the NIR region (700nm) can be 

exploited. They synthesized various compounds, differing for the type of substituents introduced on two 

naphthalene rings175: in general, all moleculesshowed rapid photolysis, but 42 was chosen to label proteins 

modified with Nε-acryloyl-L-lysine. Irradiation of protein with 700 nm femtosecond pulsed laser, in presence 

of an excess of tetrazole, led to the formation of the expected pyrazoline. Similar to the previous described 

work, in order to evaluate the efficiency in vivo, CHO cells were treated with tetrazole and fumarate-modified 

docetaxel, then have been irradiated with 700 nm femtosecond-pulsed laser and, after only 43 seconds, a 

strong fluorescence enhancement, attributed to pyrazoline formation, has been recorded. Based on these 

results, in 2016, Zhou et. al exploited a pyrazoline modified with two naphthalene moieties as fluorescent 

two-photon probe, used to track the activity of caspase (an enzyme involved in the programmed cell death), 

in mice tumor176.  
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Figure 1.38 – Examples of Tetrazoles used for bioorthogonal ligation on proteins. 

 

Despite the promising results achieved and the interesting application found for photoinduced click 

reactions, the progress in this research field has been slowed down by different studies that underlined 

different issues: the main one is represented by collateral reactions of nitrile imine dipole with nucleophiles, 

especially water, carboxylate groups and thiols, naturally abundant in proteins177. This serious drawback 

limits the applicability of this approach, leading to lower efficiency and important side-effects. In order to 

overcome this problem, Lin et al. developed tetrazole 43 (Figure 1.38), modified with o-2-N-Boc-pyrroles, in 

order to increase the steric hindrance around nitrile imine to stabilize it and, subsequently, decrease its 

reactivity against nucleophile, favouring the desired cycloaddition178. Preliminary irradiation of 43 in 

presence of different alkenes, glutathione and a mixture of amino acids, led to the selective formation of 

pyrazoline. Further experiments demonstrated that the generated intermediate presented a half-life of 102s, 

significantly longer compared to a non-stabilized NI, which was around 7.2 seconds.  To verify the applicability 

of this approach, compound 43 has been used to label a glucagon receptor, (GCGR), which is a common target 

for the treatment of diabete, modified with a reactive cyclopropene. Then, HEK 293 cells expressing the 

modified GCGR were incubated with 500 nM of 43 and were irradiated at 302 nm. After only 1 minute, 

fluorescence emission, that colocalized with the target receptor, increased significantly and pyrazoline was 

formed with 89% labeling efficiency, demonstrating the success of this strategy.   

Another issue affecting the photoinduced cycloaddition of tetrazoles with alkenes is the low fluorescence 

quantum yields of the corresponding pyrazolines, resulting in difficult detection of the biological target. 

However, several strategies can be employed to improve emission properties of the product, as the 

modification of structure of the pyrazoline, to enhance the emission, or the conjugation to another 

fluorescent chromophore. An et. al followed this second strategy and synthesized a small library of 

bithiophene tetrazoles conjugated to BODIPY, a boron-based fluorescent probe, popular for its excellent 

quantum yield and stability in physiological conditions179. Authors speculated that photo-click reaction could 

be exploited to modulate fluorescent properties of the BODIPY, through photoinduced electron transfer. 

Indeed, tetrazole-BODIPY conjugates showed excellent quantum yields (from 14 to 50%), that dropped 

significantly in the corresponding pyrazoline (0,1%), confirming the existence of an interaction between these 

two chromophores. However, decrease of fluorescence emission cannot be exploited for detection of specific 

target, however, authors observed that, in oxidative environment, with hydrogen peroxide, pyrazoline can 
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be easily oxidized to generate the corresponding pyrazole, unable to interact with BODIPY through electron 

transfer. To evaluate the efficacy of this method, authors synthesized compound 44 (Figure 1.38): this 

derivative, after oxidation to pyrazole, was unable to interact with BODIPY, whose emission was regenerated. 

This interesting property was exploited to detect oxidative stress in HeLa cancer cells, previously treated with 

fumarate-docetaxel, another microtubule binding agent.  

As described above, photoinduced cycloaddition of tetrazoles with alkenes have been widely exploited for 

bioconjugation of proteins but, more recently, application on nucleic acids start to emerge. In 2017, Huang 

et al. developed a tetrazole modified with o-allyloxynaphthalene to detect specific microRNA sequences, in 

cellular environment. Compound 45 (Figure 1.39) was covalently conjugated to miR-122 through a 

hexanedioic acid linker. Irradiation, with UV light, of this oligonucleotide-tetrazole derivative, afforded 

rapidly the corresponding pyrazoline, characterized by intense emission at 520 nm. To verify the absence of 

undesired biological processes, due the specific recognition of the target miRNA, HepG2 cells were treated 

with this compound and, through luciferase assay, it has been demonstrated that suppressed the expression 

of miR-122 and of other important genes, such as BCL-2. Moreover, confocal microscopy recorded strong 

emission intensity, from cell cytoplasm, between 450-550 nm, after irradiation at 302 nm, further confirming 

the formation of the pyrazoline. To demonstrate that this photoclick reaction can be exploited also to label 

nucleic acid sequences, 2-deoxyuridine has been modified with tetrazole scaffold, to induce the reaction with 

cyanine, a common fluorescent probe, covalently bound to maleimide180. Irradiation of compound 46 (Figure 

1.39) at 300 and 365 nm afforded the corresponding pyrazoline, in 15 minutes, with 74% yield. Cyanine dye 

was selected to exploit energy transfer with pyrazoline: indeed, emission spectra of pyrazoline perfectly 

overlayed with absorption of cyanine then excitation of pyrazoline resulted in increased fluorescence 

emission of the probe. Despite the interesting results, this approach presents some limitations, because 

require incorporation of bulky tetrazole moiety into natural nucleobases. Conversely, alkene can be more 

easily incorporate in natural nucleic acid sequences: 5-vinyl-2-deoxyuridine (VdU), a thimidine analogue 

containing an alkene moiety, which is recognized as substrate by DNA polymerase, can be introduced in 

genome of living cells. On these basis, Wu et al designed a library of tetrazoles, conjugated to coumarin, to 

label, in vivo, DNA modified with VdU. Coumarins were chosen both for their fluorescent properties and for 

the possibility to red-shift the absorption of tetrazole unit. Preliminarly, efficiency of the reaction was tested 

irradiating synthesized tetrazoles in presence of an oligonucleotide containing acrylamide and, after 30 

minutes, product was formed in 62.9% yield, accompanied by increased fluorescence emission at 395 nm. 

Once that the efficiency of the reaction was verified, water-soluble compound 47 (Figure 1.39) was 

synthesized. A549 cells were incubated with VdU and, subsequently, with 47 (10 µM). Emission 

enhancement, attributed to pyrazoline formation, was observed only upon irradiation with a 365 nm LED, 

confirming the positive outcome of the cycloaddition. The efficiency of this reaction was tested also in vivo: 

zebrafish embryos have been treated with VdU and, subsequently, with 47. Irradiation, at 365 nm, led to 

dose-dependent fluorescence increase, which was limited to the irradiated area, ensuring an excellent 

spatial-temporal control of the reaction. In the end, authors demonstrated that the whole process did not 

exhibited cytotoxic effects towards zebrafish, which displayed a survival rate of 80% for 40 days.  
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Figure 1.39 – Representation of tetrazoles used for bioorthogonal ligation on nucleic acids. 

 

 

These are only few examples of applications of 2,5-diaryl tetrazoles in medicinal chemistry fields and, during 

the last years, the unique properties of these compounds attracted increasing attention and they have been 

used not only to label biomolecules, but also to build photo-degradable hydrogels, for the controlled released 

of drugs181, and to design novel, photoresponsive, polymers182. Although remarkable progresses have been 

accomplished in this research context, this reaction still suffers of different issues, as the activation 

wavelength, the formation of side-products and low fluorescence quantum yield of pyrazoline. Then, further 

optimization of their structures and photoreactivity are still necessary to improve their performances and 

also to expand their application fields to NA.  
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Nowadays, it has been widely demonstrated that G4 formation can occur both in vitro and in vivo, and 

experimental results evidenced their ability to regulate specific metabolic processes and their utility as 

potential therapeutic target for several pathologies, including cancer and neurodegenerative diseases.  

In this scenario, small molecules emerged as powerful tool both as therapeutic agents, that are able to 

regulate specific physiological processes interacting with G4s, and fluorescent sensors, capable to detect G4 

formation in vitro and in vivo by fluorescence signalling upon binding.  

Although remarkable progresses have been accomplished in the development of efficient quadruplex ligands, 

several issues are still to be addressed: hundreds of small-molecules have been synthesized in the last years, 

however, most of them suffer of poor selectivity for a specific G4.  

In this context, the aim of this work is to develop functional molecular tools, targeting nucleic acid secondary 

structures, engineered to achieve: 1) dual-role ligands, with a naphthalenediimide core, combining excellent 

binding properties towards G4s with intense fluorescence emission, to achieve both target detection and 

biological effects; 2) innovative targeting strategies, based on photoreactive or light-responsive ligands.  

The first part of this thesis is aimed at the optimization of NDI structures to obtain dual-role ligands, able to 

bind selectively the target and, at the same time, detect its presence in cells, monitoring the distribution and 

compartmentalization. To reach this goal, a library of novel NDIs derivatives has been synthesized and their 

structure has been modified introducing a carbohydrate moiety. This choice was dictated by two reasons, 

being: 1) sugar moieties maintain higher affinity for G4 structures but, at the same time, with higher 

selectivity, upon formation of strong hydrogen bonds with phosphate backbone and grooves of the target183 

and 2) the possibility to enhance cellular uptake in cancer cells, exploiting the overexpression of GLUT 

receptor, typical of tumor cells , to achieve therapeutic effects with negligible side-effects.  

 

 

 

 

Figure 2.1 – General structure of NDI-carbohydrate conjugate. 

 

Moreover, for each compound of the library, an analogue containing the corresponding thio-modified sugar 

has been synthesized, in order to increase the stability, under physiological conditions. Additionally, the imide 

positions of the NDI core have both been modified with aminoethyl morpholine and compared with NDIs 

bearing 3-(dimethylamino)-1-propylamine, to verify if the reduced basicity could guarantee higher selectivity 

for G4, respect to duplex DNA.  

The binding affinity of these new ligands have been tested on a specific target, the human telomeric 

quadruplex, to assess their potential as anticancer agents.   

The second part of this thesis work has been focused on alternative targeting strategies, as we concentrated 

on the design and development of novel, photoreactive ligands, able to react upon light activation. To our 

purpose, we explored the usefulness of two different photoreactive units: functionalized Mannich bases as 
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precursors (QMPs) of Quinone Methides (QMs) and 2,5-diaryl tetrazoles, generating the reactive 1,3 dipole 

nitrilimine. The choice of adopting two different strategies depends on the possibility to exploit different 

types of reactivity and, subsequently, different interactions with the target, which can be exploited to achieve 

both biological effect and sensing.  

Quinone Methides have been selected for their electrophilic properties and, subsequently, for their ability 

to form covalent bond with nucleotides of G4, ensuring a stronger interaction, as the ligand is literally 

“anchored” to its target. To further strengthen this effect, we have introduced two photoreactive units. The 

design of the ligands bearing the light-activable moieties followed a precise ratio: our molecules present a 

so-called “V-shaped” structure, which is typical of common, already described, quadruplex ligands, and 

ensure high affinity for guanine tetrads. In details, they are composed of three distinct aromatic units (Figure 

2.2), connected through two alkyne moieties. This disposition has a double purpose: to ensure an extended 

planar surface, critical to establish π-π stacking interactions with G4, and to provide a highly conjugated 

chromophore, to red-shift the photoactivation of QMP in the visible light window, therefore improving the 

biocompatibility.  

 

 

Figure 2.2 – General structure and mechanism of synthesized QMPs.  

 

Of each synthesized compound, we have investigated the binding affinity toward G4s and the 

photoreactivity, generating quinone methide, which is capable to alkylate specific G4 structures. In the 

attempt to further red-shift the activation wavelength, two naphthalene moieties have been used as QMPs, 

and have been conjugated to phenyl ring through alkyne-based spacer. However, the poor results observed 

with these last compounds, in terms of generation of corresponding QM and binding properties, prompted 

us to further investigate the photoreactivity of a series of 6-substitued naphthols, in order to evaluate how 

electronic effects of groups introduced on the scaffold can tune the absorption properties, the acidity (which 

is a key parameter) and the intermediate generation efficiency.  

 

 

Figure 2.3 – General structure and reactivity of synthesized 6-substitued naphthols. 

 

The third strategy explored in this work is represented by the photoinduced cycloaddition of 2,5-diaryl 

tetrazoles: to the best of our knowledge, this reaction has never been reported for application on nucleic 
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acids secondary structures, neither to develop photo-responsive ligands. Therefore, due to its interesting 

features namely efficiency and reactivity of the resulting nitrile imines, we decided to start investigating how 

to exploit this process for applications in G4s context.  

The unique versatility of the light-generated intermediate, the 1,3-nitrile imine dipole (NI), opened a range 

of possibilities to detect and interact with quadruplexes. In principle, three different scenarios emerged:  

1) photogeneration, in situ, of the fluorescent probe, in presence of the G4, to exploit the excellent emission 

properties of pyrazolines resulting from the cycloaddition; 

2) the reaction could produce a ligand with different binding properties compared to the substrate, therefore, 

light could act as switch of the affinity; 

3) photogenerated nitrile imine, which is electrophilic at the C atom, could establish a covalent bond with 

the target.  

The first and the second targeting approach rely on non-covalent interactions with the target and allow the 

spatio-temporal control of the fluorescence emission of the ligand, reducing the signal generated from off-

target interactions and increasing specificity. Conversely, in the third scenario, as in the case quinone 

methides, is the formation of a covalent bond with the target that could be used to stabilize and lock the G4 

and interfere with its physiological role.  

Due to the lack of data in the current literature, the investigation on 2,5-diaryl tetrazoles has been further 

divided into two parts: in the first one, in order to understand the photochemical behaviour of 2,5-diaryl 

tetrazoles in aqueous solution and identify suitable candidates for applications on G4, we have synthesized 

a small library of compounds and analysed their photochemical behaviour. Briefly, we have examined their 

reactivity in water, in absence and in presence of alkenes as trapping agents. Subsequently, we have 

synthesized the corresponding 2,5-diaryl pyrazolines and investigated their fluorescent properties, to identify  

novel and efficient fluorescent probes.  

 

Figure 2.4 – Photoinduced cycloaddition of 2,5-diaryl tetrazoles with alkene.  

 

In the second part of this project, we moved towards the targeting of quadruplex structures. We have 

measured the binding affinities of several tetrazoles towards different G4s. Then, to address the 

photoreactivity of our compounds to selected targets, we synthesized a library of novel quadruplex ligands, 

with 2,5-diaryl tetrazole tethered to NDI through spacers of different lengths. As in the case of quinone 

methide precursors, this choice was made not only to increase affinity for guanine tetrad, but also to red-

shift the activation wavelength of the tetrazole.  
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Figure 2.5 – General representation of NDI-Tetrazole conjugate synthesized in this work. 

 

As in the previous case, we have investigated the photochemical behaviour of NDI-tetrazoles conjugates, in 

aqueous solution, at different wavelengths, to verify if activation could be triggered also in the visible region. 

In the end, we have explored their binding properties towards different types of G4s, to ensure that the 

photochemical process could effectively occur in presence the ligand bound to the target.  
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3.1 Dual-Role Ligands: NDIs-Carbohydrate conjugates 
 

3.1.1 State of the Art and rational design  
 

The first part of the work has been dedicated to the design and the synthesis of novel dual-role ligands, based 

on naphthalene diimide scaffold and on the evaluation of their biological activity, in particular as potential 

anticancer and antiparasitic agents. Different libraries of conjugates NDI-carbohydrates have already been 

reported by Freccero’s group and interesting results have been obtained183: introduction of carbohydrate 

derivatives, in particular monosaccharide and disaccharides, provide additional hydrogen-bonds interactions 

with phosphate backbone and grooves, as reported in literature, improving the affinity for G4 structures184. 

At the same time, the presence of this derivative reduces the overall positive charge of the molecule, but 

maintain its solubility and fluorescent properties183. In particular, the choice to introduce a carbohydrate was 

prompted by the necessity to increase the cellular uptake in cancer cells, compared to normal ones. Indeed, 

it is well-known that tumor cells, in order to satisfy the high requirement of glucose, overexpress GLUT 

receptor on membranes185. Libraries of NDI-carbohydrates conjugates have been already reported by 

Freccero’s group186, however, this new set of compounds has been designed to improve their stability and 

cellular uptake. One of the major novelties of this work is represented by the introduction of thio-modified 

sugars, with a sulphur atom that replaces oxygen on the anomeric carbon. This strategy aims to increase the 

resistance of these derivatives in physiological environment. Indeed, previously synthesized compounds, 

they hydrolyse rapidly in water and in cell culture media. Another interesting structural modification that has 

been introduced is aminoethyl morpholine, replacing 3-(dimethylamino)-1-propylamine, at the imide 

positions. In fact, lower basicity of morpholine, could be exploited to reduce the population of the 

ammonium salt lessening electrostatic interactions with duplex DNA and improving the overall affinity of the 

ligand for G4s. Conjugation of NDI to carbohydrates has been accomplished exploiting a copper-catalyzed 

1,3-dipolar cycloaddition between an azide, on the sugar derivative, and an alkyne, introduced on NDI 

scaffold. The opposite combination of reactive unit has been previously described, however, in that case, it 

has been observed that significant steric hindrance between triazole and NDI was generated. For all 

synthesized compounds, the conjugation relies on ethylene glycole spacer, because previous investigations 

pointed out that this was the optimal length to achieve higher cellular uptake. In the end, it should be 

underlined that we have explored different types of carbohydrates, in particular Glucose (Glc), Galactose 

(Gal), Mannose (Man) and Maltose (Malt) and, for each of them, the corresponding thio-analogue has been 

synthesized (Scheme 3.1).  

 

Scheme 3.1 – Library of synthesized conjugates NDIs-Carbohydrates. 
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3.1.2 Synthesis of Compounds 
 

The key step in the synthesis of final conjugates was the copper-catalyzed azide-alkyne cycloaddition, which 

involved NDI bearing an alkyne and azide-modified sugar. Naphthalene diimides have been obtained 

exploiting a previously published protocol183, based on three reaction-steps (Scheme 3.2): di-bromo-

substitued naphthalenetetracarboxylic dianhydride 17 (Scheme 3.2) underwent to imidation reaction with 3-

(Dimethylamino)-1-propylamine and aminoethyl morpholine, in acetic acid, under reflux, to afford 18 and 

19. Both compounds were obtained as mixture, depending on the number of bromine atoms remained on 

the aromatic core, but they have been used for the subsequent step without no further purification. In the 

end, we have carried out a nucleophilic aromatic substitution on NDI core, with an excess of propargylamine, 

in acetonitrile, to obtain the corresponding NDI 20 and 21 (Scheme 3.1). In this case, due to their excellent 

water-solubility, they have been purified through reverse phase column chromatography.  

 

 

Scheme 3.2 - Synthesis of alkyne-modified NDIs 20 and 21; a) amine (3 eq.), acetic acid, reflux, 30 min.; b) propargylamine 

(3 eq.), acetonitrile, reflux, 16 hours. 

 

Even carbohydrates derivatives have been obtained exploiting a previously reported synthetic route187: 

briefly, starting from peracetylated trichloroacetimidate, reaction with 2-bromo-ethan-1-ol afforded 

compounds 22-25 (Step a-Scheme 3.3). Azide has been introduced through simple nucleophilic substitution 

reaction, performed with sodium azide, using DMF as solvent (Step c – Scheme 3.3). The final removal of 

acetate-protecting groups, in sodium methoxide, afforded the expected carbohydrates 38-41 (Step d- 

Scheme 3.3). Analogues thio-sugars have been synthesized exploiting the same synthetic procedures with 

the difference that the first step was performed in presence of 1-bromo-2-chloroethane and thiourea, to 

replace oxygen with sulphur (Step b – Scheme 3.3).  
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Scheme 3.3 - Synthesis of azido-sugars 38-45: a) 2-bromo-ethanol (1.1 eq.), BF3*OEt2 (1 eq.), anhydrous DCM, r.t., 30 

min; b) thiourea (1.1 eq.), BF3*OEt2 (2 eq.), acetonitrile, 1-bromo-2-chloroethane (2.5 eq.), Et3N (4 eq.), reflux-r.t., 15 

hours; c) NaN3 (10 eq.), DMF, r.t., 24-96 hours; d) sodium methoxide (2 ml/ 1 mmol of protected sugar), MeOH, r.t. 

 

All synthesized carbohydrates 38-45, were conjugated to NDIs 20 and 21 through copper-catalyzed 

cycloaddition (Scheme 3.4): reaction was carried out with catalytic amount of copper sulphate CuSO4*5H2O 

and sodium ascorbate, in 1:1 H2O: tBuOH mixture. In one hour, the reaction was completed, then the 

corresponding triazole products 1-16 were purified and isolated through reverse-phase column 

chromatography.  

 

 

 

Scheme 3.4 – General Synthesis of conjugates 1-16: a) sodium ascorbate (1 eq.), CuSO4*5H2O (0.1 eq.), H2O:tBuOH 1:1, 

r.t., 1 hour. 

 

In the end we have obtained sixteen new molecules, eight of them characterized by the presence of 3-

(dimethylamino)-1-propylamine and the others with morpholine amine. Moreover, the  synthesized NDI-

thiosugar conjugates, with the description of their structural features, are summarized in Table 3.1.  
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Entry -X Sugar NDI 

1 O Glucose 20 

2 S Glucose 20 

3 O Mannose 20 

4 S Mannose 20 

5 O Galactose 20 

6 S Galactose 20 

7 O Maltose 20 

8 S Maltose 20 

9 O Glucose 21 

10 S Glucose 21 

11 O Mannose 21 

12 S Mannose 21 

13 O Galactose 21 

14 S Galactose 21 

15 O Maltose 21 

16 S Maltose 21 

 

Table 3.1 – General Structure of NDI-carbohydrate conjugates 1-16 

 

 

3.1.3 Biological Activity 
 

NDI-Carbohydrates 1-16 have been designed as novel, fluorescent, G4 ligands but, in particular, to further 

improve the biological properties of previous synthesized compounds183, in terms of anticancer activity and 

cellular uptake. Then, we focused our attention mostly on the analysis of cytotoxicity of these compounds 

and, due to the recent discovery of G4 in the genome of some parasites, even on their antiparasitic activity. 

To this aim, we have performed a preliminary screening to evaluate their activity against two different cell 

lines, MRC5 (normal human lung fibroblast) and HT29 (colorectal adenocarcinoma), and cells were incubated 

with increasing amounts of ligands 1-16, at 37°C, for 3 days, then IC50 values (i.e. the concentration of ligand 

at which only 50% of cells survived) were determined through MTT assay and results are summarized in Table 

3.2.  
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 MRC5 HT29  

Entry  IC50 (µM) IC50 (µM) Selectivity Index (S.I.) 

1  0.92 ± 0.04 0.46 ± 0.09 2 

2  3 ± 2 0.7 ± 0.1 3.7 

3  0.9 ± 0.4 0.43 ± 0.01 2.2 

4  3 ± 2 0.9 ± 0.2 3.1 

5  1.9 ± 0.6 0.5 ± 0.2 3.9 

6  1.5 ± 0.2 0.3 ± 0.1 4.4 

7  1.8 ± 0.5 0.5 ± 0.3 3.8 

8  2.9 ± 0.4 0.3 ± 0.1 9.9 

9  7.9 ± 0.5 1.7 ± 0.5 4.4 

10  35 ± 12 28.9 ± 0.8 1.2 

11  30 ± 15 8 ± 4 7.2 

12  23 ± 2 3.3 ± 0.6 6.6 

13  10 ± 3 4 ± 2 2.9 

14  23 ± 6 26 ± 2 0.9 

15  52 ± 4 13 ± 5 4.0 

16  71 ± 10 14 ± 1 5.2 

 

Table 3.2 – Cytotoxicity of compounds 1-16 towards MRC5 and HT29 cells. a Standard Deviation. b Selectivity Index was 

measured as the ratio between IC50 on HT29 cells and IC50 on MRC5. 

 

In general, derivatives 1-8, bearing 3-(dimethylamino)-1-propylamine, displayed higher toxicity compared to 

morpholino-substitued NDIs, with IC50 values that, on HT29 cells, are below 1 µM. Moreover, compounds 5,6 

and 7 showed good selectivity towards cancer cells, evidencing thatthese compounds offer a therapeutic 

window to avoid damages on healthy cells. The most remarkable outcome was observed with NDI 8, 

characterized by excellent selectivity (10-folds higher) towards tumor cells. On the contrary, morpholino-

substitued NDIs 9-16 resulted to be less toxic, as demonstrated by their significantly higher IC50 values, on 

both MRC5 and HT29 cells. However, almost of them showed better specificity, compared to propylamino 

derivatives, towards HT29: in particular, 9, 11, 12 and 16 gave the best performances. Concerning the effects 

of thio-sugars, it does not seem that replacement of one oxygen atom influenced the toxicity or the selectivity 

in a significative manner, but, in case of compounds 1-8, presence of thio-analogues slightly increased the 

selectivity index, for each compound. From these experiments, compound 8 emerged for its elevated toxicity 

against tumor cells and the excellent selectivity index, suggesting that the presence of thio-maltose could be 

crucial to this purpose. Indeed, despite the less pronounced effect observed in this case, derivative 16, among 

all morpholino derivatives, displayed one of the highest selectivity.  

In order to further confirm these biological data, cellular uptake of compounds 1-16 was evaluated on HT29 

cells by flow citometry analysis. Cells have been incubated for 2 hours in presence of 10 µM of NDI, then their 

permeation into cells was measured, exploiting fluorescence emission of NDIs (λem = 485 nm and 550 nm). 

Results, summarized in Figure 3.1, clearly evidenced a noteworthy difference in uptake of 3-(dimethylamino)-

1-propylamine derivatives and morpholines: in fact, compounds 9-16 poorly penetrate into HT29 cells and 



65 
 

the highest uptake was observed with 14, that achieved 10%. This outcome suggests that the lower toxicity 

obtained through MTT assay, could be attributed to the fact that only a small fraction of compound can 

effectively permeate into the target cell. NDIs 1-8 displayed better permeation, with percentage above 20% 

with almost all compounds. Furthermore, it should be noticed that NDIs that showed higher toxicity 

penetrate more efficiently into HT29 cells. In more details, 5 and 6, characterized by the presence of 

Galactose, gave highest uptake percentages (30% and 26%, respectively), as 8 (27% of uptake), conjugated 

to thio-modified to disaccharide maltose, which resulted to be also the most toxic and selective compound.  

 

 

Figure 3.1 – Cellular Uptake percentages measured for compounds 1-16 on HT29 cells.  

 

Taken together, these results suggest that 8 is the most promising compound for potential therapeutic 

applications, because of its very high toxicity (IC50 = 296 nM on HT29 cells) and good selectivity (S.I. = 9.9) 

towards tumor cells.  

Biological activity of conjugates NDI-sugars is not limited to their anticancer activity and as previously 

anticipated, we have evaluated the toxicity of ligands 1-16 against T. Brucei and Leishmania Major and results 

are reported in Table 3.3.  

The obtained trend resembles the case of cells, with morpholine derivatives that display significantly lower 

cytotoxicity compared to NDIs modified with 3-(dimethylamino)-1-propylamine. Once again, no significant 

differences are observed between sugars and their thio-analogues. Conversely, compounds 1-8 gave 

outstanding results, displaying very elevated toxicity against T. Brucei: most of measured IC50 values are 

below 100 nM.  A particular interesting case is represented by the couple of compounds 5 and 6, bearing a 

Galactose and Thio-Galactose, respectively. Despite the only difference among them is the presence of sulfur 

atom on sugar moiety, they presented significantly different toxicity: in particular, 5 is the less toxic 

compound of the series (IC50 = 151 µM), while 6 is the one with more potent antiparasitic activity (IC50 = 37 

µM). Then, this outcome suggests that, in this specific case, the replacement of oxygen with sulfur in the 

sugar moiety, could be responsible of specific interactions that determine different biological activity.  
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Trypanosoma Brucei Leishmania Promastigote 

Entry IC50 (µM) IC50 (µM)  

1 0.08 ± 0.06 0.8 ± 0.1  

2 0.05 ± 0.02 1.4 ± 0.6  

3 0.05 ± 0.02 0.3 ± 0.03  

4 0.08 ± 0.06 1.5 ± 0.5  

5 0.15 ± 0.02 1.4 ± 0.1  

6 0.04 ± 0.01 0.74 ± 0.01  

7 0.06 ± 0.03 0.78 ± 0.05  

8 0.06 ± 0.04 0.5 ± 0.1  

9 0.31 ± 0.06 10 ± 1  

10 1.18 ± 0.07 30 ± 2  

11 2.1 ± 0.2 > 50  

12 0.7 ± 0.2 21 ± 1  

13 0.8 ± 0.3 7.7 ± 3.5  

14 0.8 ± 0.3 > 50  

15 3 ± 2 > 50  

16 3 ± 0.1 > 50  

 

Table 3.3 – Antiparasitic activity of compounds 1-16 against T. Brucei and Leishmania Major. 

 

Concerning the results on Leishmania M., the first thing that is possible to notice is that, in general, these 

compounds present significantly lower effects against this parasite and, in particular, morpholine derivatives 

can be considered almost non-toxic, with most of their IC50 values above 50000 nM. Again, NDIs 1-8 are 

definitely more toxic, and, in this case, it should be noticed that thio-sugars affect the biological activity of 

the compounds. In details, the most remarkable example is represented by 3 and 4: indeed, introduction of 

thio-mannose seems to dramatically decrease the toxicity of this scaffold (IC50 = 299 nM with 3 and 1525 nM 

with 4). Conversely, 5 and 6 showed the opposite behaviour: thio-maltose analogue resulted to be more 

toxic, with IC50 = 738 nM. For compounds 14 and 16, IC50 values have not been measured because they did 

not display any effect on parasite survival.  
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Figure 3.2 – A) Citotoxicity of NDIs 1-8 against MRC5 and T. Brucei; B) Selectivity Indexes between MRC5 and T. Brucei 

for compounds 1-8.  

 

The case of NDIs 1-8 is even more remarkable if a comparison between their toxicity on T. Brucei and normal 

human fibroblast MRC5 is performed: in fact, all compounds display potent toxic effect at very low 

concentrations, with only negligible effect on MRC5 survival. Selectivity indexes have been measured and, as 

it’s possible to observe, excellent specificity has been accomplished with basically each NDI. Once again, 8 

showed the most effective result, with S.I. = 49, together with the thio-glucose derivative 2, whose S.I. 

reached the maximum value (S.I. = 51). These observations are fundamentals, because not only evidenced 

that NDIs 1-8 display potent antiparasitic effects, but also that they can selectively act on parasites at low 

concentrations, with only low to null-side effects on human cells. 

From these experimental results emerged that, as expected, conjugates 1-16 showed interesting biological 

activity. In particular, dimethylamino derivatives 1-8 are characterized by higher toxicity against cancer cells 

and, among them, 8 displayed excellent selectivity, suggesting its potential use for therapeutic applications.  

 

3.1.5 Affinity for Telomeric Quadruplex 
 

Because of the relevant biological activity showed by compounds 1-16, against cancerous cells, we have also 

explored their binding properties towards specific quadruplex forming sequences, in particular with 

telomeric G4, F21T, whose stabilization induce significant anticancer activity. To evaluate the affinity of our 

ligands for the target, we have exploited Fluorescence Resonance Energy Transfer assay (FRET Melting assay). 

In this kind of experiments, oligonucleotide sequences modified with two fluorophores, is unfolded 

increasing the temperature (usually up to 95°C) and modification of the structure induces variation of the 

fluorescence signal intensity. Plotting the emission (at fixed wavelength) versus the temperature, the melting 

temperature of the oligonucleotide, in presence or in absence of a ligand, can be measured.  

Each ligand has been tested against F21T at two concentrations, 1 and 2 µM, and results reported here are 

the average of three different measurements. Data are summarized in Figure 3.3 and the first thing that it’s 

possible to notice is that binding affinities are in perfect accordance with biological data: indeed, NDIs 1-8, 

characterized by the presence of (dimethylamino)-propylamine, displayed significantly higher stabilization 

compared to morpholine derivatives, with values ranging from 13 to 24 °C. On the contrary, compounds 9-

16 displayed low affinity for the target, with melting temperatures that are never above 12°C, even at higher 

concentrations. Then, it should be underlined that the affinity for the target depends mostly on the amine 

introduced at the imide position of NDI, rather than the type of sugar introduced: indeed, from reported 

data, it appears evident that the nature of the sugar does not influence the stabilization property of the 

ligand. Similarly, replacement of oxygen with sulphur did not induce any significant variation of the affinity 

for the target.  
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Figure 3.3 – Results of FRET-Melting assay, performed on NDIs 1-16, at 1 and 2 µM, in presence of 0.2 µM of F21T, LiCaco 

10 mM, KCl 10 mM and LiCl 90 mM. 

 

Only in the case of NDIs 7 and 8, containing maltose and thio-maltose, respectively, a little variation of 

induced stabilization is observed: at 1 µM concentration, 7 displayed ΔTm = 13°C, which increased significantly 

with 8 (ΔTm = 17,8°C). However, the highest stabilization was afforded by compounds 4 (ΔTm = 20°C)., 

followed by 2 (ΔTm = 18,4°C), even if their toxicity was slightly lower compared to other scaffolds of the same 

series.  

The most interesting fact emerged from these experiments is the clear correlation between the quadruplex 

binding affinity and the toxicity against tumor cells, HT29: indeed, morpholine derivatives 9-16, that 

presented lower activity against cancer cells, induced also poor stabilization of the target. Conversely, NDIs 

1-8 are responsible of both elevated toxicity and higher stabilization of telomeric quadruplex, suggesting that 

their biological properties could be determined by interactions with the target also in the cellular 

environment.  

These interesting outcomes represents a good preliminary evaluation of the biological behaviour of 

synthesized ligands, but further experiments are mandatory to reinforce these data, as the evaluation of 

binding affinity of ligands for other common G4s and their selectivity in presence of double and single-

stranded DNA.  

 

3.1.6 Spectroscopic Properties 
 

To effectively determine if synthesized NDI-carbohydrate conjugates 1-16 could be exploited also as G4 

sensors, we have analyzed spectroscopic and fluorescence properties of one representative compounds, 8. 

The choice to analyze only one derivatives is reasonable justified by the fact the nature of amines in imidic 

positions and of the sugar, connected through an alkyl chain to the aromatic core of NDI, don’t affect 

absorption and emission properties of NDI scaffold. Indeed, what is really decisive is the presence of two 

electron-withdrawing imidic groups and the presence of electron-rich amine directly attached on 

naphathalene. Therefore, here we have reported the UV-VIS and fluorescence analysis of compound 8, 

bearing 3-(Dimethylamino)-1-propylamine and thio-maltose.  
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Initially, we have measured molar absorbivity of the substrate in both DMSO and water solution: in details, 

increasing amount of a stock solution of 8 (C = 2.7 mM) have been added to 3 ml of solvent, up to 35 µM 

concentration, and analyzed with UV-VIS spectrophotometer. As reported in Figure 3.4, molar absorptivities 

were not significantly different in water and DMSO solution and they displayed similar values. In the spectra, 

is it possible to observe the typical π-π* absorption band of NDI core, with double peak at 354 and 375 nm, 

and the charge-transfer band (CT), with maximum at 514 nm, originated by presence of electron-rich amine 

on aromatic core of NDI.  

 

 

Figure 3.4 – UV-VIS Aborption of compound 8 in Water.  

 

At this point, we have investigated its fluorescence properties, again in water and in DMSO solution. Their 

emission has been compared at 27 µM concentration, upon excitation at λ = 350 nm in water and λ = 310 nm 

in DMSO.  As it is possible to observe in Figure 3.5, fluorescence intensity was significantly higher in water 

and moreover, in this case the maximum emission was recorded at 580 nm, while in DMSO was at 568 nm.  

 

 

Figure 3.5 – Fluorescence emission of 8 (C = 27 µM) in water and DMSO.  
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To confirm these qualitative observations, we have measured fluorescence quantum yields (Φf) in both 

solvents, using DAPI (4′,6-diamidino-2-phenylindole) as standard reference. The experiment was performed 

adding increasing volumes of stock solution of 8, in 3 ml of solvent, up to 30 µM concentration. Each value, 

reported in Table 3.4, is the result of three different measurements. As expected, quantum yield in water 

was almost one order of magnitude higher compared to DMSO and was equal to 0.15 ± 0.04, an excellent 

outcome, that confirmed that NDI-carbohydrate can efficiently employed as sensor in physiological 

environment.  

Φf  (H2O) Φf  (DMSO) 

15 ± 4 2 ± 1 
 

Table 3.4 – Fluorescence Quantum Yield of compound 8 in water and DMSO. 

 

3.1.5 Conclusions 
 

This first part of the work has been focused on the design and the synthesis of novel conjugates NDI-

carbohydrates, to explore the effect of monosaccharides or disaccharides on the biological activity of these 

well-known quadruplex ligands, in particular as both anticancer and antiparasitic agents. The presence of NDI 

scaffold offers the possibility to exploit these derivatives also as a fluorescent probes: spectroscopic analysis 

of compound 8 confirmed this possibility. Indeed, not only they present absorption in the visible region, 

centred at 500 nm, but they display the highest emission intensity in water solution, at 580 nm, with a 

fluorescence quantum yield which is competitive with some of the most common employed fluorescent dyes, 

such as cyanines.  

Biological assays demonstrated that introduction of carbohydrates was a successful strategy: NDIs 1-16 

affected in a significant manner the survival of cancer cells and, in particular, 3-(dimethylamino)propylamino 

derivatives displayed a more pronounced effect. In this context, compound 8 emerged not only for its effect 

towards tumour cells, but in particular for its excellent selectivity, which could offer a potential therapeutic 

window.  

Additionally, NDIs-sugars showed also interesting antiparasitic activity, with more marked effects on T. 

Brucei. IC50 determined against this parasite were significantly lower, compared to values obtained with cells, 

and highest toxicity was observed with Thio-Galactose derivative 6. Furthermore, IC50 values measured 

against T. Brucei are significantly lower than values recorded on normal human fibroblasts, evidencing that 

these NDIs could be exploited as selective antiparasitic drugs, with low side effects on normal human cells.  

The last interesting observation that could be highlighted is that, from these studies, most remarkable results 

have been accomplished with thio-carbohydrates, especially in the case of the NDIs 8, and 6, the most toxic 

on T. Brucei, and 2, that emerged for its unprecedented selectivity towards the parasite.  

FRET-Melting analysis clearly highlighted the excellent affinity of the ligands 1-8, for telomeric quadruplex, 

evidencing that their promising antitumor activity could be determined by their interaction with the target 

in physiological environment. Obviously, additional experiments are required to effectively confirm this 

hypothesis, analysing their affinity for other quadruplex sequences and double and single-stranded DNA.  

These encouraging preliminary results represent a solid base for further investigations of the behaviour of 

these conjugates: in particular, the elucidation of their mechanism of action is necessary, to understand if 

they could effectively be used as anticancer and antiparasitic agents at therapeutic levels.  
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4.1 Towards Alternative Targeting Strategies: Quinone Methides 
 

4..1 Development of Bi-functionals Photo-Alkylating Ligands 
 

4.1.1 State of Art and design of ligands 
 

In the quadruplex research field, photo-activable molecules are attracting significant attention, as described 

in the Introduction.  

An approach that resulted to be particularly promising, but it is still little explored, is the formation of a 

covalent bond with the target. The advantage of this approach relies on the possibility to “lock” the ligand 

on its specific target, reducing off-target interactions and possible collateral and undesired process.   

Quinone Methides (QMs) are particularly suitable to this purpose: they can be easily photogenerated by 

different types of precursors and have already been employed to target both proteins152 and nucleic acids138. 

Photogeneration of quinone methides have been extensively studied by Freccero’s group188 and it has been 

demonstrated that it is highly efficient using Mannich bases and their corresponding ammonium salts, as 

light-responsive precursors.  

However, in order to achieve selective targeting of quadruplex structures, in cellular environment, quinone 

methide precursors should satisfy two requirements: 1) high affinity for the target, to ensure selective 

alkylation of the target, avoiding side-processes; 2) biocompatible activation wavelength, to prevent DNA 

damages.  

Then, this part of the project has been focused on the design and the synthesis of novel quadruplex ligands, 

bearing not one, but two quinone methide precursors, to induce cross-alkylation of the DNA sequence, that 

reinforce the bond with the target and avoid possible off-target migration155. Moreover, the simultaneous 

presence of two precursors, should increase the cross-section, without affecting the photoreactivity, leading 

improved efficiency of the overall process.  

 

 

 

Scheme 4.1 – V-Shaped Ligands synthesized as novel Quinone-Methide Precursors. 
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For what concern the structure of the compounds, we designed novel “V-shaped” ligands (Scheme 4.1): this 

choice was driven by the recent discovery that non cyclic structure with this particular structural shape, 

constituted by non-fused aromatic rings, presented high affinity for several quadruplex forming sequences108. 

On this basis, we have developed six novel compounds, QMP1-QMP6 (Scheme 4.1), characterized by three 

aromatic phenyl rings and, in the case of QMP5 and QMP6, by one phenyl ring and two naphthalene moieties, 

connected through two alkyne spacers: this particular disposition has been driven by the necessity to realize 

a fully conjugated system, in order to red-shift the wavelength of activation of these compounds.  

For each ligand, we have investigated their photochemical behaviour, evaluating the efficiency of the 

generation of corresponding quinone methides, and the products formed by this photochemical 

transformation. In a second moment, we have analyzed their affinity for several quadruplex forming 

sequences through FRET-Melting assay and Circular Dichroism analysis and, in the end, their ability to alkylate 

specific quadruplex has been determined.  

 

4.1.2 Synthesis of the Compounds  
 

For the synthesis of compounds QMP1-QMP6, two different synthetic strategies have been adopted, one for 

QMP1-QMP4 and the second one to produce the two naphthalenic-based derivatives QMP5 and QMP6.   

The key steps of the adopted protocols are Sonogashira cross-coupling exploited to conjugate the different 

aromatic moieties. In details, synthesis of precursors QMP1-QMP4 started from commercially available m-

iodophenol (48) and p-Iodophenol (49). The first step was based on a Mannich reaction, to introduce the 

dimethylamino group in orhto-position, respect to hydroxy group, fundamental for the subsequent 

generation of quinone methide (Step a in Scheme 4.2). These reactions were carried out in presence of 

paraformaldehyde and dimethylamine and were refluxed in ethanol for two hours, to afford the desired 

product in moderate yield (33%). After purification through column chromatography, 46 and 47 have been 

employed for the subsequent Sonogashira cross-coupling with 1,3-diethynylbenzene (Step b in Scheme 4.2). 

High amount of catalyst (10% of Bis(triphenylphosphine)palladium chloride [Pd(PPh3)2]Cl2) and copper iodide 

(10%) afforded the desired products, QMP1 and QMP3, in 39% and 20% yield, respectively, even after 16 

hours at 60°C, evidencing the poor reactivity of this scaffold. Quantitative methylation of these two products 

was achieved upon treatment with an excess of iodomethane, in presence of sodium acetate, for two days, 

at room temperature (Step c in Scheme 4.2).  

 

 

 

Scheme 4.2. – Procedure for the synthesis of QMP1-QMP4: a) Paraformaldehyde (18 eq.), HNMe2 (33% solution in 

ethanol), EtOH, reflux, 2h; b) [Pd(PPh3)2]Cl2 (10%), CuI (10%), 1,3-diethynylbenzene (1 eq.), THF:TEA 2:1, 60°C, 16h  ; c) 

CH3I (5 eq.), NaOAc (1 eq.), ACN, r.t., 2d.  
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Synthesis of two-naphthalene based precursors required more synthetic steps, starting from compound 55: 

reductive dehalogenation with tin, in refluxed acetic acid, led to carboxylic acid 54 (Step a in Scheme 4.3) 

with quantitative yield. The corresponding amide 53 was obtained in 93% yields in two-steps: treatment of 

54 with thionyl chloride generated the intermediate acyl chloride, reacted with dimethylamine solution in 

Schotten-Baumann conditions, in presence of sodium hydroxide (Step b and c in Scheme 4.3). To obtain 

Mannich-base 52, we have performed a reduction with lithium aluminium hydride. Finally, in this case we 

have exploited Sonogashira cross-coupling to conjugate the alkyne to naphthalene unit: in this case, reaction 

was performed with lower amount of palladium complex (4%) and copper iodide (4%), in pure triethylamine 

and, after only two hours under reflux, product formation was completed. Deprotection of trimethylsilyl with 

potassium carbonate, in methanol solution, afforded the final precursor 50, used for the synthesis of QMP5 

and QMP6.  

 

Scheme 4.3 – a) Sn (1.3 eq.), HCl 37% :CH3COOH (1:3), reflux, 12h; b) SOCl2, reflux, 4h; c) HNMe2 (11% in EtOH), NaOH 

(1.2 eq.), DMC, 0°C, 1h; d) LiAlH4 (2.5 eq.), THF, 0°C-reflux, 2h; e) ehtynyltrimethylsilane (4 eq.), [Pd(PPh3)2]Cl2 (4%), CuI 

(4%), TEA, 80°C, 1h; f) K2CO3 (4 eq.), MeOH, r.t., 2h.  

 

Finally, the synthesis of two final products, QMP5 and QMP6, have been accomplished in two-reaction steps: 

50 was used for a second Sonogashira cross-coupling with commercially available 1,3-diiodobenzene, using 

the same procedure described previously, with 4% of palladium catalyst, in pure triethylamine. After only 

two hours at 80°C, QMP5 was obtained in 86% yield (Step g in Scheme 4.4). Subsequent methylation, with 

iodomethane (Step h in Scheme 4.4), afforded the final product, QMP6, in quantitative yield.  

 

Scheme 4.4 – Synthesis of QMP5-QMP6: g) 1,3-diiodobenzene (0.5 eq.), [Pd(PPh3)2]Cl2 (4%), CuI (4%), TEA, 80°C, 2h; h) 

CH3I (5 eq.), NaOAc (1 eq.), ACN, r.t., 2d. 
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4.1.3 Spectroscopic Properties and Photochemical Behaviour 

In a first moment, we have analyzed absorption profile of compounds QMP1-QMP6, to identify the most 

suitable wavelengths for photoactivation. Spectra have been recorded in pure water and in buffered solution 

at pH 7.2 (KCl 100 mM, LiCaco 10 mM) and they are reported in Figure 4.1. Phenyl derivatives QMP1-QMP4 

presented maximum absorption among 290 and 299 nm in water, that is red-shifted up to 320 nm in buffered 

solution. Conversely, replacement of two phenyl ring with two naphthalene units had a strong impact on UV-

VIS profile: the highest peak is centered at 325 nm and showed a very large band, whose tail is extended to 

400 nm, suggesting that activation of precursors could be performed almost in the visible region.  

 

Figure 4.1 - Ligand molar absorptivity in water and in 10 mM lithium cacodylate buffer (pH 7.2), 100 mM KCl. 

 

Moreover, as it’s possible to observe in Figure 4.1, pH has a significant impact on the absorption properties 

of the compounds, in particular on QMP1, QMP2, QMP5 and QMP6: at pH 7.2, the hydroxy group is partially 

deprotonated and the present of a negative charge induces a red-shift of maximum peaks of the spectra. 

These data are summarized in Table 4.1 and, as it’s possible to observe, molar absorptivity is rather similar 

for all derivatives. Furthermore, these data evidenced that activation of these compounds can be perfomed 

at more compatible wavelengths, as 365 nm and, for some of them, even at 400 nm.  
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Ligand Solvent λmax (nm) εmax(M−1 cm−1 ) λAbs tail (nm) 

QMP1 

 

QMP2 

 

QMP3 

 

QMP4 

 

QMP5 

 

QMP6 

Water 

Buffer 

Water 

Buffer 

Water 

Buffer 

Water 

Buffer 

Water 

Buffer 

Water 

Buffer 

299 

320 

291 

320 

291 

291 

291 

291 

325 

325 

325 

325 

5.24·104 

 

6.28·104 

 

5.80·104 

 

6.28·104 

 

4.08·104 

 

4.08·104 

 

340 

380 

340 

380 

327 

327 

327 

327 

380 

410 

380 

410 

 

Table 4.1 – Absorption properties of compounds QMP1-QMP6 in water and in buffer (KCl 100 mM, LiCaco 10 mM, pH 

7.2). 

In a second moment, we began the evaluation of their photoreactivity, to verify their ability to undergo to 

photolysis and generate the corresponding intermediate quinone methide. To this aim, we have measured, 

for each derivative, photolysis quantum yields (Φ) of substrate consumption, a photochemical parameter to 

indicate the rate of precursor photolysis and intermediate generation, taking into account the photon 

absorbed by the substrate. Then, we have irradiated compounds QMP1-QMP6 at 313 nm, in 1:1 ACN: 

buffered solution at pH 7.4 (phosphate buffer 50mM), with a high-pressure mercury lamp, previously 

calibrated by ferrioxalate actinometry. Quantum yields have been determined applying the following 

equation:  

Φ (313 nm) = (mol of tetrazoles reacted) / mole of absorbed photons 

and monitoring substrate consumption through HPLC analysis. Irradiation of precursors QMP1, QMP3 and 

QMP5 resulted in very low quantum yields values, as reported in Scheme 4.5, and, even after 30 minutes of 

irradiation, only low substrate conversions were accomplished (never above 30%). On the contrary, 

ammonium salts QMP2 and QMP4 showed efficient photolysis (Φ= 0.15 and Φ= 0.25, respectively) and 

almost complete substrate conversion (90%) was achieved only in 9 minutes of irradiation. This marked 

difference in photoreactivity depends on the fact that ammonium salts are better leaving groups, compared 

to neutral dimethylamino derivatives. Interestingly, QMP6, displayed only low conversion in these 

experiments, despite the presence of two ammonium salts.  
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Scheme 4.5 – Photolysis Quantum Yields and photoproducts observed for QMP1-QMP6. 

Quinone methides are reactive intermediate, not stable in solutions, whose lifetime is in the order of 

milliseconds, therefore their formation can be proved only in two ways: 1) through laser-flash photolysis 

(which allow the analysis of short-living intermediates) and 2) through isolation of products originated by the 

reaction of quinone methide with species present in solution. In our case, to evidence QM generation, we 

decided to adopt the second strategy and we have irradiated our compounds on a preparative scale, to 

isolate and characterize photoproducts derived by addition to water (Scheme 4.5). To this purpose, we have 

irradiated our compounds with multi-lamps photoreactor (Rayonet), with two lamps (32W) at 310 nm, and 

different outcomes have been observed, depending of the type of substrate. In details, Mannich-bases QMP1 

and QMP3 showed not only low reactivity but, even with long irradiation times (up to 90 minutes) the major 

products formed were not the expected 56 and 59 (Scheme 4.5), but 62 and 63 (Scheme 4.6), derived from 

the photohydration of one of alkyne moiety. Further experiments demonstrated that this byproduct was 

formed exclusively upon photoirradiation and it was not the result of a ground state reactivity. The expected 

quinone methide derivatives, 56 and 59 are produced only in traces (<1%) and their formation has been 

detected only through LC-MS analysis.  

 

Figure 4.2 – ESI-MS analysis of hydration product 62. 
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On the contrary, ammonium salts QMP2 and QMP4, in accordance with quantum yields measurements, 

displayed elevated photoreactivity and, only after 30 minutes in the photoreactor, substrate was completely 

consumed (conversions above 90%). Moreover, in this case we have demonstrated the formation not only 

of the expected adducts 57 and 60, but even of bis-hydration products, 58 and 61. It should be highlighted 

that, with these compounds, hydration of alkyne moiety has not been observed, even in trace.  

 

 

Scheme 4.6 – Photogeneration of hydrated alkynes 62 and 63. 

 

These experiments evidenced the different reactivity of synthesized precursors, strongly affected by the 

nature of the leaving group, which could consequently lead to different alkylation efficiency of quadruplexes. 

However, isolation of hydration products 57, 58, 60 and 61 represents a solid proof of quinone methide 

photogeneration and formation of mono- and bis-adducts could result in corresponding mono- and bis-

alkylation of DNA, as assumed during design of the molecules.  

 

4.1.4 Biophysical Assays 
 

To evaluate the binding affinity and selectivity of QMP1-QMP6 for quadruplex structures, different 

biophysical assays have been performed, including FRET-Melting and Circular Dichroism Analysis. 

Stabilization properties of our ligands have been evaluated towards a small pool of quadruplex forming-

sequences, differing for the type of topology: the telomeric F21T, two variants of parallel c-MYC (FMycT and 

F(Pu24T)T), differing for the size of central loop, c-KIT2, the human minisatellite repeat native sequence 

FCEB25wtT, a sequence from BCL2 (FBcl2T) and antiparallel telomeric F21CTAT. Experiments were performed 

with 0.2 µM of oligonucleotide in presence of 2 µM ligand and, in general, no one of the tested compounds 

showed remarkable stabilization properties. The best outcomes have been observed with QMP2 (ΔTmF21T= 

7.9°C and and ΔTmFMycT= 8.1°C)- and QMP6 (ΔTmF21T= 7.1°C and ΔTmFMycT= 8.1°C - in the presence of F21T and 

FMycT, respectively).  
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Figure 4.3. - FRET-melting experiments in the presence of F21T, F(c-KIT2)T, F(Myc)T, F(Pu24T)T, F(21CTA)T, F(CEB25wt)T, 

and F(BCL2)T (0.2 µM). Experiments were performed with LiCaco 10 mM (pH 7.2), LiCl 99 mM and KCl 1 mM (LiCl 90 mM 

and KCl 10 mM for F21T and F(21CTA)T), in presence pf QMP1-QMP6 (2 µM). Standard deviation is the result of three 

different measurements. 

 

Despite a marked selectivity towards a specific topology has not been individuated, further experiments have 

been performed on telomeric F21T and on F(Pu24T)T, to demonstrate their effective ability to interact with 

the target. FRET-melting experiment on these two oligonucleotide sequences has been repeated in presence 

of increasing concentrations of ligands QMP1-QMP6, up to 20 µM (corresponding to 100 eq.), and with 

PhenDC3, as a reference: in Figure 4.4, ΔTm values are reported as a function of compound concentration 

and, as it is possible to observe, at only 2 µM, there’s no significant difference in the stabilization induced by 

different compounds. Gradually increasing the concentration, a specific trend can be observed, which is 

basically the same with both oligonucleotides: in details, QMP6 showed highest stabilization properties, with 

ΔTm = 33°C and 29°C for F21T and F(Pu24T)T, respectively, at 20 µM. It was followed by its corresponding 

Mannich-base, QMP5, while phenyl derivatives showed significantly lower stabilization, even at elevated 

ligand concentration, with QMP3 and QMP4 presenting slightly better efficiency. It seems that the 

interactions with the target are more influenced by the substituents disposition (meta or para) rather that 

the nature of the leaving group.  
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Figure 4.4 - ΔTm dependence of (A) F21T and (B) F(Pu24T)T as a function of ligand concentration. (A) Experiments 

performed with DNA 0.2 μM, LiCaco 10 mM (pH 7.2), LiCl 90 mM and KCl 10 mM; (B) Experiments performed with DNA 

0.2 μM, LiCaco 10 mM (pH 7.2), LiCl 99 mM and KCl 1 mM. QMP1-QMP6 were used in concentration from 0 µM up to 

20 µM. PhenDC3 was used as a reference compound. 

 

Once that their ability to interact with G4s has been assessed, the selectivity of ligands QMP1-QMP6 have 

been tested in presence of increasing concentrations of non-fluorescently labelled, double-stranded DNA 

(ds26), again through FRET-Melting assay. With F(Pu24T)T, due to the lower stabilization observed 

previously, the experiments have been carried out in presence of 100 eq. of compounds. Measures were 

recorded at 0, 3 and 10 µM of double-stranded DNA and, as reported in Figure 4.5, all compounds displayed 

good selectivity and the ΔTm, for each compound, remained basically unaffected in presence of the 

competitor. This result evidenced that, despite the poor stabilization properties of quinone methide 

precursors, they are able to interact selectively with the desired target, even in a more complex environment. 

 

 

Figure 4.5 - FRET-melting competition assay with (A) F21T and (B) F(Pu24T)T in the absence and in the presence of 

double-stranded DNA competitor (ds26).  (A) Experiments performed with F21T 0.2 μM, compounds 1 μM, ds26 0, 3, or 

10 μM (black, dark gray, and gray bars respectively), LiCaco 10 mM (pH 7.2), LiCl 90 mM and KCl 10 mM; (B) Experiments 

performed with F(Pu24T)T 0.2 μM, compounds 20 μM, ds26 0, 3, or 10 μM (black, dark gray, and gray bars respectively), 

LiCaco 10 mM (pH 7.2), LiCl 99 mM and KCl 1 mM.  
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To obtain more details about the interactions of quinone methide precursors with telomeric quadruplex 

(22AG sequence), we have performed CD titrations to measure the binding affinity constants. Experiments 

have been performed on pre-folded oligonucleotide in K+ and in Na+-rich buffer, to examine their behaviour 

with two distinct topologies (hybrid 3+1 and antiparallel, respectively). In potassium-rich buffer, dichroic 

signal of 22AG showed a peak at 293 nm, a shoulder at 265 nm and a trough at 240 nm, coeherently with 

description reported in literature189. Upon addition of increasing concentrations of ligands, variation of the 

intensities of different bands are observed: in general, an increase of the intensity of the band at 293 nm was 

observed, together with hypsochromic shift of 3 nm, except in case of QMP4, for which no one of these 

effects was observed. As reported in Figure 4.6, the presence of isodichroic points, wavelengths at which the 

signal intensity remains stable, evidenced a “two-state model”, an equilibrium based on the formation of 

single DNA-bound species from free oligonucleotide, with no formation of other intermediates. This 

behaviour has been observed for ligands QMP1-QMP4, indeed, all of them presented a clear isodichroic point 

at 240 nm. Conversely, naphthalene derivatives QMP5 and QMP6 did not show any clear isoelliptic point, 

suggesting that, in presence of these compounds, more bound structures contribute to the equilibrium.  

Another interesting fact that should be underlined is the increasing band above 300 nm, found in the spectra 

of QMP3, QMP4, QMP5 and QMP6: since DNA does not absorb at that wavelength, it has been reasonably 

attributed to the induced CD spectra of the ligands, due to the chiral environment. 

 The same titrations were performed in Na+-rich buffer, condition that determine the folding of 22AG into an 

antiparallel quadruplex: indeed, the spectra of oligonucleotide alone, is characterized by a positive band at 

295 nm and a negative one at 245 nm. Upon addition of increasing concentrations of ligands, except QMP5, 

a significant increase of the ellipticity at 260 nm was observed, accompanied by a 2nm bathochromic shift. 

Moreover, as in the previous experiment, isoelliptic points have been identified, confirming, also in the case, 

a two-states equilibrium between the bound and free DNA. QMP5 showed a completely different behaviour 

from other compounds: band at 293 significantly increased, together with hypsochromic shift of 5 nm. The 

induced CD signal is clearly visible in the spectra of QMP3, QMP4, QMP5 and QMP6, but no with other two 

ligands. From these experiments, it has been possible to calculate binding affinity for all compounds except 

QMP5, due to its unusual behaviour. Data are reported in Table 4.2 and, as it’s possible to observe, we have 

obtained dissociation constants in the micromolar range for all quinone methide precursors, in either K+ and 

Na+ rich solution, therefore they present only moderate affinity.  

Despite both FRET-Melting analysis and Circular Dichroism evidenced a low affinity of these compounds for 

G4s, they also indicated good selectivity and, moreover, we should not forget that the aim of this ligand is to 

alkylate DNA upon photoactivation, therefore, stronger interactions could be achieved after exposure to 

light.  
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Figure 4.6 – CD Titrations of QMP1-6 with 3 µM 22AG in K+- and Na+ rich buffer. Conditions for A,C,E,G,I,K): 10 mM 

lithium cacodylate buffer (pH 7.2), 100 mM KCl. Conditions for B,D,F,H,J,L): 10 mM lithium cacodylate buffer (pH 7.2), 

100 mM NaCl. 
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Ligand Kd.K+ (M) Ka.K+ (M-1) Kd.Na+ (M) Ka.Na+ (M-1) 

1 

 

2 

3 

4 

5 

 

a6 

9.6(±0.6)·10-6
(λ250) 

5.9(±0.7)·10-6
(λ290) 

23.3(±15.3)·10-6
(λ290)

 

5.0(±2.8)·10-6
(λ255)

 

6.5(±1.0)·10-6
(λ255)

 

31.9(±21.8)·10-6
(λ250) 

14.2(±3.2)·10-6
(λ290) 

4.6(±1.0)·10-6
(λ267)

 

1.0(±0.3)·105
(λ250) 

1.7(±0.2)·105
(λ290) 

0.43(±0.8)·105
(λ290)

 

2.0(±0.7)·105
(λ255)

 

1.5(±0.3)·105
(λ255)

 

0.31(±0.7)·105
(λ250) 

0.70(±0.2)·105
(λ290) 

2.2(±0.4)·105
(λ267)

 

13.3(±0.3)·10-6
(λ263) 

 

18.1(±3.5)·10-6
(λ261)

 

5.6(±2.2)·10-6
(λ263)

 

7.1(±3.6)·10-6
(λ263)

 

- 

- 

58.8(±1.6)·10-6
(λ263)

 

0.75(±0.01)·105
(λ263) 

 

0.55(±0.7)·105
(λ261)

 

1.8(±0.5)·105
(λ263)

 

1.4(±0.9)·105
(λ263)

 

- 

- 

0.17(±0.01)·105
(λ263)

 

 

Table 4.2 - Binding constants measured using a non-linear regression with the Hill equation, at proper wavelength 

(maximum of the ICD spectrum of  QMP1-QMP6).  

 

4.1.5 Photochemical Reactions on G4s 
 

In the end, we have evaluated the ability of quinone methide precursors to effectively form a covalent bond 

with G4, with 22AG and Pu24T, upon activation with light. In details, we decided to exploit the extended 

absorption tail of the ligands and perform experiments through irradiation at 365 nm, reducing possible DNA 

damages. To explore the reactivity of the ligands, we have irradiated 22AG in presence of different 

concentrations of QMP1-QMP6, for various times, and formation of covalent adducts has been evidenced 

through denaturing gel electrophoresis analysis. In the first tests, it emerged that QMP1, QMP2 and QMP4 

are able to alkylate DNA (Figure 4.7), while in presence of other three ligands, no product has been detected. 

These results are in accordance with the photochemical studies: indeed, higher alkylation efficiency has been 

observed with QMP2 and QMP4, which displayed not only highest quantum yields, but also formed the 

corresponding bis- and mono-adduct with water, in significant amount. For Mannich base QMP1, low 

quantum yield was measured, and the hydrated QM was found only in trace, but its generation is confirmed 

also by these experiments, due to its ability to alkylate the DNA. The absence of alkylation observed with 

QMP3 could be attributed to both the absence of absorption at the activation wavelength and to the low 

photolysis efficiency. Concerning naphthalene derivatives, their complete absence of reactivity could be 

attributed to their insufficient photoreactivity.  

Best performances were achieved with QMP2: indeed, different ligand concentrations (from 1 to 10 

equivalents compared to 22AG), in 60 minutes of irradiation, afforded from 6.7 to 27.9% of DNA alkylation 

efficiency. Good outcomes have been obtained also with the other ammonium salt, QMP4, that induced 

good alkylation yields (11.3-22.0%). It has been noticed that, at highest concentration, quinone methide 

precursors display also significant thermal activation, therefore ithas been determined that the ligand/G4 

DNA 2:1 ratio represented the optimal condition to achieve both good yields and low thermal activation.  



84 
 

 

Figure 4.7 - A) Denaturing gel electrophoresis (15% acrylamide) of the adducts formed with 22AG (10 µM) in  K+ buffer 

(100 mM) with QMP2 (10, 20, 50, and 100 µM). B) Analysis of alkylation yield of the telomeric sequence 22AG (10 µM, 

100 mM K-rich buffer) obtained upon irradiation in presence of QMP1, QMP2, and QMP4 (10, 20, 50, and 100 µM). 

Yields of alkylation were reported also for dark experiment.  

Therefore, the experiments were repeated, in these conditions, with both 22AG and Pu24T, at 10 µM, in 100 

mM K-rich buffer, in presence and in absence of 20 µM of QMP1, QMP2 and QMP4.  Moreover, the 

corresponding dark reactions were performed, to verify the absence of thermal activation. After 8 hours of 

irradiation, QMP2 and QMP4 afforded highest alkylation yields (26-19 % with 22AG, 21.4-13.2% with Pu24T), 

while QMP1, characterized by low reactivity, displayed only low yields on both targets (8.6 % with 22AG, 8.1 

% with Pu24T).  
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Figure 4.8 – Alkylation yields of A) 22AG and B) Pu24T (10 µM, 100 mM K-rich buffer) at different irradiation times (0, 

0.25, 0.5, 1, 2, 4, and 8 hours) in the presence of QMP1, QMP2, and QMP4 (20 µM) or in the absence of ligand. C) 

Denaturing gel electrophoresis (15% acrylamide) of the alkylation adducts generated in presence of 22AG and Pu24T (10 

µM) in K+ buffer (100 mM) with QMP2 (20 µM). Experiments 1 and 8 are performed in dark condition.  

 

Then, the selectivity of the process was investigated, and irradiation has been repeated on 22AG (that 

resulted to be the preferred target), with increasing concentrations of duplex DNA (ds26), up to 10 

equivalents. As it’s possible to notice in Figure 4.9, QMP4 was only slightly affected by the presence of DNA, 

while efficiency of QMP1 and QMP2 decreased significantly (up to 50%), evidencing that substituents 

disposition strongly influence the interaction with the target and, in meta-derivatives, quinone methide is 

placed in a more favorable position for the alkylation.  

 

 

Figure 4.9 – Alkylation yields obtained with  human telomeric sequence 22AG (10 µM, 100 mM K-rich buffer) in presence 

of QMP1, QMP2, and QMP4 (20 µM) in the absence (black bars) or in the presence of ds 26 competitor (10, 20, 50, and 

100 µM). 

 

To individuate the alkylation sites of these three ligands, further MALDI-TOF MS spectrometry has been 

carried out on the reaction mixture produced by irradiation of 20 µM of QMP1, QMP2 and QMP4, in presence 

of 10 µM 22AG. Analysis of compound QMP1 evidenced that this ligand did not produce any alkylated 

product. The situation was remarkably different in presence of two ammonium salts: with QMP2, two mono-

charged product peaks were observed, one main product at [M+H]+ = 7358.2 Da, corresponding to the mono-

alkylated 22AG, and the other one with molecular mass [M+H]+ = 7299.7 Da, associated to the cross-linked 

product generated by bis-alkylation of 22AG, in accordance with preliminary photochemical studies, where 

formation of both mono and bis-hydrated QMs were detected. A similar behavior was observed with QMP4, 

that showed not only the formation of the mono- and bis-alkylated products, but even a third mono-charged 

peak with mass [M+H]+ = 7319.0 Da, attributed to the mono-alkylated 22AG where the second activable 

moiety of QMP4 reacted with water instead of the nucleobase.  

Finally, digestion experiments with snake venom phosphodiesterase I (digestion from 3’-end) and calf spleen 

phosphodiesterase II (digestion from 5’-end), followed by MALDI-TOF analysis, have been exploited to 

determine the alkylation sites of quinone methides, in particular of QMP2, which afforded highest alkylation 

yields: after 30 minutes, enzymes phosphodiesterase I wasn’t even able to start the digestion of the 

sequence, which is the time employed by the same enzyme to completely hydrolyze the unmodified 
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sequence. After overnight treatment, only the first guanine at 3’-end was partially digested while, on 5’-end, 

phosphodiesterase II displayed a remarkably slower DNA fragmentation. Taken together, these data pointed 

out that ligand was placed in proximity of 3’-end and, in this position, completely blocked the activity of 

phosphodiesterase I and slowed down the digestion in the opposite direction.  

 

 

4.1.6 Conclusions 
 

The design of novel photoactivable quinone methide precursors led to the development of six novel ligands, 

bearing two photoreactive units, introduced as neutral Mannich bases or ammonium salts. Analysis of their 

photochemical behaviour demonstrated the high reactivity of the second type of derivatives. QMP2 and 

QMP4, able to effectively generate the corresponding quinone methide. On the contrary, the other 

compounds reacted very slowly upon irradiation and we have observed that, even at high substrate 

conversion, the principal product obtained from these processes was not the expected adduct with water, 

but the product arising from the hydration of the alkyne. FRET-Melting assays and CD analysis highlighted 

that these types of compounds have moderate affinity (in comparison to potent G4 ligands) for quadruplex 

structures, as it can be deduced from their low melting temperature values. However, the most positive 

evidence was their good selectivity: indeed, increasing concentrations of duplex DNA only slightly affected 

the stabilization properties of quinone methide precursors. A similar behaviour was observed during 

alkylation experiments, particularly with QMP4. Results of photochemical experiments in presence of G4s 

reflected the reactivity free solution and ammonium salts QMP2 and QMP4 showed highest alkylation 

efficiency, especially on telomeric 22AG sequence, and formation of the expected adducts with DNA have 

been further confirmed by MALDI-TOF analysis.  

Then, we managed to obtain two efficient photo-alkylating ligands for telomeric quadruplex, however, 

despite our initial hypothesis, we have observed low reactivity and efficiency with two naphthalene-based 

ligands, QMP5 and QMP6: indeed, although they presented a more extended conjugated system and 

absorption almost in the visible region (tails up to 400 nm), they showed very low reactivity and products 

derived from quinone methide were not even observed. Another fact that should be underlined is that these 

precursors displayed also good affinity and selectivity for the target, compared to phenyl derivatives, 

indicating that introduction of a larger aromatic surface was a useful strategy. Therefore, a deeper analysis 

to clarify the reason of their low efficiency and optimize their structure and reactivity should be conducted, 

to develop even more efficient and biocompatible quadruplex ligands.  
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4.2 Naphthalene-Based Quinone Methide Precursors 
 

4.2.1 Design of Naphthalene-based precursors 
 

Naphthalene derivatives represent a promising scaffold for the development of efficient quadruplex ligands: 

the main advantage is their extended and planar aromatic surface, which can stack on guanine tetrads, 

establishing strong π-π stacking interactions.  However, despite their promising absorption properties, with 

ligands QMP5 and QMP6  quinone methide formation was negligible in presence and in absence of DNA.  

Therefore, we decided to further investigate the photochemical behaviour of this scaffold, in order to 

understand the origin of the low reactivity and how to improve their performances.  

To this aim, we have synthesized a small library of 6-substitued- 3-((dimethylamino)methyl)naphthalen-2-

ols, bearing different types of substituents (Scheme 4.7).  

 

 

Scheme 4.7 – Structures of Naphthalene-based Quinone Methide Precursors N1-N10.  

 

In details, we have functionalized naphthalene scaffold with different types of electron-withdrawing 

substituents: this choice has been prompted by the need to generate stable products, that don’t regenerate 

the starting substrate. For three compounds, N1, N3 and N4, we have also synthesized the corresponding 

ammonium salts, to verify if, even in this case, alkylation of nitrogen ensured higher reactivity. In the end, 

we have produced other two derivatives, N9 and N10, as new photoalkylating quadruplex ligands. The 

structure resembles the “V-shaped ligands” but, because this represents a preliminary investigation, we have 

introduced only one photoreactive unit, to verify if it’s possible, at least, achieve good reactivity with only 

one quinone methide precursor. Moreover, the structure is significantly different from previous reported 

compounds: the central phenyl ring has been replaced by pyridine unit and the alkyne by an 1,2,4-oxadiazole. 

Heterocyclic aromatic scaffolds have been introduced to increase the affinity for the target: indeed, different 
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heteroatoms could establish multiple hydrogen bond interactions with the target, increasing the affinity oh 

the ligand.  

Then, in this part of the work, we have optimized the synthetic procedure to obtain compounds N1-N10 and, 

subsequently, we have investigated their spectroscopic and photochemical properties, in aqueous solution.  

 

4.2.2 Synthesis of Compounds 
 

Synthesis of compounds N1-N8 rely on the same key intermediate, which is the 6-bromo-3- 

((dimethylamino)methyl)naphthalen-2-ol 52, reported in the previous section (4.1.2) and we have optimized 

three different synthetic pathway to obtain all desired products from this substrate (Scheme 4.8).  

Boronic acid derivative N5 was obtained in a single reaction-step: treatment of 52 with Butyllithium, at -78°C 

in THF, in presence of trimethylborate, produced the intermediate boronate, which was hydrolized at the 

end of the reaction, dissolving the reaction mixture in HCl 10% solution. The final product was isolated 

through reverse-phase column chromatography. A similar protocol was applied to synthesize also N1 and 

N3, generated in good yields from the reaction between 52 and organolithium reagent, performed in 

presence of dimethyl carbonate and DMF, respectively (Step a and b in Scheme 4.8). Subsequently, N1 was 

used to produce the corresponding ammonium salt, N6, with quantitative yield, through methylation with 

an excess of trimehtyl iodide, in acetonitrile. Hydrolisis of methyl ester on N1, conducted in H2O:THF 3:1 with 

potassium carbonate, led to elevated yields of carboxylate N2. The final product was obtained upon 

acidification of the solution with HCl 10% and purification of the crude through reverse phase column 

chromatography. The resulting carboxylic acid derivative N2 was employed for the synthesis of amide N4: 

we have carried out a coupling reaction with 3-(dimethylamino)propylamine, using PyBOP as activating 

agent, in DMF. The reaction mixture was stirred at room temperature for one hour and the expected amide 

N4 was obtained in high yields (79%). Finally, quantitative alkylation with trimethyliodide afforded the 

corresponding ammonium salt. The last two derivatives, N3 and N7, have been synthesized with an analogue 

protocol: transmetallation reaction of 55 with butyllithium, followed by addition of DMF at -50°C, afforded 

the Mannich base N3 in good yields (71%). After purification, this product underwent to classic methylation 

reaction to obtain the corresponding ammonium salt N7.  

 



89 
 

 

Scheme 4.8 – Synthetic Procedure used to obtain compounds N1-N8: a) BuLi (2.5 eq.), THF, -78°C, 1h, under Ar; b) DMF 

(10 eq.), -50°C, 2h; c) dimethyl carbonate (10 eq.), -50°C, 2h; d) B(OMe)3 (10 eq.), -50°C, 2h;  e) CH3I (5 eq.), NaOAc (1.5 

eq.), r.t., 2d; f) K2CO3 (2.2. eq.), H2O:THF 3:1, reflux, 16h; (g) 3-(dimethylamino)-propylamine (3 eq.), PyBOP (1 eq.), DMF, 

r.t., 1h;  

 

Even the synthesis of heterocyclic derivatives N9 and N10 required only few reaction steps, whose key 

precursors were carboxylic acid N2 and 2-cyanopyridine 64 (Scheme 4.9). In details, commercially available 

64 was reacted with hydroxylammonium chloride in presence of potassium carbonate, in EtOH:H2O 1:1, for 

3 days at room temperature, to produce the corresponding 65 in 77% yield. Subsequently, a three-steps 

procedure was used to combine this product with carboxylic acid of N2 and generate the corresponding 

oxadiazole: in details, a coupling reaction between N2 and 65 have been performed, using PyBOP as 

activating agent, to generate the intermediate hydroxyimino-amide, which has been used for the final step 

without purification. In the end, tert-butylammonium fluoride (TBAF) have been used to induce ring-closure, 

which occurred in 2 hours, at room temperature, using THF as solvent, and the final oxadiazole derivative N9 

has been isolated in high yield. Finally, exhaustive methylation led to its corresponding ammonium salt, N10.  
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Scheme 4.9 – Synthetic Procedure to obtain N9 and N10: a) K2CO3 (1.5 eq.), NH3OH*Cl (1.5 eq.), EtOH:H2O 1:1, r.t., 3 d; 

b) PyBOP (1 eq.), DIPEA (2 eq.), DMF, r.t., 30 min; c) 65 (1 eq.), DMF, r.t., 6 d; d) TBAF (2 eq.), THF, r.t., 2h.  

 

As mentioned in the introduction, photochemical behaviour of all these substrates have been investigated 

to examine quinone methide generation and the formation of corresponding adducts with water. However, 

these experiments were performed on analytical scale, then, to correctly identify the expected water-adducts 

generated by the photochemical process, we have synthesized, for each derivative, the corresponding 6-

substitued-3-(hydroxymethyl)naphthalen-2-ols W1-W7.  

In this case, the key intermediate to obtain different compounds was 67 (Scheme 4.10) which was not 

commercially available and has been produced in three reaction steps: reduction with borane-

dimethylsulfide complex affoded the desired alcohol in quantitative yield, while protection of two hydroxy 

groups with acetone, in presence of a large excess of dimethoxypropane, afforded 67 with excellent yield 

(Scheme 4.10).  

 

 

Scheme 4.10 – Synthetic procedure to obtain precursor 67: a) BH3*SMe2 (2.5 eq.), THF, 0°C-reflux, 1h; b) Me2C(OMe)2, 

PTSA (0.5 eq.), Acetone, r.t., 16h.  

 

Compound 67 was then used to produce water-adducts WA1-WA5, which are expected to be generated 

upon irradiation of compounds N1-N8. Briefly, as in the previous described procedure, 67 underwent three 

distinct reaction with butyllithium, in presence of dimethyl carbonate, DMF and trimethyl borate, to afford, 

respectively, 68, 69 and 70, in excellent yields (Step a,b,c and d in Scheme 4.11). Then, the methyl esther 68 

was hydrolized with potassium carbonate, to produce the corresponding carboxylic acid 71, that was 

employed in the subsequent coupling reaction with 3-(dimethylamino)-propyalmine, using PyBOP as 

activating agent, to afford the desired amide 72 (Step f and g in Scheme 4.11). The final derivatives WA1-

WA5, with free hydroxy groups, have been obtained with same reaction protocol: acetal was removed upon 

treatment with diluted hydrochloridric acid (10% solution) in ACN:H2O 1:1, at room temperature, for 3 hours 

(Step e in Scheme 4.11).  
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Scheme 4.11 – Synthetic procedures for the synthesis of water adducs WA1-WA5: a) Buthyllithium (2.5 eq.), THF, -78°C, 

1h; b) dimethyl carbonate (10 eq.), THF, -50°C, 2h; c) DMF (10 eq.), THF, -50°C, 2h; d) B(OMe)3 (10 eq.), THF, -50°C, 2h; 

e) HCl 10%:ACN 1:1, r.t., 3h; f) K2CO3, H2O:THF 3:1, reflux, 16h; g) 3-(dimethylamino)-propylamine (1 eq.), DIPEA (2 eq.)  

PyBOP (1 eq.), DMF, r.t., 1,30h; h) CH3I (5 eq.), ACN, r.t., 2d.  

 

Concerning the oxadiazole derivatives N9 and N10, we have also synthesized their corresponding water 

adduct, WA7 (Scheme 4.11): the used synthetic protocol is basically the same exploited to obtain the 

Mannich bases: indeed, carboxylic acid 71 underwent to a coupling reaction with 65, using PyBOP as 

activating agent, in DMF. After 6 days, the final cyclization step was performed with tert-butylammonium 

fluoride to generate the desired oxadiazole 73, which was used for the final hydrolisis without purification. 

Treatment with diluted solution of hydrochloric acid (10%) afforded, in only two hours, the desired benzylic 

alcohols WA7.  

 

 

Scheme 4.12 – Synthetic procedure used to obtain water-adduct WA7.  
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4.2.3 Spectroscopic Properties in aqueous solution 
 

To evaluate the photoreactivity of these new naphthalene-quinone methide precursors, we have started with 

the analysis of their absorption properties, to verify their molar absorptivity in water and to evaluate the 

irradiation wavelengths.  

We have prepared solutions of compounds N1-N10 in ACN:H2O 1:1, with C= 1*10-5 M, and measured molar 

extinction coefficients. Recorded spectra, reported in Figure 4.10, showed different behaviours but, in 

general, for each derivative, we can observe an intense absorption band at 250 nm and another one extended 

among 265 and 400 nm. However, it should be underlined that the position of this band strictly depends on 

the type of compound: for example, in case of N1, N6, N2 and N5, the band starts around 265 nm and decays 

at 350 nm. In case of N3 and N7, peak intensity increases at 280 nm and is extended up to 400 nm. This 

behaviour can be observed also on N4, N8 and N9 and N10 but the absorption drops rapidly before 370 nm. 

Furthermore, even the intensity of this band is strongly affected by the nature of the substrate: in details, N2 

and N5 showed the lowest absorption in this wavelength range, while aldehydes derivatives, N3 and N7, 

oxadiazole-based precursors, N9 and N10, displayed elevated molar absorptivity in this region. 

Transformation of Mannich base into ammonium salt does not influence significantly the absorption spectra, 

in particular neither molar absorptivity nor the position of maximum peaks. Only in case of aldehydes-based 

substrate, an interesting variation is observed: ammonium salt, N7, is characterized by a more intense and 

broader band between 285 and 400 nm, suggesting that this specific compound could be activated in the 

visible region. Ammonium salts N8 and N10, bearing the amide function and the oxadiazole, respectively, 

showed the same absorption profile of their Mannich bases but with higher molar absorptivity, but this could 

be due to their higher solubility in aqueous solution.  
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Figure 4.10 – Absorption spectra of compounds N1-N10, recorded in 1:1 ACN:H2O solution. 

 

From these spectra clearly emerged that, thanks to their absorption properties, activation of quinone 

methide precursors could be achieved not only in the UV-region, at 310 nm, but at more red-shifted 

wavelengths, as 365 nm, more compatible with biological environment. To this aim, in Table 4.2, we have 

summarized molar extinction coefficients at these two wavelengths: at 310 nm, higher values are displayed 

by aldehydes N3 and N7, and oxadiazoles-based precursors, N9 and N10, followed by the ester derivatives 

N1 and N6, and the amides N4 and N8. At 365 nm, most intense absorption is observed again in presence of 

aldehyde as substituent, followed by Mannich bases N1 and N4, that, in this case, showed a more 

pronounced difference in molar absorptivity compared to their corresponding ammonium salts. 

Interestingly, N5, the boronic acid, displayed no absorption at 365 nm, therefore we hypothesized low to null 

reactivity for this compound, at 365 nm.  
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Compound Λmax (nm) ε 310nm (M-1 cm-1) ε 365nm (M-1 cm-1) 

N1 311 7617 

 

2276 

 

N6 311 7096 

 

804 

 

N2 242, 297 5122 

 

346 

 

N3 253, 354 8288 

 

8919 

 

N7 257, 373 7798 

 

3710 

 

N4 253, 337 7925 

 

1974 

 

N8 246, 305 6511 

 

769 

 

N5 239, 293 551 

 

0 

N9 248, 265, 323 10479 

 

557 

 

N10 247, 273, 326 12432 

 

989 

 

 

Table 4.2 – Molar extinction coefficients of compounds N1-N10 at 310 nm and 365 nm, in ACN:H2O 1:1 solution. 

  

A key parameter that strictly influences quinone methide generation is the acidity of proton of the phenolic 

group: indeed, as previously described, formation of the intermediate occurs through an intermolecular 

proton transfer (ESIPT) between the hydroxy group and the adjacent dimethyl amino or ammonium group. 

Therefore, higher is the acidity of this proton, more rapidly photolysis occurs. Substituents introduced in 

position 6 of naphthalene derivatives, with their electronic effects, could influence the overall acidity of the 

scaffold, determining lower or increased photoreactivity. Furthermore, it should be taken into account that 

irradiation experiments will be performed also at physiological pH (7.4) and, in this condition, naphthol 

derivatives N1-N10 are in equilibrium with their deprotonated forms, characterized by different UV-VIS 

spectra. In details, quinone methide precursors can generate two different species upon deprotonation, the 

zwitterionic derivative NZ (Figure 4.13) and the corresponding anionic form (NA), completely deprotonated 

(Figure 4.13).  

 

Figure 4.13 – Deprotonation equilibrium of generic naphthalene quinone methide precursor.  
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Then, in order to evaluate absorption properties of the species effectively irradiated in physiological 

conditions, and to verify how substituents affect pKa values of these quinone methide precursors, we have 

performed, for each of them, spectrophotometric titrations.  

Compounds N1-N10 were dissolved in water (to achieve concentration in the order of 10-5) and pH was 

gradually increased adding small volumes of diluted NaOH solutions until pH = 11/12 (experiments were 

stopped when no significant variations of absorption spectra were detected) and, for each addition, UV-VIS 

spectra was recorded.  

As it’s possible to observe in Figure 4.11, a similar behaviour can be individuated for different precursors: the 

absorption band centred around 250 nm decreased significantly, while a new peak, extended between 300 

and 450 nm, depending on the type of substituents introduced, appeared. Intensity of this new absorption 

maxima is not the same for all compounds: indeed, for carboxylic acid N2 and boronic acid N5, molar 

extinction coefficient, in this spectral region, remained very low, evidencing that photoactivation performed 

in these conditions could result in poor reactivity of these two derivatives, despite the generation of 

phenolate. On the contrary, aldehydes N3 and N7 not only generated a new, intense peak, upon 

deprotonation, but their absorption tails achieved 450 nm, in the visible region. A similar, but less 

pronounced, effect was observed with oxadiazole derivatives N9 and N10.  

Moreover, in each spectrum, several isosbestic points can be clearly located, indicating an equilibrium 

between two different species in solution. Only N2 and N5 showed a different type of spectra, where no 

defined isosbestic points can be individuated: this unusual results could be attributed to the fact that both 

derivatives present more deprotonation sites, therefore an higher number of species can be generated, 

determining a more complex equilibrium. 

Subsequently, we have determined, for each compound, the corresponding pKa values, reported in Table 4.3 

In details, we have plotted molar absorptivity at a fixed wavelength, as a function of the pH and the resulting 

curve was fitted to calculate the desired parameter.  
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Figure 4.11 – Spectrophotometric titrations of compounds N1-N10. Analysis of compounds have been performed in 3 ml 

of water (C = 10-5 M), in presence of 10-3 M NaCl, adding little amounts of NaOH 0.01 M or 0.1 M to gradually increase 

pH solution. At each addition, spectra of the solution were recorded.  
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Figure 4.12 – A) Spectrophotometric titration of compound N9 and B) its titration curve, obtained plotting molar 

absorptivity at 376 nm as a function of pH.  

 

As reported in Table 4.3, pKa values of compounds N1-N10 are among 7.14 and 8.29, therefore, as previously 

stated, at physiological pH, we have the contemporary presence of precursor and its zwitterionic form, 

characterized, in general, by red-shifted absorption. This experimental outcome evidences that activation of 

these derivatives at higher wavelengths should be even more feasible, because of the intense band 

generated between 350 and 400 nm, due to deprotonation of hydroxy group. As expected, it should be also 

noticed that the nature of substituents influences the acidity: in particular, electron-withdrawing groups, as 

-COOMe, -CHO and pyridine-oxadiazole moiety, determined lower pKa values. On the contrary, reducing the 

electron-withdrawing ability of the substituent, pKa values increased, as in case of carboxylic acid N2, 

achieving the highest value with boronic acid N5 (pKa = 8.29). For some derivatives, in particular for Mannich 

bases, it has been possible to calculate also the second pKa (as it’s possible to observe, for example, in Figure 

4.12-B-B), associated to the formation of the fully deprotonated species NA (Figure 4.12), which happens 

only at elevated pH values, above 10.5.  

Finally, spectroscopic analysis of compounds N1-N10 highlighted their interesting properties: in particular, 

the use of naphthalene scaffold as quinone methide precursor ensures maximum bands centered between 

300 and 400 nm, even in aqueous solution. Moreover, these outcomes pointed out that spectroscopic 

properties strictly depend on the electronic effects of substituents: indeed, groups with strong electron-

withdrawing character displayed higher and red-shifted absorption. Spectrophotometric titrations confirmed 

that, in physiological conditions, all substrates are in equilibrium with their zwitterionic forms, that displayed 

intense absorption around 350 nm. Therefore, irradiation experiments could be perfomed in aqueous 

solution, irradiating not only at 310 nm, but also at 365 nm.  
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Compounds pKa1 pKa2 

N1 7.41 ± 0.01 10.72 ± 0,01 

N6 7.77 ± 0.01 
 

N2 7.85 ± 0.07 10. 8 ± 0,1 

N3 7.120 ± 0.007 
 

N7 7.5 ± 0.01 
 

N4 7.41 ± 0.05 11.32 ± 0.09 

N8 8.9 ± 0.2  

N5 8.29 ± 0.06 12.29 ± 0.1 

N9 7.14 ± 0.01 10.9 ± 0.05 

N10 7.45 ± 0.01 
 

 

Table 4.3 – pKa values determined for compounds N1-N10.  

 

4.2.4 Photoreactivity of QMPs 
 

After the analysis of their spectroscopic properties, we started the evaluation of photoreactivity of 

compounds N1-N10 and, in particular, the quinone methide generation efficiency, through determination of 

photolysis quantum yields. As previously described, this parameter has been measured with an optical desk, 

equipped with a high-pressure mercury lamp, previously calibrated by ferrioxalate actinometry. Quantum 

yield values have been determined applying the following equation:  

Φ (313 nm) = (mol of tetrazoles reacted) / Moles of absorbed Photons 

Solution of compounds N1-N10 (C ≈ 10-4 M), dissolved in 3 ml of 1:1 ACN: phosphate buffer (50 mM, pH 7.4), 

were irradiated at 313 nm, for variable times, depending on the rate of photolysis. The amount of consumed 

substrate has been detected through HPLC analysis and the formation of corresponding benzyl alcohols WA1-

WA7 has been demonstrated using previously synthesized compounds as references. The results are 

reported in Table 4.4 and, as it’s possible to observe, even in this case, the behaviour is significantly different, 

depending on the type of substituents present. Indeed, higher quinone methide generation efficiency has 

been observed with boronic acid N5 (Φ = 2.6*10-1), followed by carboxylic acid N2 (Φ = 1.9*10-1), despite 

their lower molar absorptivity at the irradiation wavelength, compared to other derivatives. Amide N4 and 

its corresponding ammonium salt displayed basically the same, good, reactivity, as well as methyl esther N1 

and N6, despite their slightly lower values. Surprisingly, aldehydes N3 and N7 and oxadiazole derivatives N9 

and N10, showed no reactivity at this wavelength, despite their excellent absorption properties. Even after 6 

hours of irradiation, no trace of any kind of product has been observed, neither a decrease of substrate 

concentration. Even the ammonium salts, that usually react rapidly to afford the expected intermediate, 
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were characterized by complete absence of reactivity. This unusual and unexpected behaviour could be 

attributed to alternative deactivation mechanism of the excite state, not involving quinone methide 

generation.  

 

Compounds Φ (313 nm) C (M) 

N1 1.0∙10-1 3.0∙10-4 

N6 1.4∙10-1 3.2∙10-4 

N2 1.9∙10-1 3.4∙10-4 

N3 7.0∙10-4 1.8∙10-4 

N7 aN.D. 6.0∙10-4 

N4 1.8∙10-1 2.8∙10-4 

N8 1.7∙10-1 4.0∙10-4 

N5 2.6∙10-1 6.0∙10-4 

N9 aN.D. 1.0∙10-4 

N10 aN.D. 8.0∙10-5 

 

Table 4.4 – Quantum Yield values measured for compounds N1-N10, in 3 ml of 1:1 ACN:phosphate buffer (50 mM, pH 

7.4), with the optical desk, with lamp filter centered at 313 nm.  

 

To further validate the results obtained by spectrophotometric titration experiments, we decided to measure 

quantum yield values at different pH, to further demonstrate that efficiency of the process is strongly 

influenced by pH of the solution. We performed this analysis  only on compound, N1, selected as a model: 

indeed, is characterized by discrete but not excellent efficiency, a good compromise to evidence differences 

in reactivity among various pH. As previously mentioned, for this quinone methide precursor, three different 

species can be generated upon deprotonation (Figure 4.14): in acidic solution, the fully protonated methyl 

ester N1-H is the only product. Increasing pH values, the zwitterionic N1-Z is formed until, in highly basic 

conditions (pH > 10), the anionic specie N1-A becomes the major product.  

 

 

 

Figure 4.14 – Protonation equilibrium for compound N1.  
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Therefore, to verify how protonation equilibrium influence quinone methide generation, we have irradiated 

a 3*10-4 M solution of N1 in pure phosphate buffer (50 mM), at different pH values: 5, 7.4, 8 and 12 and 

measured the photolysis quantum yield, irradiating at 313 nm with the optical desk. Results, reported in 

Table 4.5, confirmed what expected: irradiation at pH = 5, 7.4 and 8, respectively, afforded similar good 

quantum yield values. In fact, in this pH range the two principal forms are N1-H and N1-Z, which can rely on 

the intramolecular proton transfer thanks to the protonation of amino group, which is also an excellent 

leaving group in these conditions, favouring quinone methide formation. On the contrary, photoactivation 

performed at pH = 12 didn’t lead to the formation of the desired water adduct WA1, not even in trace. 

However, irradiation produced a new product, the corresponding carboxylate, derived from ester hydrolysis, 

induced by strong basic conditions and that was not light-mediated.  

 

pH Φ (313 nm) 

5 
8.0∙10

-2

  

7.4 
1.0∙10

-1

 

8 1.0∙10
-1

 

12 *N.D. 

 

Table 4.5 – Photolysis quantum yields of N1 at different pH. Experiments were performed irradiating 3*10-4 M solutions 

of N1, in 3 ml of phosphate buffer, at 313 nm, with optical desk. Reactions were monitored through HPLC analysis.  

 

As further proof of pH-mediated generation of quinone methide, we have measured also the photolysis 

quantum yield of the corresponding ammonium salt of ester, N6, at pH = 5.3 and pH = 10.3, which are the 

conditions to obtain quantitatively the protonated form N6-H and the anionic N6-A (Figure 4.13). In this case, 

no significant differences in photolysis efficiency have been observed: this is due to the presence of 

ammonium group that, even in basic conditions, represent an excellent leaving group and, upon excitation, 

can be expelled to generate the corresponding quinone methide.  

 

 

Figure 4.13 – Protonation equilibrium of N6 and photolysis quantum yields measured at pH = 5.3 and pH = 10.3. A 3.2*10-

4 M solution of N6 has been irradiated for 5 minutes with the optical desk, at 313 nm. Reaction was monitored through 

HPLC analysis.  
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Subsequently, we have investigated products formed upon irradiation in aqueous solution. In particular, 

comparing HPLC profiles of irradiated solution with references adducts WA1-WA7, we have established 

that all reactive substrates were able to generate the expected product. In some cases, reaction was very 

clean, as with boronic acid N5, amide N4, and led to exclusively formation of water adducts (Figure 4.14).  

 

 

Figure 4.14 – HPLC profile of photogeneration of WA5 from N5.  

 

However, again not all substrates showed the same behaviour: irradiation of N1, performed at C = 3*10-4 M, 

led to the formation of water adduct WA1 only as minor product and the generated quinone methide reacted 

preferentially with another QMP, inducing the formation of C-Alkylated product N1-CALk (Figure 4.14).  

 

 

Figure 4.14 – Photogeneration of water-adduct WA1 and C-alkylation product N1-CAlk from N1.  

 

Self-alkylation of quinone methide represents a side-process, that should be avoided, especially for biological 

applications: indeed, with aim to optimize this scaffold to achieve efficient DNA alkylation, formation of these 

type of adducts should be avoided, because could limit the reaction on the desired target. To this, aim, we 

have conducted irradiation of N1 at different concentrations, to individuate optimal conditions to prevent 

self-alkylation. Quinone methide precursors was irradiated in 1:1 ACN: phosphate buffer solution (pH 7.4, 50 

mM), for 60 seconds, and the ration between concentration of N1-CAlk and WA1 was determined through 

HPLC analysis, at substrate conversion of 20%. As reported in Figure 4.15, formation of self-adduct becomes 

predominantly at high substrate concentration (C above 1*10-4 M). On the contrary, water adduct WA1 was 

produced in high yields in diluted solution, with concentration < 1*10-4 M, pointing out that this is the limit 

to take into account to avoid secondary and undesired processes.  
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Figure 4.15 – Plot of [N1-CAlk]/[WA1] vs N1 concentration. Experiments were performed irradiating 3 ml of N1 solution 

at different concentrations, with optical desk, at 313 nm, for 60 seconds. Reaction was monitored through HPLC Analysis.  

 

In order to confirm that this secondary product was effectively the self-alkylated quinone methide, we have 

carried out its preparative synthesis, irradiating 10 mg of N1 in 1:1 ACN:phosphate buffer solution (50 mM, 

pH 7.4), with multi-lamps photoreactor, Rayonet, for 20 minutes. The product was isolated through 

purification on reverse phase column chromatography and was identified through NMR analysis.  

In the end, in order to evaluate the photoreactivity of these precursors in more biocompatible conditions, 

we have measured their photolysis quantum yields at 366 nm, in pure phosphate buffer (pH 7.4, 50 mM), to 

verify their potential for biological applications. Experiments were performed with the same procedure 

described for 313 nm but, in this case, the optical desk was equipped with a 366 nm filter. Moreover, in this 

case we were forced to use higher concentrations of substrates N1-N10, because of lower molar extinction 

coefficients at this wavelength. Results are summarized in Table 4.6 and there are significant differences 

compared to what observed at 310 nm: in particular aldehyde N7 and oxadiazole derivatives N9 and N10, 

that at 310 nm showed completely absence of photoreactivty, in these conditions are able to react and 

generate the corresponding quinone methide, despite the slow photolysis rate. On the contrary, aldehyde 

N3 displayed again no reactivity. Methyl esters N1 and N6 and amides N4 and N8, reacted with the same 

efficiency reported for 313 nm. Surprisingly, even carboxylic acid N2 and boronic acid N5, despite their very 

low absorption at 366 nm, maintained the same photolysis efficiency, confirming their excellent reactivity.  
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Compounds Φ (360nm) C (M) Time (min) 

N1 1.0∙10-1 5.7∙10-4  2 

N6 1.4∙10-1 5.0∙10-4  3 

N2 9.0∙10-2 5.0∙10-4 5 

N3 / 7.5∙10-5 180 

N7 1.0∙10-3 1.0∙10-4 50 

N4 1.3∙10-1 5.5∙10-4 3 

N8 8.0∙10-2 5.0∙10-4 6 

N5 2.4∙10-1 1.4∙10-3 5 

N9 2.0∙10-2 2.4∙10-4 20 

N10 1.2∙10-2 1.2∙10-4 140 
 

Table 4.6 – Photolysis Quantum Yields of compounds N1-N10 measured at 366 nm, in pure phosphate buffer solution 

(50 mM, pH 7.4).  

 

4.2.5 Conclusions 
 

In this part of the project, we have investigated photoreactivity of naphthalene-based quinone methide 

precursors, to gain more details about their photochemical behaviour, due to poor efficiency that we have 

observed with V-shaped ligands QMP5 and QMP6. Then, here we have synthesized a small library of 6-

substitued 3-(dimethylamino)methyl)naphthalen-2-ols, N1-N10, characterized by the presence of electron-

withdrawing groups, and their corresponding water adducts, WA1-WA7. Spectroscopic analysis underlined 

that presence of naphthalene unit is effectively responsible of red-shifted absorption, between 300 and 400 

nm, which is crucial to achieve photoactivation in more biocompatible conditions. Moreover, we have 

performed spectrophotometric titrations on each compound, to gain further details about their behaviour in 

solutions. Irradiation performed at 310 nm proved that almost all compounds are able to generate the 

corresponding quinone methide with good efficiency, except aldehydes N3 and N7 and oxadiazoles 

derivatives N9 and N10. We have also optimized irradiation conditions in order to avoid formation of 

undesired products, as self-alkylation adduct. In the end, we have demonstrated that photolysis of these 

precursors presented high efficiency even upon irradiation at 366 nm, in pure phosphate buffer, evidencing 

their potential use for biological applications. Furthermore, it should be underlined, that, at these 

wavelengths, even compounds that displayed no reactivity at 313 nm, were able to generate the desired 

water adduct, despite the slow photolysis rate.  
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5. Results and Discussion:  

2,5 – Diaryl Tetrazoles 
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5.1 Photoreactive 2,5-Diaryl Tetrazoles 
 

5.1.1 State of art and design of 2,5-Diaryl Tetrazoles 
 

As described previously, we decided to explore different targeting strategies based on the development of 

photoactivable quadruplex ligands. The second approach we adopted is based on the use 2,5-diaryl 

tetrazoles, heterocyclic aromatic compounds that, upon irradiation at 300 nm, generate a reactive 

intermediate, a nitrile-imine dipole (NI), that can react with different species. These compounds have never 

been employed to target DNA secondary structures. Therefore, due to the lack of data in the current 

literature, preliminarily we thoroughly investigated the photochemical behaviour of 2,5-diaryl tetrazoles to 

further exploit them as efficient and innovative ligands.  

 

 

Scheme 5.1 – Library of synthesized substituted 2,5-diaryl tetrazoles.  

 

To this aim, we have synthesized a small library of compounds (Scheme 5.1), modified on two aromatic rings 

with electron-donating and electron-withdrawing substituents. In details, we have investigated how different 

electronic effects of substituents could influence their photochemical properties, in particular the generation 

of the nitrile imine, and the reactivity towards alkenes and nucleophiles. Indeed, it has been reported that, 

in physiological conditions, the nucleophilic addition of water and carboxylates becomes competitive with 

the desired cycloaddition, reducing the overall process efficiency. However, the presence of electron-

donating substituents on N-phenyl ring accelerate the cycloaddition step. Then, in order to individuate the 

most reactive and selective scaffold, for each compound we have measured the rate of the generation of the 

nitrile imine dipole (Photochemical Quantum Yield, Φ) and analyzed the selectivity of the cycloaddition step 

towards a specific alkene, acrylamide, in water solution. Moreover, because of our interest in the 

development of also fluorescent sensor, we determined the fluorogenicity of the reaction, to establish if 

tetrazoles could be effectively considered as “light-up” probes: in particular, we have synthesized the 

corresponding pyrazolines and measured their fluorescence quantum yields, in water.  

In the end, to prove their utility as quadruplex ligands, we have analysed the affinity of water-soluble 

compounds (T7, T8 and T9) against different types of quadruplexes, through FRET Melting assay.  

 



106 
 

5.1.2 Design and Synthesis of Compounds 
 

2,5-diaryl tetrazoles synthetic procedure is relatively simple and involves only a couple of steps. These 

scaffolds can be obtained through a coupling reaction, under basic conditions, between a benzensulphonyl 

hydrazone and an arene diazonium salt (Scheme 5.2). Hydrazones can be prepared from corresponding 

benzaldehydes, upon condensation with commercially available benzensulphonyl hydrazide, while 

diazonium salt is generated through oxidation of corresponding aniline with sodium nitrite.  

 

 

Scheme 5.2 – Synthetic Scheme of tetrazoles T1-T9. a) benzensulphonyl hydrazone (1 eq.), EtOH, r.t.; b) NaNO2 (1 eq.), 

HCl 37%, EtOH 50%, 0°C, 30 min; c) DIPEA (2.5 eq.), 0°C, 4 hours. 

 

Benzaldehydes AL1 and AL2 and aniline derivatives A1 and A2 required to synthesize compounds T7-T8 were 

non commercially available, then they have been synthesized according to the procedure reported in Scheme 

5.3. AL1 has been obtained through alkylation on 4-hydroxybenzaldehyde in presence of potassium 

carbonate and (2-(2-chloroethoxy)ethoxy) methanol , in acetonitrile (step a, Scheme 5.3)190. After 12 hours 

under reflux, purification of the crude through column chromatography afforded the product in 64% yield. 

Amide AL2 has been synthesised with a coupling between 4-formylbenzoic acid and N,N-

dimethylethylendiamine, in presence of PyBOP as activating agent (step b, Scheme 5.3) and DIPEA. Reaction 

was stirred for 2 hours at 0°C acetonitrile and AL2 has been isolated in 70% yield, after purification on column 

chromatography. Anilines A1 and A2 have been generated with similar reaction protocols: condensation 

between p-aminobenzoic acid and N,N-dimethylethylendiamine (Step b in Scheme 5.3) afforded the 

substituted aniline A1. On the contrary, synthesis of A2 required more reaction steps: amino group of p-

aminophenol was quantitatively protected with di-tert-butyldicarbonate191, then substitution reaction with 

(2-(2-chloroethoxy)ethoxy)methanol, in basic acetonitrile solution, led to the formation of A3, which was 

finally deprotected in 1:3 trifluoroacetic acid: DCM solution (Step d in Scheme 5.3) to afford the desired A2.  
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Scheme 5.3 – Synthetic procedure for the synthesis of B1, B2, A1 and A2: a) K2CO3 (2.5 eq.), ACN, reflux, overnight; b) 

PyBOP (1 eq.), DIPEA (2 eq.), ACN, r.t., overnight; c) di-t-butyl-di-carbonate (1 eq.), THF, r.t., 16 hours.; d) 20 eq. of TFA, 

DCM, 0°C, 5 hours. 

 

Concerning the synthesis of benzensulfonyl hydrazones, they have been synthesized with a very 

straightforward protocol, which relies on the condensation between benzaldehyde and benzensulphonyl 

hydrazide, which occurs in ethanol, at room temperature. For all compounds, the generation was fast and 

clean: indeed, quantitative yield of product formation has been obtained after only few hours. Moreover, no 

purification was needed for this step. Arene diazonium salts were generated with a classic method: oxidation 

of anilines with sodium nitrite in presence of concentrated HCl (Step b in Scheme 5.2), at 0°C, afforded the 

corresponding product after only one hour, which was not isolated.  

Then, 2,5-Diaryl tetrazoles have been synthesized following Kakehi’s method (step c in Scheme 5.2)192: 

solution of arendiazonium salt was added dropwise to a cooled solution of benzensulphonyl hydrazone, 

dissolved in pyridine. Desired products were isolated, after column chromatography, with different reaction 

yields, depending on type of derivatives considered, but, in general, they never exceed 65%, which is 

consistent with data previously reported in literature.  

The nine synthesized compounds contain all the possible combinations of the electronic effects of 

substituents: donor-donor (D-D), donor-acceptor (D-A), acceptor-donor (A-D) and acceptor-acceptor (A-A). 

In general, we have introduced a methoxy group as representative donor moiety. To decrease the electronic-

densitity on the tetrazole, we have explored two different substituents: carboxylic acid and nitro group. In 

the end, to increase the water solubility of these compounds, we have synthesized tetrazole T7-T9, which 
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represents three most interesting combination of substituents, and in which the methoxy substituent has 

been replaced by polyethylene glycole chain and the carboxylic acid by an amide function, with a terminal 

dimethylamino group.  

As discussed in the introduction, we have also synthesized, on a preparative scale, the products obtained 

from photoactivation of tetrazoles, pyrazolines (P1, P2 and P5-P9) and acyl hydrazide (AH5-AH9), deriving 

from water addition to nitrile imine. Acyl hydrazides have been isolated only for derivatives that efficiently 

reacted in water solution. These compounds have been used as references for photochemical analytical 

experiments and, in case of pyrazolines, we have investigated their fluorescence properties.  

 

 
 

Scheme 5.4 - Preparative synthesis of Pyrazolines (Pyr) and Acyl Hydrazides (AH); a) acrylamide (20 eq.), irradiation 

performed with Rayonet, at 310 nm, with two 15W lamps; b) Irradiation performed in water solution, with Rayonet, at 

310 nm, with two 15W lamps. 

 

Synthesis of pyrazolines and acyl hydrazides have been accomplished exploiting the photochemical route: in 

details, solution of tetrazole T1-T9 (10-3 M) in 1:1 ACN:H2O or pure water (depending on substrate’s solubility) 

were irradiated at 310 nm to obtain acyl hydrazides. On the contrary, to induce the formation of pyrazolines, 

20 eq. of acrylamide were added to the reaction mixture. Reaction times depends on photolysis quantum 

yields of tetrazole but, in general, no more than two hours of irradiation were necessary. Furthermore, to 

isolate desired adducts, reactions were stopped at low conversions (30-40%), to avoid formation of possible 

secondary photoproducts. Conditions exploited for each derivative are summarized in Table 5.1.  
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Compound Solvent Concentration (10-3 M) Time (min) 

P1 ACN:H2O 1:1 5 80 

P2 ACN 5 60 

P6 ACN 9 60 

P5 ACN 9 60 

P7 H2O 2 30 

P8 H2O 5 80 

P9 H2O 3 30 

AH5 ACN:H2O 1:1 5 60 

AH6 ACN:H2O 1:1 5 120 

AH7 H2O 7 45 

AH8 H2O 5 60 

AH9 H2O 7 120 

 

Table  5.1 - Summary of synthesised and characterised photoproducts and reaction conditions used. 

 

5.1.3 Spectroscopic and Photochemical Properties 
 

The first step to evaluate the photochemical properties of these compounds was the recording of the UV-VIS 

spectra, to measure their molar absorption and molar extinction coefficients (Figure 5.1). Experiments were 

performed in 1:1 acetonitrile: phosphate buffer (50 mM, pH 7.4) solution and, for the water soluble tetrazoles 

T6, T7, T8 and T9 also in phosphate buffer (PBS) alone. 

Spectra of tetrazoles are reported in Figure 5.1, divided according to the electronic properties of the aryl 

substituents: electron donor (D) or electron acceptor (A) at 2 and 5 position tetrazole atoms. The electronic 

effects influence the position of the maximum absorption peak: In particular, the more pronounced shift was 

observed in presence of the nitro group: indeed, T3 and T4 (Figure 5.1) show their highest absorption slightly 

above 300 nm, in a red-shifted position respect to the other tetrazoles. However, this effect is not observed 

replacing the nitro group with another electron withdrawing substituent in the same position such as T6, T8 

and T9 (Figure 5.1). In general, almost all compounds showed a  maximum absorption at 290 nm, with tails 

extended up to 340 nm. This evidence suggests that photoactivation could be efficiently achieved in this 

spectral region, where nucleic acids exhibit negligible absorption.  
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Figure 5.1 - UV-VIS spectra of 2,5-diaryl tetrazoles (2*10-5 M) recorded in 1:1 ACN:PBS (50 mM, pH 7.4) solution.  

 

The analysis of absorption properties was followed by photochemical studies, to evaluate the influence of 

substituents on nitrile imine generation efficiency, therefore we have measured, for each compound, the 

photochemical quantum yield (Φ). Experiments have been performed in aqueous solution, to estimate the 

efficiency in conditions mimicking the physiological environment.  

 

Scheme 5.5 – Photolysis reaction of 2,5-diaryl tetrazoles and generation of corresponding acyl hydrazides and 

pyrazolines. 
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Photochemical quantum yields have been determined irradiating tetrazoles T1-T9 at 313 nm, with an optical 

desk, using ferrioxalate as standard reference. Photolysis reactions were monitored through UV-VIS and HPLC 

analysis, to both observe substrate consumption and the formation of the corresponding acyl hydrazide AH, 

the result of addition of water to nitrile imine intermediate. Experiments were performed in ACN:phosphate 

buffer 1:1 and, for water soluble T7-T9, also in pure phosphate buffer solution, at pH = 7.4.  Quantum yields 

values have been measured applying the following equation described in section 4.2.4. Quantum yield values 

listed in Table 5.2 suggest that, as expected, electronic effects of substituents influence the photolysis 

efficiency of tetrazoles. In general, it should be underlined that all compounds present efficient generation 

of the intermediate NI, with QY values ranging from 0.1 to 0.65, except in case of T3 an T4: despite these 

were the tetrazoles with highest molar absorptivity at the wavelength of irradiation, they showed negligible 

reactivity and formation of the corresponding acyl hydrazides have not been detected.  

 

Entry Substituent Effect Φ 310 nm Solvent 

T1 D-D 0.1150 ± 0.0002 ACN:PBS 

T2 D-D 0.2 ± 0.1 ACN:PBS 

T3 A-A 0.0044 ± 0.0003 ACN:PBS 

T4 A-D 0.002 ± 0.002 ACN:PBS 

T5 D-A 0.14 ± 0.07 ACN:PBS 

T6 A-D 0.25 ± 0.09 ACN:PBS 

T7 D-A 0.13 ± 0.02 ACN:PBS 

T8 A-A 0.569 ± 0.004 ACN:PBS 

T9 A-D 0.65 ± 0.07 ACN:PBS 

T6 A-D 0.24 ± 0.08 PBS 

T7 D-A 0.03 ± 0.01 PBS 

T8 A-A 0.22 ± 0.05 PBS 

T9 A-D 0.4 ± 0.1 PBS 

 

Table 5.2 - Photolysis Quantum Yields of 2,5-Diaryl Tetrazoles were obtained through irradiation with an optical desk of 

3 ml of 10-5 M solution in 1:1 ACN:PBS or PBS, at 310 nm. Values reported are the results of three different measurements.  

 

Such low values are measured only in presence of nitro-group, suggesting that this substituent has a 

detrimental effect on tetrazole photolysis, probably because it favours different deactivation pathways.  

Simultaneous presence of two electron-donating substituents on the phenyl rings (combination defined D-

D) afforded good reactivity, as in case of T1 (Φ= 0.1150). Replacement of hydroxy with methoxy group had a 

positive impact on quantum yield (Φ = 0.2 for T2). Introduction of electron-withdrawing moieties on N-phenyl 

ring decreased photolysis rate, as in case of T5 and T7, but this effect is less pronounced compared to the 

case of nitro-derivatives and the reactivity remains measurable. Most remarkable results were achieved with 

an acceptor at the phenyl ring on tetrazole C5 and an electron-donating group on the phenyl ring on N2, as 

shown by the efficient reactivity displayed by compounds T6 and T9, even in pure phosphate buffer solution 
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(Φ = 0.2 and 0.65 respectively). Interestingly, tetrazole T8, despite the presence of two acylamino groups, 

showed efficient photolysis in both tested conditions, suggesting that high electron density on the 2,5-phenyl 

substituents of the tetrazole ring is not mandatory to achieve efficient photolysis. Then, from these 

outcomes, we can speculate that ring opening of 2,5-diaryl tetrazoles is only slightly influenced by the 

electronic nature of substituents introduced on two aromatic rings, except when a nitro-group is present. 

Moreover, the solvent affects the photolysis efficiency, especially in the case of T7, whose Φ in pure buffer 

is almost one order of magnitude lower.  

Another aspect that should be underlined is that all these reactions are exceptionally clean and, in each case, 

formation of a single product, the acyl hydrazide, has been detected, even at high conversion of substrate 

(above 70%). This could be observed in UV-VIS profile of the reaction or in HPLC analysis: in Figure 5.2, HPLC 

profile of compound T9 has been reported, as example, but for all compounds we observed the same 

outcome, with the quantitative formation of acyl hydrazide. Moreover, the absorption spectra of the 

tetrazoles T1-T9 (Figure 5.3) during the irradiation exhibit isosbestic points, indicating the clear formation of 

a new, single product for each reaction.  

 

 

 

Figure 5.2 – HPLC profile of compound T9, after 30 seconds of irradiation (310 nm, two 15-W lamps) in phosphate buffer 

solution (pH 7.4, 50 mM), at C= 6*10-5 M.  

 

In general, during irradiation, tetrazoles displayed similar absorption properties: the maximum band centred 

at 290, associated to n-π* transition of tetrazole, decreased significantly, indicating the ring rupture of 

tetrazole. At the same time, another peak, extended from 350 to 540 nm, depending on the type of 

substituents present, increased, although its intensity is significantly compared to the peak at 290 nm. 

Moreover, with most of analysed substrates, only few minutes of irradiation are sufficient to achieve almost 

complete substrate consumption, proving the high efficiency of this photochemical process.  

To summarize, from these experiments emerged that compound T9 seems to be the most efficient substrate, 

because of its excellent photolysis rate in water solution, followed by T8 and T6.   
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Figure 5.3 – A) UV-VIS Absorption spectra of tetrazoles T1-T9 at different times of irradiation. 
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5.1.4 Fluorescent Properties of Pyrazolines 
 

One of the most interesting properties of cycloaddition between tetrazoles and alkenes is the fluorogenicity. 

In fact, tetrazoles present only negligible emission, while pyrazolines arising from the cycloaddition with 

alkenes, including acrylamide, are fluorescent. This is a significant advantage for biological applications 

because it means that emission of the probe can be strictly modulated. However, it emerged that not all 

pyrazolines are characterized by high fluorescence emission: indeed, recently it has been reported that, to 

allow the visualization of the biological target, additional fluorescent probes, as coumarin193 and cyanine 

derivatives194, have been covalently conjugated to the tetrazole. To fully exploit the useful fluorogenicity of 

this photoclick reaction, and avoid conjugation with addition fluorophores, pyrazolines with intense emission 

should be individuated. To this aim, we have analysed the spectroscopic and fluorescent properties of 

pyrazolines P1-P9, obtained from our library of tetrazoles.  

Initially, we have analysed their absorption profiles, in phosphate buffer solution (pH 7.4, 50 mM), except for 

P2, whose poor water solubility forced us to record its spectra in ACN: phosphate buffer 1:1. Pyrazolines’ 

absorption properties are significantly different from corresponding tetrazoles (Figure 5.4): they present a 

minimum of absorbance at 290 nm, where tetrazoles display the highest absorption, and, in general, have 

two maximum peaks, at 250 nm and among 350 and 400 nm.  

P1 had the most blue-shifted spectra, with a maximum at 320 nm, but it is also characterized by a very large 

band in this region. P2, P5, P6 and P7 display higher absorption at 320, 355 and 375 nm, respectively. P8 and 

P9 that present a most red-shifted spectra, with a maximum at 379 nm. It is interesting to note that, in this 

case, substituents have negligible effects on the position of absorption bands. 
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Figure 5.4 - P1-P9 molar absorptivity in PBS (50 mM, pH 7.4). 
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Furthermore, we have analysed the fluorescence of each compound. To find substituents able to enhance 

the emission, we have measured the fluorescence quantum yields, in DMSO and in water (Table 5.3). 

Pyrazoline behaviour is strictly dependent on the solvent and, in general, in DMSO we have obtained higher 

quantum yields, probably because, unlike water, DMSO erase self-aggregation . Moreover, the following data 

highlighted the remarkable effect of the substituents on pyrazoline emission properties. 

 

 

Figure 5.5 – A) Fluorescence emission of Pyrazoline P1-P9 in DMSO solution, at C = 2*10-6 M. B) Fluorescence 

emission of P8 upon excitation at λ = 365 nm, with a TLC lamp.  

Indeed, in this case, the best outcome was achieved specifically when an electron-withdrawing substituent 

was introduced on N-phenyl ring of the product. In more detail, P5 and P7 showed excellent emission, with 

Φ = 65% and 42%, respectively, but the most outstanding result was displayed by P8, that achieve Φ = 72% 

in water solution, even higher than in DMSO (44%). These values are competitive with most common 

fluorescent dyes employed in biological fields, such as Rhodamines 6G (Φf = 90% in water), Rhodamine B 

(31% in water)195 and Alex-Fluor derivatives, whose quantum yields values, in water, range from 10 to 92%. 

Moreover, these emission efficiency is significantly higher in comparison to the photogenerated pyrazoline, 

reported by Lin’s group174. To our knowledge, these are the highest fluorescent quantum yields reported for 

pyrazolines in water solutions. Conversely, electron-donating groups on N-phenyl ring have detrimental 

effect on pyrazoline emission: in fact, for P1, P2, P6 and P9 afforded very low quantum yields in water, that 

increased significantly using DMSO as solvent, except in case of P9, whose emission remained negligible in 

all tested conditions. Then, it should be noticed that, in this case, nature of groups present on C-phenyl ring 

did not affect the emission properties of pyrazolines.  

Another interesting consideration can be made on emission wavelengths: in general, we can observe that in 

water, a significant red-shift is observed for all compounds and is more pronounced for electron-rich 

pyrazolines, such as P1, P2, P6 and P9, whose maximum is above 510 nm (Figure 5.5). Nevertheless, these 

compounds are also the ones characterized by lower quantum yields. Pyrazolines with an electron-

withdrawing substituent on 2-N-Phenyl ring displayed the same behaviour, however, the emission reached 

its highest value at lower wavelengths, with the best result achieved with P8 (λem = 505 nm).  

An important aspect that should be underlined is that compounds that displayed highest fluorescence 

quantum yields, P5, P7 and P8, are the same who were affected by lower photolysis quantum yields, while 

most reactive tetrazoles, as T9 and T5, generate a pyrazoline with low emission intensity.   
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Entry Substituent effect Φf (%) H2O Φf (%) DMSO 

P1 D-D 0.77 ± 0.04 45 ± 3 

P2 D-D 0.77 ± 0.05 24 ± 3 

P5 D-A 65 ± 1 44 ± 5 

P6 A-D 0.41 ± 0.04 24 ± 6 

P7 D-A 42 ± 1 65 ± 9 

P8 A-A 72 ± 5 44 ± 0.4 

P9 A-D 0.54 ± 0.04 3.0 ± 0.2 

 

Table 5.3 - Fluorescence Quantum Yields of Pyrazolines, in water and DMSO. Fluorescence Quantum Yields (Φf) have 

been measured using 4,6-Diamidino-2-phenylindole (DAPI) as standard. Φf in DMSO were recorded using, as excitation 

wavelength, λ = 310 nm, while, in water λexc= 350 nm. Collected data are the results of three different measurements.  

 

3.3.5 Efficiency of pyrazoline generation vs hydration 
 

After the evaluation of spectroscopic properties of synthesized compounds, we have focused our attention 

on the second reaction step: cycloaddition with dipolarophiles. It is well-known that electron-donating 

substituents on N-phenyl ring can increase the rate of cycloaddition, however, a specific type of tetrazole 

scaffold, able to react selectively with alkene in physiological environment, it has not been individuated yet.  

Therefore, we have decided to analyse the behaviour of our library, to explore the reactivity of these new 

tetrazoles in presence of an alkene and the possibility to generate a highly fluorescent pyrazoline with good 

selectivity, in pure phosphate buffer solution. In these experiments, we have excluded T3 and T4, because of 

their poor quantum yields and the impossibility to isolate the corresponding photoproducts. 

As trapping agent, we have chosen acrylamide because it is one of the most used dipolarophile for 

bioconjugation. In the first set of experiment, we have irradiated tetrazoles T1-T9 in presence of a large 

excess of alkene (100 equivalents), to immediately discard compounds that, event in these conditions, were 

unable to react preferentially with the dipolarophile. For each tetrazole, corresponding pyrazoline and acyl 

hydrazide, previously synthesized on a preparative scale, were used as references to determine products 

concentration during the analysis. 

Solution of tetrazoles (C = 10-5 M) were irradiated with a multi-lamps photoreactor (Rayonet) at 310 nm (with 

two 15 W lamps), in 1:1 ACN:PBS solution, in presence of 100 equivalent of acrylamide. Reactions were 

monitored through HPLC Analysis and UV-VIS, and little amount of solution were taken at different times in 

order to analyse products distribution.  

For all considered substrates, we have observed clean reactions, with the formation of the only two expected 

products: Pyr and AH. In order to estimate cycloaddition efficiency, we have reported the ratio (indicated as 

[Pyr]/[AH]) between the concentration of generated compounds (Table 5.4) at high substrate conversion.  

Different tetrazoles were irradiated for different times, depending on their photolysis quantum yields. In 

general, with most of compounds, high product yields have been achieved in less than 5 minutes, while for 

compound T7, longer times (at least 12 minutes) were necessary.  
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Entry Substituent 

effect 

C  

(10-5 M) 

      Conversion 

(%) 

Time  

(seconds) 

Ratio  

[Pyr]/[AH] 

T1 D-D 5.00 88 80 0.6 

T2 D-D 6.00 93 70 aAH n.d. 

T5 D-A 4.00 93 80 3.7 

T6 D-A 5.55 95 60 45.0 

T7 D-A 7.67 80 720 2.7 

T8 A-A 5.95 76 50 0.9 

T9 A-D 7.16 73 40 AH n.d. 

 

 

Table 5.4 - Conversion of tetrazoles and ratio between concentration of pyrazoline and acyl hydrazide obtained. Reaction 

were performed irradiating solution of tetrazole with Rayonet, in presence of 100 equivalent of acrylamide .aAcyl 

Hydrazide not detected.  

In such a large excess of trapping agent, almost all compounds led to the formation of higher yields of 

pyrazoline, compared to acyl hydrazides, except in case of T1 and T8, whose ratio remained below 1. 

Tetrazoles T5 and T7, despite their low photochemical quantum yields, formed the desired pyrazolines with 

good selectivity. However, most remarkable results have been observed with T5 ([Pyr]/[AH] = 45) and, in 

particular, T2 and T9, for whom acyl hydrazide formation was not even detected. Interestingly, best 

performances have been displayed by substrates with also highest rate photolysis. From these preliminary 

data, we can deduce that combination of acceptor-donor substituents ensures not only fast photolysis rate, 

but also selective formation of pyrazoline.  

To verify if this selectivity can be retained decreasing concentration of acrylamide and if it is possible to 

perform the reaction in a more competitive environment, the same experiment has been repeated on 

selected tetrazoles in presence of different concentrations of acrylamide in pure buffer. We run these 

experiments with substrate T9 and T6, which gave the best outcomes, but also with T7, for its good 

selectivity, and T8, for the solubility properties. Contrary, T2 has not been included in this set of experiments, 

because of its poor solubility in aqueous solution. As in previous case, reactions were monitored through 

HPLC analysis and we have determined concentration of products at high reaction conversion. In Table 5.5, 

we have reported the ratio between concentration of pyrazoline and acyl hydrazide, at high substrate 

conversion.  
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Table 5.5 - Cycloaddition selectivity for T6, T7, T8 and T9. For each tetrazole, ratio between concentration of Pyr and AH 

are reported for different amounts of acrylamide. Percentage in brackets represent conversion of substrate at which the 

ratio has been measured. 

 

As expected, decreasing the concentration of acrylamide, selectivity of the reaction diminished. The most 

dramatic effect can be observed on T8: concentration of pyrazoline decreases in a significant extent and, at 

only 5 equivalents of alkene, is not even detected anymore. For T6 and T9, cycloaddition remained the 

preferred pathway at each amount of alkene. While T6, at only 5 equivalents of acrylamide, generated the 

corresponding pyrazoline in 50% yield, T9 displayed high selectivity at each amount of trapping agent. For 

what concern T7, it didn’t show outstanding performances, however, the ratio between the products is never 

below one, indicating a discrete selectivity. Moreover, pyrazoline generated by T7 is highly fluorescent (Φ = 

42% in water), therefore this tetrazole can be considered a good compromise for potential biological 

applications, to achieve both an efficient photoreactivity and high fluorogenicity.  

 

5.1.6 Biophysical Experiments to analyze G4 binding affinity 
 

In order to preliminarly investigate the potential of tetrazole moiety as quadruplex photoactivable ligands, 

we have considered water-soluble compounds, T7, T8 and T9 and analyzed their binding affinity through 

Fluorescence Resonance Energy Transfer assay (FRET Melting assay).  

This experiment has been carried out with different quadruplex forming sequences: the telomeric F21T, the 

two quadruplex identified in the oncogene c-KIT (c-KIT1 and c-KIT2) and LTR-III and LTR-IV, associated to HIV 

virus. Results are summarized in Table 5.6 and, as it’s possible to observe, for each derivative, the experiment 

has been repeated at different ligand concentrations (5, 10 and 15 µM). it is evident that all analyzed 

compounds showed low low affinity for G4 structures: in particular, T8 and T9 displayed even negative values, 

suggesting that they could even induce a destabilization of the target. The only exception is represented by 

T7, that, in case of LTR-III and LTR-IV, displayed moderate stabilization. The significantly different melting 

temperatures detetermined among different quadruplexes pointed out that T7 is able to recognize 

selectively LTR-III and LTR-IV, representing an interesting starting point for the development of specific 

ligands for this target.  

 

 

 

Acrylamide Equivalents Ratio [Pyr]/[AH] 

T6 (95%) T7 (90%) T8 (85%) T9 (70%) 

5 0.9 1.0 Pyr n.d. 3.7 

10 2.3 1.1 0.1 4.4 

20 5.2 1.7 0.2 AH n.d. 

50 11.1 2.4 0.5 AH n.d. 

100 45.3 2.7 0.9 AH n.d. 
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   ΔTm (°C)   

Compound F21T c-KIT1 c-KIT2 LTR-III LTR-IV 

T7 (5 µM) 1.3 1.3 1.0 3.0 3.0 

T7 (10 µM) 2.7 1.7 1.3 4.6 5.0 

T7 (15 µM) 4.0 1.7 1.7 5.7 6.3 

T8 (5 µM) 0.0 -0.7 0.0 0.0 -0.7 

T8 (10 µM) 0.3 0.7 0.0 1.0 0.0 

T8 (15 µM) -2.3 -1.7 -3 -1.3 -2.6 

T9 (5 µM) -2.7 -2.7 -2.7 -2.0 -3.3 

T9 (10 µM) -2.7 0.7 -2.0 -1.6 -3.3 

T9 (15 µM) -2.3 -2.7 -1.3 -1.0 -3.3 

 

Table 5.6 – FRET Melting assay, performed in presence of 0.25 µM of oligonucleotide. 

 

However, it should be underlined that common quadruplex ligands reported in literature, induce higher 

stabilization of quadruplex structures and results achieved with these compounds cannot be considered 

competitive.  

Then, in order to develop efficient ligands, further optimization of tetrazole scaffold was required, in order 

to improve binding affinity for the desired target.  

 

 

5.1.7 Looking for biologically active scaffolds 
 

Low affinity of 2,5-diaryl tetrazoles for quadruplex structures forced us to look for alternative strategies to 

improve their interactions with the selected target. To this aim, we reasonably planned to modify their 

structure through simple covalent conjugation to well-known quadruplex ligands, in order to ensure stronger 

and selective binding. In Freccero’s group, several classes of ligands have been designed and synthesized, as 

naphthalendiimides (tri- and tetra-substitued)196 and their dimers derivatives125, core-extended 

naphthalendiimides130, heptacyclic ligands197 and squaraines92. These compounds can be considered good G4 

ligands, well-suitable to improve binding properties of 2,5-diaryl tetrazoles.However, the choice of the ligand 

depended not only on the affinity for the target, but was prompted by the necessity to achieve significant 

biological activity. Indeed, with the aim to develop biologically active ligands, this parameter cannot be 

neglected.  

Thefore, we have evaluated the cytotoxicity, still unknown, of different classes of quadruplex ligands, 

previously produced and characaterized in our laboratory, and compared their results with here synthesized, 

water-soluble, tetrazoles T7-T9. In details, we have investigated their anticancer and antiparasitic activity, 

testing their citotoxcity against two different cell lines, MRC5 and HT29, and two parasites, Trypanosoma 

Brucei and Leishamania Major. Here we present the obtained results for the following classes of compounds: 

tri- and tetra-substituted NDIs, core-extended NDIs and NDIs dimers and squaraines. It should be underlined 
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that the choice of these class of ligands was dictated also by their spectroscopic properties, in particular by 

their high molar absorptivity in the visible region.  

Here we describe the obtained results for each class of compounds, tested on both cells and parasites and 

reported IC50 values have been determined through MTT assay and with Alamar Blue (or Resazurin) assay for 

Trypanosoma Brucei.   

 

 

Figure 5.6 – A) MRC5 cells visualized with optical microscope; B) HT29 cells under optical microscope. 

 

➢ Tri- and Tetra-Substituted Naphthalenediimides 

 

We have analyzed twelve interesting tri- and tetra-substituted NDIs, NDI1-12, bearing substituents of 

different nature: in particular, they were mainly characterized by the presence of alkyl diamines and 

polyethylene glycole chains (PEG) (Figure 5.7). Amino groups ensure high solubility in water and strong 

interactions with G4s, although with often low selectivity. Conversely, PEG were introduced to maintain 

water solubility but increase the specificity for the target, ensured by the lack of positive charges. The 

influence of substitution degree on biological properties was also investigated, through the analysis of di-, 

tri- and tetra-substituted NDIs. Moreover, in this group we have added naphthaleniimide NDI11, to verify the 

influence of the extension of the aromatic core, and the copper complex NDI4, which was not only a good 

quadruplex binder, but possesses catalytic activity able to selectively cleave quadruplex structures198. MRC5 

and HT29 cells were incubated with increasing concentration of these ligands and tetrazoles T7-T9 and, 

subsequently, we have calculated their IC50 values. In general, as it’s possible to observe in Table 5.7, tetra-

derivatives displayed low toxicity against HT29 cells and poor selectivity, as evidenced by their selectivity 

indexes. NDI6 was the only exception, with S.I. = 12, despite its low toxicity against cancer cells. From these 

data, it seems that the presence of an increasing number of polyethyleneglycole chains increased the IC50 

values, as demonstrated by the trend reported in Table 5.7. In addition, these compounds displayed higher 

toxicity towards healthy cells MRC5 compared to cancer line, as the copper complex NDI4, then they cannot 

be considered promising anticancer agents. 
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Figure 5.7 – Tri- and tetra-substituted NDIs analyzed.  
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The best results were accomplished with tri-substituted NDIs characterized by two or more 3-

(dimethylamino)propylamine chains, in particular with NDI10, that was characterized by submicromolar 

toxicity towards HT29 cells and remarkable selectivity (S.I. = 44). This ligand was followed by NDI9 and NDI6, 

with low IC50 values and S.I. = 36 and 35, respectively. The analysis of tetrazole cytotoxicity revealed that 

these molecules not only were affected by poor binding properties towards G4, but they presented negligible 

biological activity, as proved by their high IC50 values that, for T7 and T9, are even above 50 µM, and low 

selectivity for cancer cells. This outcome further evidenced that modification of tetrazole scaffold is 

mandatory to optimize their performances for potential biological applications.  

 

 
HT29 MRC5 

 

Compound IC50 (µM) IC50 (µM) Selectivity Index (S.I.) 

NDI1 6 ± 1 2.1 ± 0.4 0.35 

NDI2 8 ± 2 6.6 ± 0.3 0.8 

NDI3 33.8 ± 0.3 > 100 - 

NDI4 1.6 ± 0.4 0.5 ± 0.4 0.31 

NDI5 > 80 > 100 - 

NDI6 0.7 ± 0.2 12 ± 9 17 

NDI7 0.080 ± 0.009 2.8 ± 0.9 35 

NDI8 < 0,005 1.3 ± 0.2 - 

NDI9 0.09 ± 0.01 2.0 ± 0.3 22 

NDI10 0.22 ± 0.09 8 ± 6 36 

NDI11 0.09 ± 0.009 4 ± 1 44 

NDI12 84 ± 4 > 100 - 

T7 47 ± 9 > 100 - 

T8 9 ± 2 32 ± 12 1.3 

T9 29 ± 1 > 50 - 

 

Table 5.7 – IC50 values of tri and tetra-substituted NDIs on MRC5 and HT29 cells. 

 

Subsequenlty, we have investigated their antiparasitic activity, measuring the IC50 values against T. Brucei 

and Leishmania Major.  

The first fact that should be underlined is that, in general, all compounds showed higher toxicity towards T. 

Brucei, compared to Leishmania, and toxicity trend was similar to cells. For example, even in this case, 

increasing the number of polyethylene glycole chains, IC50 decreased. More elevated toxicity was observed 

with tri-substituted NDIs with amines functions: the most remarkable results was displayed by NDI7, with an 

IC50 in the subnanomolar range, followed by NDI6 (IC50 = 0.027 ± 0.006 µM) and NDI8 and NDI9. Furthermore, 

NDI7 showed also the highest toxicity against Leishmania M, evidencing its particular toxic effects against 
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parasites. Once again, tetrazoles T7-T9 displayed low activity: only T8 showed modest effect against T. Brucei, 

with IC50 = 0,68 ± 0.06 µM.  

 

 
 

Leishmania M. T. Brucei 

Compound IC50 (µM) IC50 (µM) 

NDI1 4 ± 2 0.99 ± 0.06 

NDI2 96.6 ± 0.4 3.0 ± 0.2 

NDI3 4.3 ± 0.7 11 ± 2 

NDI4 56 ± 34 0.008 ± 0.001 

NDI5 * 7 ± 1 

NDI6 * 0.07 ± 0.02 

NDI7 4 ± 3 0.027 ± 0.006 

NDI8 0.008 ± 0.001 4.38∙10-7 ± 4.36∙10-7 

NDI9 13 ± 7 0.031 ± 0.004 

NDI10 3 ± 1 0.03 ± 0.02 

NDI11 0.32 ± 0.11 0.4 ± 0.2 

NDI12 63.5 ± 0.3 30 ± 2 

T7 23 ± 2 19 ± 1 

T8 96 ± 4 0.68 ± 0.06 

T9 10 ± 0.9 17.8 ± 0.4 

 

Table 5.8 – IC50 values of NDI1-NDI12 and T7-T9 on against T. Brucei and Leishmania M. *Values not determined because 

fluorescence of NDI5 and NDI6 interfered with Alamar blue assay. 

 

 

 

➢ Core-extended Naphthalenediimides and NDI-Dimers 

Subsequently, we have evaluated the toxicity of another class of naphthalenediimide derivatives: core-

extended and dimers. As reported in Figure 5.8, we have selected four extended NDIs (CEX1-CEX4) and five 

dimers (DIM1-DIM5). We have explored how different substituents influence cytotoxicity properties of these 

scaffolds: in particular, for core-extended NDIs, we have analyzed two 3-(dimethylamino)propylamine 

derivatives, CEX1 and CEX4, and other two compounds, one bearing morpholine moiety and the other one 

two polyethylene glycole chains. Morpholine has been chosen for its reduced basicity compared to 

propylamine function, therefore, in physiological environment, presents a lower degree of protonation, that 

results in higher affinity for G4s. NDI dimers involve both tri- and tetra-substituted NDIs, a core-extended 

derivative (DIM1) and, concerning substitution in the imidic positions, we have considered also a compound 

with two long-chain carboxylic acids.  
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Figure 5.8 – Representation of here analyzed core-extended NDIs CEX1-CEX4 and NDI dimers DIM1-DIM5. 
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As described in Table 5.9, in the experiments on HT29 and MRC5 cells, we have observed very different 

outcomes, depending on the structural features of the compounds. In particular, CEX1 and CEX2, with amino 

groups on imidic position, displayed not only the highest toxicity (IC50 = 0.03 ± 0.05 nM and IC50 = 0.03 ± 0.01 

µM) but also the best selectivity among healthy and cancer cells (S.I. = 150 and 63, respectively). However, it 

should be highlighted that, despite the unique specificity, these compounds showed elevated toxicity also 

against MRC5 cells, with very low IC50 values. CEX4, the only derivative presenting a functionalization of the 

extended aromatic core, displayed even higher toxicity compared to CEX2, but it had the same effect on the 

two cell lines, with poor selectivity.  

 

 
HT29 MRC5 

 

Compounds IC50 (µM) IC50 (µM) Selectivity Index 

CEX1 3∙10-5 ± 5∙10-6 4.5∙10-3 ± 3∙10-3 150 

CEX2 2.7∙10-2 ± 1∙10-3 1.7 ± 0.4 63 

CEX3 9∙10-2 ± 2∙10-2 7∙10-1 ± 3∙10-1 7.4 

CEX4 2.6∙10-3 ± 4∙10-4 6∙10-3 ± 1∙10-3 2.3 

DIM1 1.06 ± 0.05 43 ± 10 43 

DIM2 57 ± 9 64 ± 1 1.1 

DIM3 1∙10-2 ± 2∙10-2 7∙10-2 ± 6∙10-2 1 

DIM4 12.8 ± 0.3 1 ± 1 12.8 

DIM5 66.3 ± 0.5 >100 - 

 

Table 5.9 - IC50 values of core-extended and dimers NDIs on MRC5 and HT29 cells. 

 

Among NDI dimers, DIM1 showed edexcellent selectivity index, with only moderate toxicity, (IC50 above 1 

µM for both cell lines). DIM3 presented lower IC50 values, but with basically no specificity among HT29 and 

MRC5. The last two analyzed compounds, DIM4 and DIM5, were affected only by low toxicity against cancer 

cells, therefore they don’t represent promising compounds for potential anticancer therapy. Comparing 

these results, with tetrazoles T7-T9, we have observed that core-extended NDIs, as the previous tri- and 

tetra-substituted compounds, showed remarkable higher toxicity compared to tetrazole scaffolds, while, 

interestingly, dimers displayed similar activity, except for DIM3. Therefore, we can conclude that the 

presence of a larger and planar aromatic surface, is responsible of elevated toxicity towards human cell lines, 

regardless of the type of substituents present. However, the nature of the functional groups seems to be 

relevant to determine the selectivity for a specific cell line, as demonstrated by improved selectivity index 

obtained with the introduction of protonable amino groups. Conversely, conjugation of two 

naphthalenediimide units even decreased the toxicity, evidencing that this strategy, on the basis of these 

preliminary data, isn’t particularly promising for the development of novel anticancer agents.  

With these compounds, determination of the antiparasitic activity has not been possible, because the specific 

fluorescence emission of these compounds interfered with the Alamar blue assay, the fluorescence-based 

analysis used to determine citotoxicity against parasites, therefore a more suitable protocol should be 

developed to obtain more reliable results.  
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Figure 5.9 – 96-well plate of HT29 cells incubated with CEX1-CEX3, after the MTT assay. The colour indicate the 

percentage of cell survival: purple wells are associated to elevate amounts of survived cells, while white wells indicate 

that most of cells didn’t survive.  

 

➢ Squaraines 

In the end, we have investigated the biological behaviour of a third class of previously reported quadruplex 

ligands, squaraines, which are cyanine derivatives with very interesting optical properties, as their intense 

emission in the NIR region199. Coherently with previous biological investigations, we have selected 

compounds characterized by different substituens, in particular alkyl chains bearing terminal amine and 

polyethylene glycole functions, as reported in Figure 5.10.  

With squaraines, we have obtained very different results compared to naphthalenediimide derivatives: as 

reported in Table 5.10, most of them showed IC50 values above 100 µM on both cell lines, with no selectivity. 

Slightly better activity was observed with V40, bearing two polyethylene glycole chains, and V46, with two 

esther functions connected to the central core through a two-carbon atom spacer. Although these two 

molecules presented better results compared to other analyzed squaraines, their activity cannot be 

considered promising for potential anticancer applications. Moreover, if we consider the results achieved 

with tetrazoles T7-T9, we noticed that even tetrazole scaffold was characterized by better efficiency, in terms 

of both selectivity and IC50 values, respect to squaraines.Therefore, squaraines cannot be employed to 

improve the biological activity of 2,5-diaryl tetrazoles. Their such low toxicity could be due to poor cellular 

uptake, then, further experiments should be performed to verify this hypothesis and, in case this is 

confirmed, modification of the structure could be performed to improve this aspect.  

 

 

 

 

 

 

 

 



128 
 

 

 

 

 

 

 

Figure 5.10 – Squaraines analyzed to dermine their IC50 values on HT29 and MRC5 cells and on parasites T. Brucei and 

Leishmania M.  
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HT29 MRC5 

Compound IC50 (µM) IC50 (µM) 

V29 > 90 0.2 ± 0.1 

V30 > 100 > 100 

V40 12 ± 6 2.7 ± 0.7 

V46 7 ± 3 > 100 

MT17 > 100 > 100 

MT19 > 100 > 100 

 

Table 5.10 - IC50 values of squaraines on MRC5 and HT29 cells. 

 

Subsequently, we have determined their behaviour on parasites and, as it’s possible to observe in Table 5.11, 

different outcomes have been obtained with two different microorganisms: indeed, we verified complete 

absence of toxicity on Leishmania M., for all squaraine derivatives, with IC50 always above 100 µM. On T. 

Brucei, slightly better activity was recorded, with IC50 ranging from 6 to 27 µM. The lowest values was 

displayed by V30, characterized by two triazoles and two alkyl amines. However, all squaraines were 

characterized by poor biological activity and tetrazoles T7-T9 showed significantly higher toxicity towards 

both parasites, in particular against T. Brucei, with IC50 below 1 µM.  

 

 
T. Brucei Leishmania 

Compound IC50 (µM) IC50 (µM) 

V29 16 ± 7 > 100 

V30 6 ± 3 > 100 

V40 27 ± 2 ˃ 100 

V46 14 ± 7 > 100 

MT17 20 ± 6 > 100 

MT19 > 100 ˃ 100 

 

Table 5.11 - IC50 values of squaraines  against T. Brucei and Leishmania M.  

 

From this preliminary screening, emerged that naphthalenediimides represent the most promising scaffold 

to improve the biological properties of 2,5-diaryl tetrazoles. In details, tri- and tetra-substituted NDIs and 

core-extended presented most interesting anticancer and antiparasitic activities. Therefore, we addressed 

our choice towards the first class of ligands and we decided to exclude, for the moment, core-extended NDIs, 

because of their low IC50 values on MRC5 cells. In the end, tri-substituted NDIs resulted to be the most suitable 

scaffold, not only for good toxicity with excellent selectivity, but also because their activity could be easily 

modulated by proper choice of substituents.  
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Figure 5.11 - 96-well plate of HT29 cells incubated with Squaraines, after the MTT assay. Almost all wells resulted to be 

of an intese purple, indicating the very low toxicity of these compounds. 

 

 

5.1.8 Conclusions 
 

From the analysis of  different substitued 2,5-diaryl tetrazoles, we have discovered that different combination 

of susbtituents strictly influence their photoreactivity. Presence of electron-donating substituents accelerate 

nitrile imine formation, especially if they are introduced on N-phenyl ring, and improve the selectivity of the 

cycloaddition, leading to the formation of high yields of pyrazolines, even at low concentration of alkene. 

However, the same trend has not been observed during the evaluation of fluorescent properties of their 

corresponding pyrazolines: indeed, intense emission are observed only for compounds bearing electron-

withdrawing groups on N-phenyl ring, while introduction of electron-donating substituents in that specific 

position has a quenching effect on fluorescence emission. Therefore, the requirements to obtain high 

photoreactivity and high quantum yields are the opposite. However, in order to maximize the efficiency of 

the process, a compromise can be achieved: T7, despite the low photolysis efficiency, showed good selectivity 

in the cycloaddition step and its corresponding pyrazoline displayed high fluorescence quantum yield.  

With the aim to exploit tetrazoles to develop new quadruplex ligands, we have also preliminarly investigated 

the binding affinity of water soluble T7, T8 and T9 for some common quadruplex forming sequences, through 

FRET melting assay. Unfortunately, these compounds displayed only low stabilization of tested G4s, 

evidencing the impossibility to use them as efficient ligands. Then, 2,5-diaryl tetrazoles scaffold requires 

further modifications, in order to improve the affinity for quadruplex structures. To this aim, we planned to 

conjugate tetrazole moieties to previously reported G4 ligands, synthesized in Freccero’s laboratory. 

However, the choice of the ligands has been dictated not only by affinity for the target, but also by their 

biological activity: indeed, we have selected three classes of compounds and analyzed their anticancer and 

antiparasitic activity, to individuate biologically active scaffolds, that could be employed for therapeutic 

applications. Moreover, we have compared these results with toxicity of tetrazoles T7-T9, that, as expected, 

resulted to be quite low. In the end, considering both their affinity for G4s and biological activity, tri-

substituted NDIs appeared to be the most promising derivatives to improve properties of 2,5-diaryl 

tetrazoles.  
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5.2 Photoresponsive Tetrazoles-Based G4 ligands 
 

5.2.1 Design of Tetrazole-based ligands 
 

Previously described 2,5-diaryl tetrazoles exhibit interesting spectroscopic and photochemical properties, 

which can be exploited to develop light-responsive quadruplex ligands, after having tackled two major 

drawbacks: 1) they have low affinity for quadruplex structures and 2) the photo-generation of intermediate 

nitrile imine occurs upon irradiation with UV-light, centered at 300-350nm. For biological applications, the 

process should be activated, at least, with visible light, to minimize DNA damage.  

To this aim, we planned to modify tetrazoles scaffold to overcome both these issues. In details, we assumed 

that the conjugation of 2,5-diaryl tetrazole moiety to naphthalenediimide (NDI) core might represent a valid 

strategy: in fact, the planar and aromatic structure of NDI ensures strong affinity for G4 structures and, at 

the same time, due to its intense absorption in the visible region, upon excitation, it could trigger tetrazole 

photolysis through energy transfer or electron transfer, as already observed with other photoactivable 

conjugates138.  To verify this hypothesis, we have synthesized six different conjugates NDI-Tetrazoles NT1-

NT6 (Scheme 5.6), covalently linked with alkyl spacers of two, four and twelve atoms. The longest chain was 

a polyethyleneglycole linker,chosen because the presence of multiple oxygen atoms improved both the 

solubility and affinity for the target. Concerning the synthesis of these conjugates, we have used NDIs, with 

3-(dimethylamino)propylamine moiety, at the imide positions and with an alkylamino linker on the 

naphthalene core, for the conjugation to the tetrazole. Three of the six NDI-tetrazole conjugates are 

characterized by the presence of a bromine atom on naphthalene core, which is replaced by a hydrogen atom 

in the other three compounds. Methoxy group was chosen as electron donor substituent on N-phenyl ring 

of the tetrazole, with the aim to increase the efficiency of the photoreactivity, while an amide group was 

placed on C-phenyl ring.  

 

Scheme 5.6 – Structure of the NDI-Tetrazole conjugates (NT1-NT6), synthesized and investigated in the present study.  
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We have optimized the synthetic protocol to efficiently obtain the designed conjugates NT1-NT6 and, 

simultaneously, we have produced three novel water soluble tetrazoles, T10, T11 and T12, to be tethered to 

the NDI core (Scheme 5.7). Subsequently, we have analyzed spectroscopic properties of all synthesized 

compounds, to evaluate the interaction between two chromophores. In details, we have investigated the  

photoactivation at 517 nm, to verify if the activation of tetrazole using visible light was possible, and analyzed 

the nature of generated products. Photoreactivity has been investigated even at 310 nm, not only because 

of the higher absorption of compounds in this spectral region (resulting in higher reactivity) but also to 

evaluate the reactivity by tetrazole direct irradiation.   

In the final part of the work, we have also investigated the affinity of these new conjugates towards different 

quadruplex structures, by circular dichroism (CD) analysis, to confirm their potential as novel photoactivable 

ligands.  

 

 

 

Scheme 5.7 – 2,5-Diaryl tetrazoles T10, T11 and T12 synthesized for conjugation on NDIs. 

 

 

5.2.2 Synthesis of NDI-Tetrazoles conjugates 
 

To obtain the designed compounds NT1-NT6, we started with the synthesis of three 2,5-diaryl tetrazoles T10-

T12. We have exploited the same synthetic protocol described in the previous section (3.1.2), then we 

performed the condensation reaction between benzaldehyde 75 and commercially available 

benzensulphonyl hydrazide to quantitatively produce the corresponding benzensulphonyl hydrazone B6 

(Scheme 5.8). At the same time, we have synthesized the corresponding arenediazonium salt, from p-

anisidine 80. The arenediazonium salt has not been isolated and was used for the subsequent step without 

purification. Solution of 81 was added dropwise to a cooled solution of B6, dissolved in pyridine. Reaction 

was stirred at room temperature for four hours and, after this time, tetrazole T6 was precipitated through 

addition of water (Scheme 5.8).  
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Scheme 5.8 – Synthesis of tetrazole T6: a) Benzensulphonyl hydrazide (1 eq.), EtOH, r.t, 2 h; b) NaNO2, HCl 37%, EtOH 

50%, 0°C, 30 min; c) Pyridine, 0°C-r.t., 4h.  

 

Final tetrazoles T10-T12 were synthesized with coupling reactions, with three different amines (Scheme 5.9). 

Briefly, tetrazole T6 was dissolved in ACN and solution was cooled to 0°C with an ice bath. PyBOP, was used 

as activating agent, with N,N-diisopropylethylamine (DIPEA), and the resulting mixture was stirred at r.t. for 

30 minutes. In the meantime, in a separated flask, a large excess of amines 82-83 were dissolved in ACN and 

cooled to 0°C. The solution containing the carboxylic acid T6 was transferred into a dropping funnel and 

added dropwise to amine, in order to avoid the formation of polymeric products. After two hours, reaction 

was quenched and the crude was purified through flash column chromatography to isolate T10-T12 in 

moderate/good yields (40-68%).  

 

Scheme 5.9 – General procedure for the synthesis of tetrazoles T10-12: a) DIPEA (2 eq.), PyBOP (1 eq.), ACN, 0°C, 30 min. 

b) amine (10 eq.), ACN, 0°C-r.t., 2h.  

 

Once we have obtained the tetrazoles T10-T12, we proceeded with the synthesis of the NDI scaffold and we 

have exploited the synthetic protocol optimized by Freccero’s group. Starting from commercially available 

1,4,5,8-Naphthalenetetracarboxylic dianhydride 85 (Scheme 5.10), we performed a bromuration of 

naphthalene core with dibromoisocyanuric acid 86, in pure sulfuric acid, at 130°C. After 16 hours, 

dibromoanhydride 17 was isolated through simple filtration of reaction mixture on Buchner funnel. 

Conversion of anhydrides into imides was obtained upon treatment of 17 with 3-

(dimenthylamino)propylamine in acetic acid, under reflux, for 30 minutes, with the same procedure 



134 
 

described previously. From this reaction, a mixture of products was obtained, composed for 60% of NDI with 

two bromine atoms (87) and for 30% by mono-brominated derivative 17 (while the remaining 10% was NDI 

without bromine). However, the crude was not purified and this mixture was employed for the subsequent 

synthetic step.  

 

Scheme 5.10 – Synthesis of NDIs 18 and 87: a) dibromoisocyanuric acid (1.5 eq.), H2SO4 98%, 130°C, 16h; b) 3-

(dimenthylamino)propylamine (2.5 eq.), CH3COOH, 130°C, 30 min.  

 

Finally, the conjugation of NDIs to previously synthesized tetrazoles involved an aromatic nucleophilic 

substitution: the free alkylamino group on tetrazole T10-T12 was exploited to replace the bromine atom on 

NDI core. Reaction occurred in acetonitrile, in presence of DIPEA. After one night under reflux, substrate was 

completely consumed and two products were produced: the brominated NDIs (NT1-3) and the 

dehalogenated analogues (NT4-6).  

 

Scheme 5.11 – General procedure for the synthesis of NT1-NT6. 

 
 

 



135 
 

5.2.3 Spectroscopic Properties 
 

Preliminarly, we analysed absorption properties of tetrazoles T10-T12, to subsequently compare their 

spectra with NDIs conjugates. The experiments were performed in 1:1 ACN:phosphate buffer solution, at pH 

= 7.4) and, as it’s possible to observe, all three compounds showed the same behaviour: only one maximum 

peak can be individuated, centered at 290 nm, coherently with what observed with previously described 2,5-

diaryl tetrazoles. These compounds are also characterized by the same type of substituents, which results in 

a perfect overlay of absorption profiles: indeed, as reported in Figure 5.12-A, they basically displayed the 

same molar extinction coefficients. The three tetrazoles presented also excellent absorption excellent 

absorption at 310 nm, the selected wavelength of irradiation, with ε > 1*104 M-1 cm-1.  

 

Figure 5.12 – A) Molar absorptivity of tetrazoles T10-T11 in 1:1 ACN:PBS (50 mM, pH 7.4) and B) measured molar 

extinction coefficients at λmax and λ = 310 nm.  

Then, we have analysed spectroscopic properties of conjugates NT1-NT6 in phosphate buffer solution (PBS), 

at pH = 7.4, to mimic physiological conditions. However, molar absorptivity was measured in 1:1 ACN:PBS, 

because of their poor solubility in pure buffer. In Figure 5.13-A, we have overlapped the spectra of three 

bromine derivatives (NT1, NT2 and NT3), while in Figure 5.13-B their dehalogenated analogues. As it’s 

possible to observe, the presence of halogen atom on naphthalenediimide core doesn’t induce significant 

differences in the absorption spectra. In particular, for each compound we can find a maximum around 270 

nm, two peaks at 360 and 380 nm, which are attributed to π-π* transitions of NDI aromatic core, and the 

typical charge-transfer band in the visible region, extended from 450 to 600 nm, originated by the 

introduction of electron-rich substituents on naphthalene core.  In these spectra, it’s possible to notice also 

the presence of a “shoulder” at 290 nm, particularly pronounced in NT4 and NT6, corresponding to the typical 

absorption of tetrazole ring.  
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Figure 5.13 – A) Molar absorbivity of NT1-NT3 in 1:1 ACN:PBS (50 mM, pH 7.4); B) molar absorbivity of NT4-NT6 in 1.1 

ACN:PBS (50 mM, pH 7.4).  

 

From these preliminary analyses, we demonstrated that all synthesized compounds present excellent 

absorption properties in UV region, as expected, and in the visible region, therefore activation in more 

biocompatible conditions, using, for example, a green LED, could be explored. In Table 5.12, we have 

summarized the molar extinction coefficients of NT1-NT6, in phosphate buffer solution, at 310 nm and 517 

nm, the wavelength selected for photoactivation experiments. In general, molar absorptivity is significantly 

higher at 310 nm, compared to visible region, indicating that photoactivation should be more efficient in 

these conditions. However, they present good absorption also at 517 nm, therefore tetrazole photolysis has 

been explored even at this wavelength.  

 

Compound Λmax (nm) ε 310nm (M-1 cm-1) ε 517nm (M-1 cm-1) 

NT1 279, 379, 560 13421 6291 

NT2 270, 352, 373, 551 17938 7298 

NT3 273, 360, 373, 551 18028 6185 

NT4 284, 357, 376, 505 13300 5217 

NT5 268, 357, 379, 543 15732 5353 

NT6 268, 357, 375, 538 17695 6712 

 

Table 5.12 – Molar extinction coefficients of conjugates NT1-NT6 in 1:1 ACN:PBS solution (50 mM, pH 7.4) at 310 and 

517 nm.  

Subsequently, we have investigated the fluorescence emission of compounds NT1-NT2, to verify the 

potential fluorogenicity of the process; indeed, as previously reported, 2,5-diaryl tetrazoles are completely 

non fluorescent, while their corresponding pyrazolines displayed elevated fluorescent quantum yields. Tri-

substitued naphthalenediimides are usually characterized by intense fluorescence in aqueous solution, 

therefore, if their emission remains constant during the process, no “light-up” can be observed upon product 

formation. NDIs 88 and its dehalogenated analogue 89 (Figure 5.14), present the same substitution pattern 

of our conjugates NT1-NT6, with three N,N-dimethylaminopropylamines groups, then we have used them as 
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a reference for our experiments200. These compounds showed good quantum yields in water solution, which 

was slightly lower for brominated NDI 89 (Φf = 0.11).  

 

 

Figure 5.14 – Fluorescence Quantum yields, in buffered acidic water (pH = 2), of trisubstituted NDIs 88 and 89200. 

 

We have measured the fluorescence quantum yields of conjugates NT1-NT6 in pure water and in DMSO, to 

eventually evaluate the influence of solvent on the emission intensity, using, as standard reference, DAPI. 

Obtained results are reported in Table 5.13 and, surprisingly, all conjugates displayed very low emission 

intensities, with quantum yields that remain always below 4%. Lowest values, in water, have been recorded 

with NT3, characterized by the bromine atom and polyethyleneglycole chain as spacer, and dehalogenated 

NT4. However, no significant differences have been observed among all derivatives. Interestingly, in DMSO 

solution, quantum yield values are even lower, then we can deduce that their poor emission doesn’t depend  

on the solvent. As described previously, tri-substituted NDIs are generally characterized by significantly 

higher fluorescent quantum yields, as in case of 88 and 89 (Φf = 0.19 and 0.11, respectively), while, in this 

case, we have recorded a remarkable quenching by almost one order of magnitude. Therefore, we can 

conclude that, despite the conjugation has been accomplished with long-chain spacers, the presence of the 

tetrazole moiety strongly influenced optical properties of NDI scaffold and has a quenching effect on its 

fluorescence emission. In the end, we can speculate that, despite the presence of NDI, fluorogenicity of the 

process could be maintained and intense emission should be observed upon pyrazoline formation. 

 

 

Table 5.13 – A) Fluorescence quantum yields of NT1-NT6 in water and DMSO. These values have been measured using 

Compound Φ
f %(H

2
O) 

 
Φ

f
 % (DMSO) 

NT1 3.3 ± 0.5 0.53 ± 0.03 

NT2 3.0 ± 0.2 0.62 ± 0.02 

NT3 1.7 ± 0.1 0.71 ± 0.03 

NT4 0.5 ± 0.2 1.5 ± 0.5 

NT5 2.7 ± 0.3 0.154 ± 0.006 

NT6 2.4 ± 0.6 0.14 ± 0.04 

A) B) 
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DAPI as reference, λexc = 350 nm for experiments in water and λexc = 310 nm for DMSO solutions. Reported quantum 

yields are the results of three different measurements. B) Fluorescence emission of NT3, in water solution, upon 

excitation at 365 nm, with a TLC lamp.  

 

5.2.4 Photoreactivity 
 

After a complete analysis of spectroscopic properties of synthesized compounds, we have thoroughly studied 

their photochemical behavior, to evaluate the photolysis efficiency and the nature of photogenerated 

products. In details, we evaluated the effect of conjugation to NDI derivatives on tetrazole photoreactivity, 

compared their behaviour at 310 nm with free 2,5-diaryl tetrazoles T10-T12. Moreover, for conjugates NT1-

NT6 we have also explored the photoreactivity irradiating selectively the NDI chromophore at 517 nm, to 

test if tetrazole photolysis could occur in the visible region, by energy or electron transfer.  

Firstly, we have focused our attention on non-conjugated 2,5-diaryl tetrazoles T10-T12: as described in the 

previous section (5.1), we have measured their photolysis quantum yields, at 313 nm, in water solution, and, 

subsequently, we tested their reactivity in the presence of acrylamide, to generate pyrazolines as product. 

Once again, nitrile imine generation efficiency has been measured in phosphate buffer solution, at pH = 7.4, 

irradiating at 313 nm with an optical desk. Reaction was monitored through HPLC and UV-VIS analysis (Figure 

5.15). These tetrazoles display substituents with identical electron properties (an electron-rich group on N-

phenyl ring and an electron-withdrawing one on C-phenyl-ring), which have been chosen to maximize the 

photolysis efficiency, according to the results described in chapter 5.1.3. Our hypothesis has been confirmed 

by experimental results: indeed, efficient photolysis has been observed for all three derivatives, with reaction 

quantum yields ranging from 0.17 to 0.22, in accordance with values measured in preliminary studies of 

chapter 5.1.3. From UV-VIS analysis of tetrazole photolysis, several isosbestic points can be located, indicating 

that the process was very clean and led to the formation of only one product. Moreover, during irradiation, 

absorption spectra of three compounds changed significantly: in particular, band centered at 290 nm 

decreased because of the rupture of tetrazole ring, while a new peak, extended from 350 to 400 nm, 

increased, indicating the formation of acyl hydrazide.  
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Figure 5.15 – UV-VIS analysis of photolysis of tetrazoles A) T10, B) T11 and C) T12 in phosphate buffer solution (pH = 7.4, 

50 mM). D) Photolysis quantum yields measured for T10-T12.  

 

 

These experiments were carried out in water, therefore the only product expected was the corresponding 

acyl hydrazide. To prove the formation of this single photoproduct, we have analyzed irradiated solution also 

with HPLC and LC-MS analysis. In the first case, we observed the formation of only one new peak and LC-MS 

analysis confirmed that it was the expected acyl hydrazide AH10, by mass spectrometry and NMR. In Figure 

5.16, we have reported, as an example, the reaction profiles for T10, but the same behavior has been 

observed also for the other two tetrazoles, with exclusive formation of the corresponding acyl hydrazides.  
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Figure 5.16 – HPLC and LC-MS analysis of T10 solution, after 40 seconds of irradiation at 313 nm, performed with optical 

desk, in phosphate buffer (pH 7.4, 50 mM).  

 

Tetrazole photoreactivity was investigated also in presence of an alkene, acrylamide, to test their ability to 

generate selectively the corresponding pyrazoline. Tetrazoles T10-T12 are perfect analogues of compound 

T9, that, in the previous section (5.1) resulted to be not only the most phoreactive derivative, but also able 

to generate the desired pyrazoline with excellent selectivity, even in presence of low amount of trapping 

agent. Therefore, for these new tetrazoles, we expected the same outcomes. To prove pyrazoline formation, 

we have irradiated solution of T10-T12, at the same concentration used in the previous experiments, at 313 

nm, in phosphate buffered solution (pH 7.4) in presence of 100 equivalents of acrylamide (C = 5*10-3 M). 

Tetrazoles were irradiated for 40 seconds and, we have analyzed the solution through UV-VIS analysis, HPLC 

and LC-MS, at different reaction times, to verify product distribution and the selectivity of the cycloaddition. 

Once again, as an example, here we have reported the reaction profile for compound T10, but the same 

outcome has been obtained with tetrazole T11 and T12. In details, we have observed, as stated before, that 

photoactivation in presence of a large excess of acrylamide led to exclusively formation of the desired 

pyrazoline. In this case, formation of acyl hydrazide was not even detected in trace, despite water was the 

reaction solvent, confirming the remarkable selectivity of these derivatives. As it’s possible to observe in 

Figure 5.17, HPLC profile of the reaction was really clean and tetrazole consumption resulted in increase of 

pyrazoline concentration. Identification of the two peaks has been possible thanks to LC-MS analysis.  
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Figure 5.17 - HPLC and LC-MS analysis of T10 solution in presence of 100 eq. of acrylamide, after 40 seconds of irradiation 

at 313 nm, performed with optical desk, in phosphate buffer (pH 7.4, 50 mM). 

 

After the evaluation of the photoreactivity of free tetrazoles, we focused our attention on conjugated NDIs-

tetrazoles NT1-NT6. We have explored the possibility to achieve photoactivation in the visible region, using 

a green LED, centred at 517 nm. Experiments were performed in 10-5 M solution of NT1-NT6, in 3 ml of 1:1 

ACN: water solution. Times of irradiation were different, depending on substrate reactivity, conversion and 

reactions were monitored through UV-VIS, HPLC and LC-MS analysis. Despite the two chromophores were 

not directly conjugated and they were separated by a long spacer and tetrazole displayed null absorbance in 

the visible region, all examined conjugates, were successfully activated upon irradiation of NDI chromophore. 

Then, we have determined the products generated by this photochemical process, to compare their behavior 

with UV-activable, non-conjugated, tetrazoles T10-T12. Here are reported the results obtained for NT1, but 

we have observed the same reaction profiles for all the conjugates NT1-NT6. Taking into account previous 

experiments, performed on tetrazoles T10-T12 and on T1-T9, in case of successful photoactivation, we 

expected to observe the generation of only one product, the acyl hydrazide. However, from HPLC analysis, 

we have individuated the formation of two species, with retention times tr = 9.3 min and tr = 9.2 min, very 

similar to the substrate NT1 (tr = 9.4 min). Thanks to LC-MS analysis, it has been possible to assign two 

different masses to these new species: briefly, 9.3 min peak corresponded to m/z = 825.33 and m/z = 412.17, 

while the second one, to m/z = 840.25 and m/z = 420.17. Interestingly, concentration of the new adduct, 

with tr= 9.3 min, increased in the first part of the reaction, reaching its maximum value after 10 minutes, then 

it started to decrease and, simultaneously, the intensity of the peak at 9.2 min increased. Based on these 

observations, we have associated the mass of this intermediate to nitrile imine dipole NI1, which evolved to 
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the expected acyl hydrazide AH13 (Figure 5.18). Detection of nitrile imine dipole through HPLC analysis is not 

really a novelty, because Lin and co-workers already reported that nitrile imine can be individuated when 

particularly stable178. These outcomes confirmed the initial hypothesis: conjugation to NDI allowed the 

activation of tetrazole with visible light, resulting in the formation of the expected acyl hydrazide. However, 

during irradiation of 2,5-diaryl tetrazoles, we have never detected 1,3-nitrile imine, only the subsequent 

adduct to water, suggesting that conjugation to NDI could at least influence the lifetime of this intermediate.  

 

 

Figure 5.18 – A) HPLC profile of irradiation of NT1, at 517 nm, in 1:1 ACN: H2O and detected photoproducts; B) LC-MS 

analysis of products formed upon irradiation. 
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In order to demonstrate that this reactivity was due to irradiation with visible light and not to thermal 

activation, we have performed a “dark experiment” for each conjugate: we covered the vial containing the 

solution of conjugate, then this was kept on the green LED, for the same time indicated for irradiation, to 

verify if the potential warming caused by the lamp could be responsible of the observed activation. Solutions 

were subsequently analyzed before and after 40 minutes: through HPLC analysis (Figure 5.19), it was possible 

to observe that the only detected peak was the substrate and no one of the previous reported products was 

generated. This result was confirmed also by LC-MS analysis and, indeed, in these conditions, the only m/z 

individuated corresponded to the substrate. Therefore, we concluded that no thermal activation occurred, 

and the observed products were the results of light-mediated activation of NT1-NT6. 

 

Figure 5.19 – A) UV-VIS absorption profile before and after 40 minutes of dark experiment; B) HPLC profile before and 

after 40 minutes of dark exposure: substrate’s concentration remained unaltered and formation of new peak has not 

been observed at the end of the experiment.  

 

The nature of products generated upon irradiation at 517 nm was the same for all synthesized conjugates, 

however, NT1-NT6 displayed different photolysis efficiency. Because of the impossibility to measure 

photolysis quantum yields with a LED, we have reported, for compounds NT1-NT6, their corresponding half-

lives, obtained upon irradiation at 517 nm, using the same irradiating led and conditions, to compare the 

efficiency of the photochemical process, as reported in Table 5.14. Despite their low absorption in this 

spectral window, photoactivation resulted to be quite effective: substrate consumption was almost 

quantitative in 30 minutes or less of irradiation. Another interesting fact that should be evidenced, is the 

clear difference in photoreactivity among brominated compounds NT1-NT3 and dehalogenated NT4-NT5. In 

details, it seems that the presence of bromine on NDI core accelerated the photochemical reaction, resulting 

in significantly lower half-lives compared to non-substituted derivatives. The only exceptions were NT2 and 

NT5, that showed comparable reactivity. These results indicated that bromine atom could have a relevant 

role in this photochemical process, for example promoting tetrazole activation through an energy transfer 

process. It is well-known, indeed, that bromine atom on NDI increase the half-life of their triplet state200, 

while it has been suggested that nitrile imine generation occurs via triplet excited state, therefore excitation 

of NDI with visible light could promote triplet-triplet energy transfer and, as a consequence, tetrazole 

photolysis, which is more efficient with long-living triplet of brominated compounds NT1-NT3. However, this 

hypothesis should be confirmed by further experiments.  
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Compound t
1/2

 517 nm (min) C*10-5 (M) 

NT1 7.0 6.2 

NT2 13.0 5.8 

NT3 6.0 3.8 

NT4 19.0 3.8 

NT5 12.5 2.3 

NT6 11.0 4.3 

 

Table 5.14 – Half-lives of compounds NT1-NT6 recorded upon irradiation at 517 nm, under identical conditions in 1:1 

ACN: H2O solution.  

 

In Figure 5.20, we have reported UV-VIS spectra for NT1-NT6 during irradiation at 517 nm. In general, it’s 

possible to notice that, in this case, variations of the absorption profiles are less pronounced compared to 

irradiation of non-conjugated tetrazoles T10-T12 (Figure 5.15), as the photoreaction is less efficient at 517 

nm. Indeed, spectra of the starting and final solutions presented almost the same intensity, while formation 

of new band is not observed with no one of these compounds. The only effect that is achieved upon 

irradiation is the decrease of the 290 nm peak and the simultaneous reduction of intensity of the visible band: 

the entity of this absorption drop was more evident with NT1-NT3, the conjugates containing the bromine 

atom, and, in particular, with NT1,. More pronounced changes in the absorption spectra of these derivatives 

are associated with higher reactivity, as confirmed also by their lower half-lives (Table 5.14). Moreover, the 

dehalogenated conjugates NT4-NT6, characterized by lower reactivity, showed only subtle variations in the 

UV-VIS spectra.  
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Figure 5.20 - Absorption spectra of NT1-NT6 during irradiation at 517 nm, with a green LED, in 1:1 ACN: water solution. 

 

With described experiments, we have demonstrated that the activation of 2,5-diaryl tetrazoles is achievable 

with visible light. However, photolysis efficiency, at this wavelength, is not excellent, because at least 30 

minutes of irradiation were required to achieve high substrate conversions. Through irradiation of non-

conjugated tetrazoles, as T10-T12, but also T9 or T6, described in Chapter 5.1, elevated conversions (above 

85%) were obtained in less than 3 minutes of light-exposure. We suggested that lower molar absorptivity 

measured at 517 nm, compared to 310 nm (Table 5.12), could be partially responsible of the low efficiency 

of the process. To verify if higher efficiency could be achieved by direct irradiation of the tetrazole, we have 

investigated the photochemical behaviour of conjugates NT1-NT6 at 313 nm. In details, we have analyzed 

the products generated upon UV-irradiation, and measured, for each compound, the photolysis quantum 

yield in 1:1 ACN: water solution, to determine the efficiency of the process for different compounds. As in 

previous experiments, reactions were monitored through HPLC, UV-VIS and LC-MS analysis, to identify the 

photogenerated products, and here we have described reaction profiles of only NT1, because with other 

conjugates we have obtained the same outcomes. Due to the absence of any trapping agent, we expected to 
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observe the exclusive formation of the corresponding acyl hydrazide. Nevertheless, despite our previous 

findings, we have observed a completely unexpected outcome.  

 

 

 

 

Figure 5.21 – HPLC profile and LC-MS analysis after 4 minutes of irradiation, at 313 nm, of NT1, performed in a multi-

lamps photoreactor, with two 15W lamps.  

 

From HPLC analysis, reaction resulted to be very clean: substrate consumption coincided with the formation 

of a single specie (Figure 5.21). However, retention time of the product was significantly different from 

previous observed acyl hydrazide AH13 (Figure 5.18). Indeed, LC-MS analysis confirmed that this derivative 

was not the expected acyl hydrazide. This new product was characterized by m/z = 823.25, that could be 

associated to two different species: the intermediate nitrile imine NI1 and a self-cycloadduct, the 1H-diazirine 

AZ1 (Figure 5.21) that, as reported in literature, can be generated as a consequence of tetrazole photolysis164. 

Nitrile imine is a reactive intermediate, whose transient nature was confirmed by the transformation into 

the acyl hydrazide, as showed by experiments at 517 nm. Conversely, in this case not only the concentration 

of the new product increased until complete consumption of NT1, but it was also stable at room temperature, 

for several hours since the end of photochemical process. Then, we concluded that the observed product 

could be attributed to the 1H-diazirine AZ1, by mass spectrometry data, or to the benzoimidazole IM1 (Figure 
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5.21) resulting from the transposition of the nitrene intermediate as described in the literature164. Formation 

of this derivative was never observed in any preliminary studies, under irradiation in aqueous solution, 

neither it has been never reported in literature, for studies carried out in similar conditions. Therefore, 

conjugation to NDI affect the tetrazole photoreactivity, leading to the generation of this unexpected product. 

Moreover, it emerged that, on these kinds of scaffolds, the activation wavelength strictly modulates the 

process, as irradiation at 313 and at 517 nm resulted in different reaction pathways. However, additional 

experiments are required to clarify the reaction mechanism generating the diazirine or benzoimidazole.  

 

Compound ΦR (ACN:H2O) Time (min) C*10-5 (M) 

NT1 0.13 4 6.2 

NT2 0.17 4 5.8 

NT3 0.10 4 3.8 

NT4 0.11 4 3.8 

NT5 0.09 4 2.3 

NT6 0.16 3 4.3 

 

Table 5.15 – Photolysis quantum yields of NT1-NT6, measured in 1:1 ACN:water solutions. 

 

We have analyzed the reactivity of all conjugates, NT1-NT6, at 313 nm, and, for each of them, we have 

detected the exclusive formation of 1H-diazirine. Furthermore, we have found that, at this wavelength, the 

photochemical process displayed good efficiency. Indeed, for all compounds, we have measured photolysis 

quantum yields, monitoring substrate consumption upon irradiation at 313 nm, in 1:1 ACN: water solution, 

with an optical desk. The obtained results are summarized in Table 5.15. For each conjugate we have been 

able to measure the reaction quantum yields, 0.1 ≤ ΦR ≤ 0.17 (Table 5.15). Interestingly, they showed very 

similar results to tetrazoles T10-T12 (Figure 5.15), evidencing that conjugation to NDI did not reduce the 

efficiency of the UV-activated reaction.  It should be highlighted that, in this case, the different nature of the 

alkyl chain spacer and the presence of bromine atom, did not significantly affect the photolysis efficiency, 

since all derivatives displayed similar reaction quantum yields.  



148 
 

 

Figure 5.22 – Absorption spectra of NT1-NT6 during irradiation at 313 nm (Photon Flux = 2.66*10-6 E∙cm-2∙min-1), with 

optical desk, in 1:1 ACN: water solution 

These photochemical reactions have been monitored also through UV-VIS analysis, to control absorption 

profiles during the irradiation, as reported in Figure 5.22. The absorption spectra of the conjugates NT1-NT6 

during the irradiation exhibit isosbestic points, indicating the clear formation of a new, single product for 

each reaction. All the derivatives presented similar absorbance change during the irradiation: as in the case 

of simple 2,5-diaryl tetrazoles, 290 nm peak decreased significantly, indicating the rupture of tetrazole ring, 

and this “shoulder” completely disappeared at the end of the reaction. Simultaneously, the double band 

between 360 and 390 nm, attributed to π-π* transition of NDI aromatic core, became more intense and, in 

case of NT3 and NT6, characterized by polyethyleneglycole chain as a spacer, a new band at 400 nm 

appeared. For the conjugates with the longer spacer (NT3 and NT6) a non-negligible reduction of the peak at 

500 nm was observed, suggesting that, in this case, the photoinduced reaction generate a product with 

different charge transfer band of the NDI. The fact that tetrazole photolysis influenced the absorption 

properties of NDI scaffold indicated that the two chromophores can interact with a longer spacer.  
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Then, despite the promising results achieved upon irradiation with visible region, photolysis efficiency is 

higher upon activation at 313 nm, probably because of the higher molar absorptivity of conjugates at this 

wavelength. Moreover, we have demonstrated that the reaction pathway and, subsequently, the nature of 

generated product, can be switch by the activation wavelength.  

 

5.2.5 Binding Affinity of NDI-Tetrazoles for Quadruplexes 
 

In order to also evaluate the affinity of the NDI-tetrazole conjugates for nucleic acid secondary structures, 

we have analyzed their interaction with different quadruplex forming sequences, through Circular Dichroism 

(CD) analysis. In particular, we have selected three different targets: LTR-III, the HIV-related quadruplex, and 

the telomeric 22AG in K+-rich solution, both characterized by (3+1) hybrid topology, and the c-MYC, with a 

parallel structure. For compounds NT4-NT6 (chosen because they are less prone to hydrolysis in physiological 

environment, compared to brominated derivative), we have performed CD-Melting experiments: briefly, we 

have measured the folding temperature of each quadruplex forming sequence in presence and in absence of 

the ligands, to evaluate their stabilization properties towards these different targets. Moreover, we have also 

carried out the same experiments with tetrazoles T10-T12, to test the affinity of the tetrazole in the absence 

of NDI scaffold.  

We started our analysis with LTR-III and we have determined its unfolding temperature in 10 mM K+ solution, 

in 10 mM LiCaco buffer (pH 7.2). At room temperature (T= 20°C), CD spectra of LTR-III showed, coherently 

with what described in literature, a broad positive band, with a maximum at λ= 290 nm and the other one at 

264 nm, and a negative peak at 245 nm, typical of its unique (3+1) hybrid topology with a diagonal stem-loop 

in B-DNA form. In order to measure its melting temperature (Tm), we have heated the solution to 95°C and 

recorded CD spectra at different temperatures. Then, we have plotted the molar ellipticity at a selected 

wavelength, as a function of the temperature, and Tm was measured at the half height of the sigmoid curve.  

For LTR-III, Tm was calculated following quadruplex unfolding at both λmax = 264 and 290 nm.  In absence of 

any ligands, its Tm was 57°C and 58°C, at 264 and 290 nm, respectively, and the structure was completely 

unfolded before 70°C. Melting experiment was repeated in presence of 10 µM of NT4-NT6 and of T10-T12. 

The first thing that should be underlined is that even non-conjugates tetrazoles displayed modest affinity for 

the target, as proved by melting temperatures, ranging from +6°C to +10°C, with the best result obtained by 

compound T11, with the four-carbon atoms alkyl chain. The higher values observed at 264 nm, respect to 

290 nm, could be explained by the fact that these compounds induce a variation of quadruplex topology, 

shifting the equilibrium towards the formation of a parallel structure.  
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  LTR-III   

Compound Tm (λ=264nm)  (°C) ΔTm (λ=264nm) (°C) Tm (λ=290nm)  (°C) ΔTm (λ=290nm)  (°C) 

Blank 57.0 - 58.0 - 

T10 65.2 + 8.2 64.9 + 6.9 

T11 67.0 + 10 66.0 + 8.0 

T12 65.0 + 8.0 64.0 + 6.0 

NT4 83.5 + 26.5 75.0 + 17.0 

NT5 87.0 + 30.0 74.0 + 16.0 

NT6 79.2 + 22.2 76.0 + 18.0 

 

Table 5.16 – Temperature melting measured for compounds T10-T12 and NT4-NT6 with LTR-III, at λ = 264 nm and  

λ= 290 nm. Blank sample represents the melting temperature of LTR-III without ligand. Experiments were performed in 

1 ml of solution, containing 2.5 µM of oligonucleotide, 10 µM of ligands, 10 mM of LiCaco (pH = 7.2) and 10 mM KCl.  

 

 

Moreover, as CD melting curves (Figure 5.23), show that 2,5-diaryl tetrazoles did not affect the structure of 

LTR-III, which maintained the same identical topology. Different results were achieved in presence of NDI-

tetrazoles conjugates: indeed, significantly higher melting temperatures have been obtained, proving that 

modification of tetrazole scaffold with NDI represents a straightforward strategy to improve affinity for G4s. 

Interestingly, significantly different Tm were obtained at 264 and 290 nm, in particular with NT4 and NT5: 

indeed, looking at CD spectra, it is possible to notice that molar ellipticity of the band at 290 nm, dropped 

more rapidly compared to 264 nm peak. As in the case of tetrazoles, this behaviour could be due to the fact 

that NDI scaffold forces the G4 into a parallel topology, for which it has better affinity, as testified by melting 

temperatures. This effect was more pronounced with two and four-carbon atoms spacers, while NT6, 

characterized by the presence of polyethyleneglycole chain, showed lower stabilization at both wavelengths, 

but did not induce significant variations of LTR-III structure. Compound NT5 gave the most remarkable result, 

with ΔTm = +30°C and, interestingly, the corresponding non-conjugated tetrazole T11 displayed the highest 

stabilization among non-conjugated compounds, suggesting that the strong interactions of NT5 could be 

attributed to a cooperative effect of NDI and tetrazole. On the contrary, longer spacers have a detrimental 

effect on the interaction with the target, while short distances between tetrazole and NDI not only increased 

the affinity, but also induced a structural variation of LTR-III topology.  
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Figure 5.23 – CD Melting of compounds NT4-NT6 with LTR-III. Experiments were performed in 1 ml of solution, containing 

2.5 µM of oligonucleotide, 10 µM of ligands, 10 mM of LiCaco (pH = 7.2) and 10 mM KCl. Solution temperature was 

increased from 20 to 95°C and the CD spectra was recorded every ten degrees.  

 

Subsequently, we have performed the same experiments with telomeric 22AG that, in K+-rich buffer (20 mM), 

folded in a (3+1) topology. Analysis were carried out in presence of 2.5 µM of oligonucleotide and 10 µM of 

ligands, in lithium cacodylate buffer 10 mM (pH 7.2). CD spectra of the quadruplex showed a positive 

maximum at 290 nm and a shoulder at 260 nm, with a negative band at 240 nm. In absence of any ligand, 

melting temperature was 61°C at 264 nm and 58°C at 290 nm. Tetrazoles T10-T12 showed low stabilization 

of the G4, also compared to LTR-III, and only small differences in melting temperature were observed. As in 

the previous case, the only exception was T11, with ΔTm = + 8.9°C, indicating that four carbon atom alkyl 

chain is critical to achieve stronger interactions, probably because of a specific conformation adopted by the 

molecule in presence of the G4.  On the contrary, addition of NDIs NT4-NT6 determined significant variations, 

already at 20°C: indeed, in presence of NDI ligands, shoulder at 260 nm disappeared, while the band at 290 

nm was unaltered, and a new positive band, with low intensity, appeared at 240 nm. Increasing the 

temperature, another structural variation was observed: the intensity of 290 nm dropped rapidly, as proved 

by Tm values reported in Table 5.17, but molar ellipticity increased at 264 nm, leading to the formation of a 

new band, that reached maximum intensity at 70°C and then decreased upon quadruplex unfolding.  

 

 

 

 

 

 

 

 

 

 

 



152 
 

  22AG   

Compound Tm (λ=264nm)  (°C) ΔTm (λ=264nm) (°C) Tm (λ=290nm)  (°C) ΔTm (λ=290nm)  (°C) 

Blank 61.0 - 58.0 - 

T10 65.0 + 4.0 60.0 + 2.0 

T11 69.9 + 8.9 62.0 + 4.0 

T12 64.0 + 3.0 57.9 - 0.1 

NT4 84.0 + 23.0 62.0 + 4.0 

NT5 78.0 + 17.0 60.0 + 2.0 

NT6 77.0 + 16.0 55.0          - 3.0 

 

Table 5.17 – CD melting measured for compounds T10-T12 and NT4-NT6 with 22AG, at λ = 264 nm and λ= 290 nm. Blank 

sample represents the melting temperature of 22AG without ligand. Experiments were performed in 1 ml of solution, 

containing 2.5 µM of oligonucleotide, 10 µM of ligands, 10 mM of LiCaco (pH = 7.2) and 20 mM KCl. Solution temperature 

was increased from 20 to 95°C and the CD spectra was recorded every ten degrees. 

 

This behaviour is paralleled by melting temperature values: indeed, at 290 nm, no significant increase was 

recorded and NT6 showed even a destabilizing effect, reducing the unfolding temperature of 3°C. On the 

contrary, at 264 nm, ligands induced variation ranging 16°C and 23°C, with highest stabilization achieved with 

NT4, with the shortest spacer, despite the more elevated stabilization observed with tetrazole T11 compared 

to T10.  Furthermore, NDI-tetrazole conjugates are responsible of significant structural variations on 

telomeric 22AG. In this case, all three ligands were able to cause modification of dichroic signal of 22AG at 

room temperature and, before quadruplex unfolding, as in case of LTR-III, they shifted the equilibrium 

towards the formation of a parallel structure, confirming, once again, their preference for this particular 

topology.  
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Figure 5.24 - CD Melting of compounds NT4-NT6 with 22AG. Experiments were performed in 1 ml of solution, containing 

2.5 µM of oligonucleotide, 10 µM of ligands, 10 mM of LiCaco (pH = 7.2) and 20 mM KCl. Solution temperature was 

increased from 20 to 95°C and the CD spectra was recorded every ten degrees. 

 

 

This consideration has been further confirmed by subsequent experiments performed on parallel c-MYC: this 

quadruplex is characterized by intrinsic elevated stability, as demonstrated by its elevated melting 

temperature (Tm = 72°C). Once again, analyses were conducted in solutions containing 2.5 µM of 

oligonucleotide and 10 µM of ligands, in lithium cacodylate buffer (pH 7.2). In this case, unfolding was 

followed only at 264 nm because, for its well-defined parallel topology, CD spectra of c-MYC present only 

one maximum signal, at 264 nm, and a negative band at 245 nm. In presence of the ligands, higher 

stabilizations were observed with all compounds (Table 5.18): indeed, at the maximum achievable 

temperature, the quadruplex was not even completely unfolded, resulting in melting temperatures higher 

that 95°C and stabilizations above 23°C, with all ligands. Despite the impossibility to measure the exact entity 

of the interactions between NT4-NT6 and c-MYC, looking at the CD spectra (Figure 5.25) it’s possible to 

observe that, in presence of NT4, the intensity of the signal was only slightly reduced, event at 95°C, while 

NT5 and NT6 induced a significant decrease of the same band, suggesting that the presence of longer spacer 

ensures better affinity for the target. Tetrazoles T10-T12 showed, once again, poor stabilization and lower 

increase of melting temperature (among 2°C and 5°C) was detected.  
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Figure 5.25 - CD Melting of compounds NT4-NT6 with c-MYC. Experiments were performed in 1 ml of solution, containing 

2.5 µM of oligonucleotide, 10 µM of ligands, 10 mM of LiCaco (pH = 7.2) and 5 mM KCl. Solution temperature was 

increased from 20 to 95°C and the CD spectra was recorded every ten degrees. 

 

These preliminary investigations demonstrated that modification of 2,5-diaryl tetrazoles with NDI scaffold 

represent a successful strategy to improve their binding properties towards G4s. In particular, the most 

interesting fact is that all ligands showed marked preference for parallel topology, suggesting that they could 

act as topology-selective ligands. Moreover, it should be underlined that, with all oligonucleotides, highest 

stabilization was always achieved with NT4, indicating that two-carbon atoms spacer ensured stronger 

interactions with the target.  

 

 c-MYC  

Compound Tm (λ=264nm)  (°C) ΔTm (λ=264nm) (°C) 

Blank 72.0 - 

T10 75.3 + 3.3 

T11 77.0 + 5.0 

T12 74.0 + 2.0 

NT4 > 95 > 23 

NT5 > 95 > 23 

NT6 > 95 > 23 

 

Table 5.18 - Temperature melting measured for compounds T10-T12 and NT4-NT6 with c-MYC, at λ = 264 nm. Blank 

sample represents the melting temperature of c-MYC without ligand. Experiments were performed in 1 ml of solution, 

containing 2.5 µM of oligonucleotide, 10 µM of ligands, 10 mM of LiCaco (pH = 7.2) and 5 mM KCl. Solution temperature 

was increased from 20 to 95°C and the CD spectra was recorded every ten degrees. 



155 
 

5.2.6 Conclusions  
 

Here we have engineered novel naphthalenediimide-tetrazole conjugates, covalently bound through spacers 

of different length, as innovative light-responsive quadruplex ligands. After the optimization of their synthetic 

protocol, we have explored their photoinduced reactivity, as their photochemical properties were completely 

unknown. Firstly, we have demonstrated that, all synthesized derivatives NT1-NT6 can be activated upon 

photoirradiation at 517 nm, in water solution and we observed not only the generation of the expected acyl 

hydrazide, but also the intermediate nitrile imine dipole.  However, photolysis efficiency was quite low. Then 

we explored the photoreactivity of all conjugates in the UV-region, at 313 nm, where the tetrazole moiety 

absorbs. As predicted, for all conjugates, we have measured high quantum yields, with values similar to non-

conjugated 2,5-diaryl tetrazoles, evidencing their higher photolysis efficiency at this irradiation wavelength. 

Furthermore, within these experiments, we have obtained an unexpected outcome: activation of NDI-

tetrazoles, at 313 nm, did not result in the generation of the expected acyl hydrazide, or nitrile imine, but in 

another chemical species, 1H-diazirine. Although further experiments are required to confirm the structural 

identity and stability of this product, its generation represents an unexpected but interesting outcome. These 

three-membered rings are characterized by elevated reactivity, especially towards nucleophile, therefore 

they could be potentially employed as innovative alkylating agents, as 1H-diazirines are expected to be strong 

electrophiles, and supplementary studies will be carried out in order to prove this potential application.  

In the end, we have investigated the binding affinity of NDI-tetrazole NT4-NT6 for different quadruplex 

structures, including LTR-III, telomeric 22AG and c-MYC. From these studies, we have observed that NDI 

scaffold effectively ensured higher affinity for G4s, compared to non-conjugated tetrazoles, despite the non-

negligible binding properties have been determined for compounds T10-T12. It should be underlined that, in 

general, NT6, characterized by the longest spacer, always displayed lower affinity compared to other 

compounds. Furthermore, NT4 and NT6 were characterized by marked preference for parallel structures, 

suggesting that they could act as topology-selective ligands. Although other biophysical experiments need to 

be performed and the selectivity in presence of double and single stranded DNA should be investigated, these 

outcomes highlighted that we managed to develop novel light-activable molecules, even in the visible region, 

which also present strong affinity for quadruplex structures and, therefore, can be potentially exploited as 

innovative sensors or reactive ligands delivered on G4 as target. 
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6. Conclusions 
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In the last decades, light-responsive molecules attracted a great deal of attention, for the possibility to design 

progressively more efficient and selective fluorescent probes, to detect specific targets in their native 

environment, or photoswitches, whose properties can be easily modulated upon irradiation.  

The work of this thesis was focused on the development of novel optically active small-molecules for 

targeting G-quadruplex structures, which can be exploited both as sensors and biologically active ligands.  

We designed different small libraries of 1) fluorescent and 2) photoreactive ligands.  

The first class of reported compounds included a family of sixteen, highly fluorescent, naphthalenediimides 

(NDIs), conjugated to different types of carbohydrates. Introduction of sugar derivatives had a dual purpose:  

improve the affinity for G4s structures, thanks to the possibility to establish multiple hydrogen-bonds with 

grooves and loops, and to increase cellular uptake in cancer cells, exploiting the overexpression of GLUT 

receptors. The first library of NDI-sugar conjugates has been implemented with thio-modified carbohydrates, 

in which oxygen in position 1 was replaced with a sulphur atom, in order to increase the hydrolytic stability 

in  physiological environment. Moreover, two series of NDIs were used, the first one characterized by the 

presence of 3-(dimethylamino)propylamine at the imide position, the second with 4-(2-

aminoethyl)morpholine, selected for its lower basicity and, subsequently, to improve the selectivity towards 

the target of interest. Analysis of their cytotoxicity against cancer (HT29) and normal (MRC5) cells highlighted, 

in general, higher toxicity in NDIs bearing 3-(dimethylamino)propylamine and, in particular, NDI 8, conjugated 

to thio-maltose, emerged for a more pronounced activity towards cancer cells, which offers a potential 

therapeutic window. In general, it should be underlined that introduction of thio-modified sugars resulted to 

be a successful strategy, because best results have been achieved with this new library of conjugates. 

Interestingly, FRET-melting analysis on telomeric quadruplex evidenced a correlation between cytotoxicity 

and binding properties: most toxic compounds displayed also the highest affinities for telomeric G4, 

suggesting that the observed biological activity could be due to interaction with the specific nucleic acid 

target. Although further experiments are necessary to effectively demonstrate this correlation, obtained 

results represent a solid starting point for the development of biologically active ligands. Moreover, analysis 

of spectroscopic properties of the potent ligand NDI 8, revealed the excellent fluorescence emission of this 

type of scaffold, in water, confirming also its potential as probe to detect the target in cellular environment.  

The second part of this thesis work has been dedicated to the development of alternative targeting strategies, 

based on photoreactive units. This type of approach is still relatively unexplored in the G-quadruplex 

targeting scenario, therefore we decided to exploit two basically different photoreactive units to design 

innovative quadruplex ligands: 1) quinone methide precursors (QMPs) and 2) 2,5-diaryl tetrazoles.   

Due to their high electrophilic nature, quinone methides have been selected for their ability to form a 

covalent bond with nucleobases, to further strengthen the interactions to the target. In details, we have 

designed six new “V-shaped” ligands, bearing Mannich bases or ammonium salts functions as quinone 

methide precursors (QMPs). Their structure was designed to achieve both strong interactions with the target 

and red-shift the absorption spectra, to perform photochemical activation under biocompatible conditions. 

The investigation of their photochemical behaviour pointed out significant differences in reactivity, 

evidencing the more efficient photolysis of ammonium salts precursors. CD and FRET-melting assays 

suggested that, in general, these types of scaffolds suffer from low affinity for quadruplex structures. 

Nevertheless, it should be underlined that, in presence of duplex DNA, they retained good selectivity towards 

quadruplex structures. Although their quite low binding properties toward quadruplex structures, during the 

irradiation experiments in presence of the target, formation of adducts of quinone methides to nucleobases 

were detected in good yields, in particular with ammonium salts QMP2 and QMP4, demonstrating the 

efficacy of this approach. Further optimizations are required, in particular in strengthening the binding and 

to shift the absorption of the photoresponsive ligands towards visible region, to perform the activation in a 

more biologically suitable spectral window.  
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The low and unexpected photoreactivity of naphthalene derivatives QMP5 and QMP6 observed during these 

experiments, prompted us to investigate in depth the photochemical behaviour of naphthalene-based 

quinone methide precursors. We were particularly interested in this scaffold, because the presence of 

naphthalene unit could ensure both stronger interactions with guanine tetrads (through π-π stacking 

interactions), and red-shifted absorption. Therefore, we have synthesized a library of different 6-substituted 

3-((dimethylamino)methyl)naphthalen-2-ol derivatives and we have evaluated their photochemical 

behaviour, in order to individuate most reactive compounds. Photoreactivity experiments highlighted that 

increasing the electron density on naphthalenic core improves the generation efficiency of the corresponding 

quinone methide, at 313 nm and, indeed, we have identified N2 and N5 as most reactive substrates, 

characterized by the presence of a carboxylic acid and a boronic acid, respectively. We have also 

demonstrated that their activation was feasible even at 365 nm, in aqueous solution and, for some 

compounds, was even more efficient, compared to 313 nm, as proved by their high quantum yields values,. 

This preliminary investigation of spectroscopic and photochemical properties represents a solid base for the 

development of new improved naphthalene-based ligands for nucleic acids.  

The last part of this work has been focused on the development of novel compounds, based on 2,5-diaryl 

tetrazoles as photoreactive unit. This light-activable moiety has never been used for applications on nucleic 

acids secondary structures, however it attracted our attention for some interesting properties, such as the 

high versatility of the photogenerated nitrile imine intermediate, and for the possibility to generate, in situ, 

a fluorescent pyrazoline, as a consequence of cycloaddition with alkenes.  

Due to the complete lack of preliminary data, we have performed a thorough investigation of photochemical 

behaviour of a small library of substituted 2,5-diaryl tetrazoles, finding the general structural and electronic 

features to maximise the reactivity. From our experiments, we demonstrated that electronic properties of 

substituents influence substrate reactivity and product distribution. In more detail, electron-rich substituents 

on N-phenyl ring increased both photolysis efficiency and cycloaddition selectivity vs hydration, but 

unfortunately resulted in lowering the fluorescence quantum yield of the photoproduct pyrazoline. 

Therefore, the “most effective combination”, which guarantees both high reactivity and intense emission, 

has not been defined. However, a compromise can be achieved, as in case tetrazole T7, that was able to 

generate a highly fluorescent pyrazoline with moderate selectivity and good reactivity. Despite these 

encouraging results, FRET-melting assay, performed on water soluble T7-T9, evidenced low affinity of these 

scaffolds towards quadruplex structures and the impossibility to use them as efficient ligands.  

To improve interactions with G-quadruplexes, we effectively achieved the conjugation of tetrazoles to well-

known quadruplex binders. The choice of the type of ligand was dictated not only by the affinity for G4s, but 

also by the necessity to also induce a biological response. Therefore, we have analysed the anticancer and 

the antiparasitic activity of three different classes of G4 ligands, previously synthesized by Freccero’s group 

and, from this screening, identifying the tri-substituted NDI scaffold as most promising one.  

Then, we have designed and synthesized several NDIs-tetrazole conjugates, covalently bound through alkyl 

spacers of different lengths, and explored their photophysical properties and photochemical reactivity. Their 

excellent absorption between 500 and 600 nm allowed us to explore their activation in the visible region.  

We have shown that tetrazole photolysis could be accomplished upon irradiation with a green LED, as 

confirmed by detection of photogenerated acyl hydrazide. However, in this spectral region, photolysis 

efficiency was significantly lower, by a magnitude order, compared to non-conjugated tetrazole. Then, for 

comparison sake, we have analysed their reactivity also at 313 nm, to verify if their higher molar absorptivity 

at this wavelength could ensure a more effective process: as expected, activation in UV-region resulted in 

more efficient tetrazole photolysis. Moreover, through these experiments, we have demonstrated that 

conjugation to NDI and the wavelength of activation modulate product distribution: upon irradiation at 313 
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nm, formation of expected acyl hydrazide was not detected and a new type of derivative, 1H-diazirine, was 

generated. 

Our results represent a significant breakthrough in this research field, as to the best of our knowledge, 

activation of 2,5-diaryl tetrazoles with visible light has never been accomplished. We are confident that this  

outcome will further expand their range of applications. Moreover, formation of diazirine because of 

tetrazole photolysis was never been described under similar conditions. This somehow unexpected  reactivity 

resulting in an electrophilic three membered ring is an interesting opportunity to explore also a different type 

of photoreactivity of tetrazoles, which may produce alkylation of the G-quadruplex. Photoreactivity studies 

of these conjugates in the presence of G-quadruplex are currently in progress. 

We have also shown, by CD-melting experiments, that conjugation to NDI resulted to be a successful strategy 

to improve binding affinity towards quadruplex structures. Interestingly, we have discovered that these 

compounds showed good affinity for G4s, with a marked preference for parallel topology, indicating that 

they could be further developed as dual topology-selective and photoreactive ligands.  

In the end, we have explored the possibility to exploit different types of photoresponsive molecules to 

develop novel and efficient quadruplex ligands, based on fluorescent probes or using photoreactive moieties. 

We conducted a deep analysis of photochemical behaviour of selected, light-activable, compounds, to fully 

understand their behaviour and how to efficiently exploit them for applications on quadruplex structures. 

Despite the optimization of these ligands is far from over, this thesis work lay the basis for the development 

of dual photoresponsive ligands, combining the novel photoreactivity of tetrazole and its water soluble NDI-

conjugates, to the efficient emission of the pyrazoline photoadducts.  
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7.1 Materials and Methods 
 

7.1.1. Chemicals, Oligonucleotides and Cells 
 

Reagents, solvents and chemical were purchased from Merck, TCI-Chemicals or Carlo Erba and were used as 

supplied without further purifications. Oligonucleotides were purchased from IBA, Merck or Eurogentec and 

used without further purifications. Oligonucleotide stock solutions were stored at -20°C and the exact 

concentrations were determined through UV-VIS analysis.  

Cells and parasites used in biological assays were stored in liquid nitrogen, in DMSO solution. For culture, we 

have used Dulbecco’s Modified Eagle Medium, with 1g/L of glucose. For HT29 cells, medium composition 

was 4.5 g/L of glucose.  

 

7.1.2 Absorption, Fluorescence and Circular Dichroism Analysis 
 

UV-visible spectra were measured in a Agilent Cary-300 spectrophotometer equipped with a Peltier 

temperature controller. The absorbance was recorded for 200-900 nm wavelength interval at a scan rate of 

200 nm/min and a slit width of 1.5 nm, with a 3 ml quartz cell with 1 cm path lenght.  

Fluorescence spectra were recorded with a Agilent Cary Eclipse fluorospectrometer, at room temperature, 

at a scan rate of 600 nm/min, in 300-800 nm interval, with band width of excitation and emission slits at 5 

nm and medium voltage, in 3 ml quartz cell with 1 cm path lentght.  

Circular Dichroism analysis were performed on a JASCO J1500 spectropolarimeter, equipped with a Peltier 

temperature controller, or, alternatively, with JASCO J-710 spectropolarimeter equipped with a Peltier 

temperature controller (Jasco PTC-348WI), in 1 mL black-walled rectangular quartz cells with 1 cm path 

length. 

 

7.1.3 Compounds Characterization  
 

1H- and 13C-NMR spectra were recorded on a Bruker ADVANCE 300 MHz.  

 

7.1.4 Compounds Purification and Analysis 
 

TLC analysis were performed on silica gel (Merck 60F-254), with visualization at 254 nm and 366 nm. For flash 

column chromatography purification, we have used an Isolera  ONE Flash Chromatography System (Biotage), 

combined with a UV/VIS detector. The proper columns (KP-SIL Pk 20 by Biotage) were used, depending on 

the type of compounds (SNAP 10 g – 10 ml/min, SNAP 25 g – 25 ml/ min, SNAP 50 – 45 ml/min, SNAP 100 g 

– 50 ml/min).  

HPLC analysis were performed with an Agilent System SERIES 1260, with XSelectHSS C18 (2.5 mM) (50 x 4.6 

mm) (Waters).  

HPLC semi-preparative purification was carried out with a Water system composed of  Delta 600 PUMP,  a 

2489 UV/VIS detector and  a Fraction Collector III. The used column was a XSelect CSH Prep Phenyl-Hexyl 5 

µm (150x30 mm) (Waters), working at flow = 27 ml/min.  
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Preparative HPLC purification was performed also with an Agilent Technologies 1260 Infinity, equipped with 

a diode array UV-VIS detector. The work-flow was 27 ml/min. Two different columns have been used: SunFire 

C18 OBD (5 µm, 150x30 mm) and a XSelect CSH Prep Phenyl-Hexyl OBD (5 µm, 150x30 mm).   

For all the HPLC analysis and purifications, we have used, as eluents, 0.1% trifluoroacetic acid in water and 

acetonitrile.  

All the HPLC analysis were performed through injection of 10 µl of sample solution and monitoring the 

absorbance at λ = 256 nm.  

Here are described the principal analytical methods used to analyze solutions of synthesized compounds:  

• 3A: Flow: 1.4 ml/min; Gradient: 95% aqueous for 2 minutes, gradually increased to 40% aqueous 

over 8 minutes and then isocratic flow for 4 minutes.  

• 4A: Flow: 1.0 ml/min; Gradient: 95% aqueous for 2 minutes, gradually increased to 100% acetonitrile 

over 10 minutes, isocratic flow for 1 minute, then decreased to 5% acetonitrile in 1 minute. 

• 5A: Flow: 1.0 ml/min; Gradient 95% aqueous for 2 minutes, gradually decreased to 42% over 11 

minutes, isocratic for 1 minute, then decreased to 0% in 2 minutes, then 4 minutes of isocratic flow 

at 100% acetonitrile and decreased to 5% of acetonitrile in 2 minutes.  

Methods used for semi-preparative and preparative purification of compounds are the following:  

• 3P: Flow: 30 ml/min; Gradient: 95% aqueous for 2 minutes, gradually increased to 70% aqueous over 

20 minutes, then decreased to 60% in 4 minutes and finally increased again to 95% in other 2 

minutes. 

• 4P: Flow: 30 ml/min; Gradient: 95% aqueous for 2 minutes, gradually increased to 100% aceonitrile 

over 13 minutes, the isocratic for 4 minutes and to 5% acetonitrile over 2 minutes.  

• 5P: Flow: 30 ml/min; Gradient: 95% aqueous for 2 minutes, gradually increased to 100% acetonitrile 

over 12 minutes, then isocratic flow for 2 minutes and decreased to 5% acetonitrile in 2 minutes.  

• 6P: Flow: 27 ml/min; Gradient: 95% aqueous for 2 minutes, gradually decreased to 85% in 2 minutes, 

then to 60% over 18 minutes and to 20% in other 2 minutes and, in the end, increased again to 95% 

in 2 minutes.  
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7.2 NDI-Carbohydrates conjugates: experimental details 
 

7.2.1 Synthesis of Compounds 
 

General procedure for the synthesis of NDIs 18-19 
 

 

Scheme 7.1 – Synthesis of NDIs 18-19.  

 

In a one-necked flask, 500 mg (1.18 mmol, 1 eq.) of di-bromo-1,4,5,8-naphthalenetetracarboxylic 

dianhydride, previously synthesized according to a published procedure, were suspended into 100 ml of 

acetic acid, then 0.460 ml (3.54 mmol, 3 eq.) were added to the mixture. Solution was refluxed for 30 minutes, 

under nitrogen atmosphere, then acid was neutralized through addition of sodium carbonate. Crude has 

been extracted three times with dichloromethane (3x200 ml) and used for the next step without no further 

purification.  

 

General Procedure for the Synthesis of NDIs 20-21 
 

 

Scheme 7.2 – General Procedure for the synthesis of NDIs 20-21.  
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In a round bottomed flask, 300 mg (0.46 mmol, 1 eq.) of di-bromo-disubstitued NDI were dissolved into 150 

ml of acetonitrile, then 0.08 ml (1.39 mmol, 3 eq.) were added. Reaction mixture has been refluxed for 16 

hours, then solvent was removed under reduced pressure. Crude has been purified with reverse phase 

column chromatography, using method 3P.  
 

20*CF3COOH: Red solid. Yield (%) = 45%. The compound characterization coincided with the description 

found in literature183. 

 

21*CF3COOH: Red solid. Yield (%) = 40%. 1H-NMR (300 MHz, D2O) δ (ppm) = 8.16 (d, J = 7.8 Hz, 1H), 7.98 (d, 

J = 7.9 Hz, 1H), 7.9 (s, 1H), 4.48-4.42 (m, 4H), 4.3 (s, 2H), 4.02 (m, 4H), 3.69-3.65 (m, 8H), 3.5-3.45 (m, 4H), 

3.22-3,19 (m, 4H), 2.82 (s, 1H). 13C-NMR (75MHz, D2O): δ (ppm) = 168.6, 167.3, 167.0, 166.7, 166.6, 166.1, 

165.6, 154.7, 134.7, 131.7, 129.9, 128.5, 128.3, 125.7, 125.2, 123.7, 121.9, 121.4, 117.5, 113.7, 103.0, 82.2, 

77.3, 67.0, 58.1, 57.8, 55.6, 38.2, 37.7, 35.9. 

 
 
General Procedure for the Synthesis of Halogen-linked protected sugars 22-25 
 

 

Scheme 7.3 – General Procedure for synthesis of halogen protected sugars 22-25.  

 

To a solution of peracetylated 1-trichloroacetimadate sugar (1 eq.) in anhydrous DCM, under argon 

atmosphere, 2-bromo ethanol (1.1 eq.) was added dropwise. Boron trifluoride diethyl etherate was then 

added (1 eq.) and the reaction was stirred at room temperature for 30 minutes. After TLC verification of total 

consumption of the initial product, an 10% aqueous solution of Na2CO3 was added. The organic phase was 

washed three times (3 x 100 mL) with the basic solution, then was concentrated and purified through flash 

column chromatography, using, as eluent, a mixture of Hexane: Ethyl Acetate 4:1 to 2:1. 

 

22: Yield = 20%. which was fully characterized according to the literature183. 

 

23: Yield = 37%. which was fully characterized according to the literature201. 

 

24: Yield = 30%, which was fully characterized according to the literature183. 

 

25: Yield = 13%, which was fully characterized according to the literature202. 
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General Procedure for the synthesis of Halogen-linked protected thiosugars 26-29. 
 

 

Scheme 7.4 – General Procedure for the synthesus of halogen-protected thiosugars 26-29 

 

To a stirred solution of the peracetylated sugar (1 eq.) and thiourea (1.1 eq.), dissolved in 10 ml of dry 

acetonitrile, BF3·Et2O (2 eq.) was added. The reaction mixture was refluxed for 3 hours, then, after cooling, 

1-bromo-2-chloroethane (2.5 eq.) and triethylamine (4 eq.) were added. The resulting solution stirred at 

room temperature for 12 h. After this time, solvent was removed under vacuum to afford the curde, which 

was dissolved into 100 ml of DCM and washed with water (3 x 100 mL). The organic phase was evaporated 

and purified by flash column chromatography using as eluents Hexane: Ethyl Acetate – 4:1 to 2:1. 

 

26: Yield = 79%, Rf = 0.65 (Hexane: Ethyl Acetate – 1:1), which was fully characterized according to the 

literature203. 

 

27: Yield = 18 %. 1H NMR (300 MHz, CDCl3) δ (ppm) =  5.37 (d, J = 2.4 Hz, 1H), 5.16 (t, J = 9.9 Hz, 1H), 5.00 (dd, 

J = 10.0, 3.0 Hz, 1H), 4.51 (d, J = 9.8 Hz, 1H), 4.13 – 3.98 (m, 2H), 3.92 (t, J = 6.3 Hz, 1H), 3.74 – 3.55 (m, 2H), 

3.13 – 2.77 (m, 2H), 2.10 (s, 3H), 2.00 (s, 6H), 1.92 (s, 3H). 13C NMR (75 MHz, CDCl3) δ (ppm) = 170.5, 170.3, 

170.1, 169.7, 84.5, 74.8, 71.87, 67.5, 67.2, 61.9, 43.5, 33.0, 20.9, 20.8, 20.7. 

 

28: Yield = 49 %. 1H NMR (300 MHz, CDCl3) δ (ppm) = 5.24 (s, 1H), 5.22 – 5.10 (m, 2H), 4.38 – 4.26 (m, 1H), 

4.22 (dd, J = 11.9, 6.2 Hz, 1H), 4.05 (dd, J = 12.0, 1.5 Hz, 1H), 3.80 – 3.37 (m, 3H), 3.04 – 2.83 (m, 2H), 2.09 (s, 

3H), 2.03 (s, 3H), 1.99 (s, 3H), 1.92 (s, 3H). 13C NMR (75 MHz, CDCl3) δ (ppm) 170.7, 170.0, 169.9, 169.9, 83.3, 

70.9, 69.5, 69.4, 66.4, 62.7, 42.8, 34.1, 21.0, 20.8, 20.8. 

 

29: Yield = 27 %. 1H NMR (300 MHz, CDCl3) δ (ppm) = 5.29 (ddd, J = 18.6, 9.6, 6.5 Hz, 3H), 4.99 (t, J = 9.8 Hz, 

1H), 4.86 – 4.76 (m, 2H), 4.63 – 4.42 (m, 1H), 4.17 (ddd, J = 16.9, 12.3, 4.4 Hz, 2H), 4.07 – 3.87 (m, 3H), 3.76 – 

3.50 (m, 3H), 3.38 (dt, J = 31.3, 7.7 Hz, 1H), 3.10 – 2.75 (m, 2H), 2.08 (d, J = 7.9 Hz, 3H), 2.04 (s, 3H), 1.97 (dd, 

J = 8.8, 3.8 Hz, 15H). 13C NMR (75 MHz, CDCl3) δ (ppm) = 170.7, 170.6, 170.2, 170.1, 169.8, 169.6, 95.8, 83.5, 

72.9, 70.7, 70.2, 69.5, 68.8, 68.2, 63.0, 61.8, 43.6, 42.3, 32.7, 32.3, 25.6, 21.1, 21.0, 20.9, 20.8, 20.8. 
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General Procedure for the Synthesis of Azide-linked protected sugars 30-37 
 

 

 

Scheme 7.5 – General Protocol for the synthesis of azide-linked protected sugars 30-37. 

 

Solution of halogen-linked protected sugar 22-29 (1 eq.) and sodium azide (10 eq.), dissolved in 25 ml of DMF, 

was stirred for 24 h to 96 hours at room temperature. Reaction product was then diluted with DCM and 

extracted with water (6 x 100 mL). Obtained azido-sugars was used for the subsequent step without no 

further purification.  

 

30: Yield = 90 %, which was fully characterized according to the literature183. 

 

31: Yield = 94 %, which was fully characterized according to the literature201. 

 

32: Yield = 92 %, which was fully characterized according to the literature183. 

 

33: Yield = 93 %, which was fully characterized according to the literature202. 

 

34: Yield = 50 %. 1H NMR (500 MHz, CDCl3) δ (ppm) = 5.23 (t, J = 9.4 Hz, 1H), 5.06 (dt, J = 19.3, 9.7 Hz, 2H), 

4.56 (d, J = 10.0 Hz, 1H), 4.19 (ddd, J = 14.7, 12.4, 3.7 Hz, 2H), 3.73 (ddd, J = 10.1, 5.0, 2.3 Hz, 1H), 3.60 – 3.43 

(m, 2H), 2.95 (dt, J = 13.9, 6.9 Hz, 1H), 2.77 (dt, J = 13.9, 6.9 Hz, 1H), 2.09 (s, 3H), 2.06 (s, 3H), 2.03 (s, 3H), 

2.01 (s, 3H). 13C NMR (126 MHz, CDCl3) δ (ppm) = 170.5, 170.1, 169.4, 169.4, 83.5, 76.0, 73.7, 69.6, 68.2, 62.0, 

51.6, 29.4, 20.7, 20.7, 20.6, 20.5. 

 

35: Yield = 99 %. 1H NMR (300 MHz, CDCl3) δ (ppm) = 5.37 (d, J = 2.6 Hz, 1H), 5.22 – 4.93 (m, 2H), 4.54 (d, J = 

9.8 Hz, 1H), 4.04 (t, J = 8.3 Hz, 2H), 3.95 (t, J = 6.3 Hz, 1H), 3.66 (dt, J = 9.6, 5.7 Hz, 1H), 3.46 (ddd, J = 12.3, 7.8, 

4.5 Hz, 1H), 3.14 – 2.95 (m, 1H), 2.72 (dd, J = 13.9, 7.0 Hz, 1H), 2.09 (s, 3H), 2.00 (s, 3H), 1.98 (s, 3H), 1.91 (s, 

3H). 13C NMR (75 MHz, CDCl3) δ (ppm) = 170.4, 170.2, 170.0, 169.7, 84.0, 74.7, 71.8, 67.5, 61.8, 51.6, 43.5, 

29.6, 20.8, 20.7, 20.6. 

 

36: Yield = 60 %, which was fully characterized according to the literature204. 

 

37: Yield = 43 %. 1H NMR (300 MHz, CDCl3) δ (ppm) = 5.44 – 5.21 (m, 3H), 5.03 (t, J = 9.8 Hz, 1H), 4.90 – 4.79 

(m, 2H), 4.64 – 4.45 (m, 2H), 4.28 – 4.13 (m, 2H), 4.13 – 3.90 (m, 3H), 3.75 – 3.57 (m, 2H), 3.48 (dd, J = 10.6, 

6.4 Hz, 1H), 3.10 – 2.65 (m, 2H), 2.12 (s, 3H), 2.08 (s, 3H), 2.04 – 1.97 (m, 15H). 13C NMR (75 MHz, CDCl3) δ 

(ppm) = 170.7, 170.7, 170.6, 170.2, 170.1, 169.8, 169.6, 95.9, 83.4, 72.8, 70.8, 70.2, 69.5, 68.8, 68.2, 63.0, 

61.7, 51.7, 43.5, 32.6, 29.8, 21.1, 21.0, 21.0, 20.9, 20.8, 20.8, 20.8. 
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General procedure for the deprotection of the peracetylated sugars 38-45 
 

 

 

Scheme 7.6 – General Procedure for deprotection of sugars 38-45.  

 

In a round-bottom flask, protected peracetylated sugar (1 eq.) was dissolved in MeOH. A solution of sodium 

methoxide (2 mL/ 1 mmol of protected sugar, 25 % v/v in MeOH) was added dropwise and stirred until TLC 

verification showed complete transformation of the initial product. Solvents was evaporated and the 

resulting oil was resuspended in MeOH, then Amberlite ® 120 H resin was introduced into the flask. The 

suspension was stirred until pH = 7, then resin was filtered off. Evaporation of the solvents afforded pure 

product as yellow oil or foam.  

 

38: Yield = 90 %. The compound was fully characterized according to the literature183. 

 

39: Yield = 92 %. 1H NMR (400 MHz, CD3OD) δ (ppm) = 4.31 (d, J = 6.9 Hz, 1H), 4.03 (dd, J = 10.8, 5.2 Hz, 1H), 

3.88 (s, 1H), 3.79 - 3.73 (m, 3H), 3.59 – 3.55 (m, 1H), 3.54 (d, J = 2.9 Hz, 2H), 3.50 (t, J = 5.2 Hz, 2H). 13C NMR 

(101 MHz, CD3OD) δ (ppm) = 103.6, 75.2, 73.5, 71.1, 68.9, 67.9, 61.1, 50.8. 

 

40: Yield = 93 %. The compound was fully characterized according to the literature183. 

 

41: Yield = 89 %. 1H NMR (400 MHz, CD3OD) δ (ppm) = 4.98 (s, 2H), 4.41 (dd, J = 11.5, 7.3 Hz, 2H), 4.02 (dd, J 

= 10.7, 5.2 Hz, 1H), 3.91 (d, J = 9.6 Hz, 2H), 3.79 (dd, J = 11.5, 6.5 Hz, 2H), 3.65 (d, J = 8.1 Hz, 2H), 3.62 – 3.55 

(m, 4H), 3.50 (t, J = 5.1 Hz, 2H), 3.33 (d, J = 1.4 Hz, 1H). 13C NMR (101 MHz, CD3OD) δ (ppm) = 178.6, 103.8, 

102.8, 79.3, 75.7, 75.2, 73.3, 71.0, 69.0, 68.0, 61.1, 50.7, 48.5, 22.5. 

 

42: Yield = 97 %. 1H NMR (300 MHz, CD3OD) δ (ppm) = 4.46 (d, J = 9.7 Hz, 1H), 3.89 (d, J = 11.9 Hz, 1H), 3.68 

(dd, J = 11.6, 3.6 Hz, 1H), 3.57 (dt, J = 9.1, 5.9 Hz, 2H), 3.38 (d, J = 8.5 Hz, 1H), 3.34 (s, 2H), 3.23 (t, J = 9.0 Hz, 

1H), 2.99 (dt, J = 13.9, 7.0 Hz, 1H), 2.91 – 2.78 (m, 1H). 13C NMR (75 MHz, CD3OD) δ (ppm) = 85.8, 80.6, 78.1, 

73.0, 70.1, 61.5, 51.5, 29.1. 

 

43: Yield = 95 %. 1H NMR (400 MHz, CD3OD) δ (ppm) = 4.41 (d, J = 9.1 Hz, 1H), 3.93 (d, J = 2.2 Hz, 1H), 3.74 

(dd, J = 10.3, 6.1 Hz, 3H), 3.61 – 3.52 (m, 4H), 2.98 (dd, J = 13.8, 6.8 Hz, 1H), 2.91 – 2.77 (m, 1H). 13C NMR (101 

MHz, CD3OD) δ (ppm) = 86.3, 79.2, 74.7, 70.0, 69.1, 61.3, 51.6, 29.1. 

 

44: Yield = 95 %. 1H NMR (300 MHz, CD3OD) δ (ppm) = 5.34 (s, 1H), 3.98 – 3.83 (m, 2H), 3.83 – 3.70 (m, 2H), 

3.70 – 3.65 (m, 2H), 3.56 (ddd, J = 12.9, 8.7, 4.8 Hz, 1H), 3.45 – 3.36 (m, 1H), 2.99 – 2.77 (m, 2H). 13C NMR (75 

MHz, CD3OD) δ (ppm) = 85.5, 73.7, 72.2, 71.7, 67.4, 61.3, 50.9, 30.0. 

 

45: Yield = 97 %. 1H NMR (400 MHz, CD3OD) δ (ppm) = 5.21 (d, J = 3.4 Hz, 1H), 4.48 (d, J = 9.7 Hz, 1H), 3.94 – 

3.78 (m, 4H), 3.75 – 3.54 (m, 6H), 3.50 – 3.42 (m, 2H), 3.34 – 3.25 (m, 2H), 3.03 – 2.92 (m, 1H), 2.86 (dt, J = 

13.8, 6.8 Hz, 1H). 13C NMR (101 MHz, CD3OD) δ (ppm) = 101.4, 85.8, 79.2, 77.9, 73.7, 73.3, 72.7, 70.1, 61.3, 

61.0, 51.5, 43.5, 32.3 29.1. 
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General Procedure for the synthesis of conjugated NDI-Sugars 1-8 
 

 

Scheme 7.7 – General Procedure for the click reaction between NDI 20 and sugar 38-45.  

 

A solution of (+)-sodium-L-ascorbate (12 mg, 0.06 mmol), copper(II) sulfate pentahydrate (1.5 mg, 0.006 

mmol) and NDI 20 (30 mg, 0.06 mmol), dissolved in 2 ml of H2O, was added to azido-glyco-derivative 38-45 

(0.09 mmol, 1.5 eq.), solubilized into 2 ml of tBuOH. The suspension was stirred at room temperature, under 

argon atmosphere, for 2 hours. The resulting red solution was concentrated under vacuum and a red solid 

was obtained. The crude product was analysed and purified by reverse phase column chromatography, 

(CH3CN: H2O 0.1%TFA) with method 3P, described in the previous section.  

 

1*CF3COOH: Red solid. Yield = 80%. The compound was fully characterized according to the literature183. 

 

2*CF3COOH: Red solid. Yield = 92 %. 1H NMR (300 MHz, D2O), δ (ppm) =  8.12 (d, 1H, J = 8 Hz), 8.09 (s, 1H), 

7,88 (d, 1H, J = 8.0 Hz), 7.72 (s, 1H), 4.76 (s, 1H), 4.61 (s, 2H), 4.23 (d, 1H, J = 9.7 Hz), 4.01 (bs, 4H), 3.69 (d, 

1H, J = 12 Hz), 3.44 (dd, 1H, J = 6, 12 Hz), 3.24-3.18 (m, 8H), 3.06-3.00 (m, 2H), 2.99 (t, 1H, J = 9 Hz), 2.84 (s, 

12H), 2.04 (m, 4H). 13C NMR (75 MHz, D2O) δ (ppm) = 165.1, 163.5, 163.3, 162.8, 151.3, 143.3, 130.9, 128.1, 

126.4, 125.0, 124.9, 122.1, 119.8, 118.2, 118.1, 114.2, 99.2, 85.2, 79.6, 76.9, 72.2, 69.3, 60.7, 55.1, 50.5, 42.7, 

38.0, 37.6, 37.0, 22.7. 

 

3*CF3COOH: Red solid. Yield = 85%. The compound was fully characterized according to the literature183. 

 

4*CF3COOH: Red solid. Yield = 92 %. 1H NMR (300 MHz, D2O) δ (ppm) =  8.12 (s, 1H), 8.11 (d, 1H, J = 8.0 Hz), 

7.88 (d, 1H, J = 8.0 Hz), 7.72 (s, 1H), 5.11 (s, 1H), 4.82 (s, 2H), 4.01 (t, 4H, J = 7 Hz), 3.78 (d, 1H, J = 2 Hz), 3.59-

3.55 (m, 2H), 3.45 (t, 1H, J = 9 Hz), 3.34 (dd, 1H, J = 3, 8 Hz), 3.23-3.15 (m, 8H), 3.07 (m, 2H), 2.85 (s, 12H), 

2.05 (m, 4H). 13C NMR (75 MHz, D2O) δ (ppm) = 165.16, 163.6, 163.3, 162.9, 151.3, 143.5, 130.9, 128.1, 126.5, 

124.9, 124.6, 122.2, 119.6, 118.2, 114.2, 110.3, 99.3, 85.0, 73.3, 71.4, 70.8, 66.6, 60.6, 55.2, 55.1, 49.7, 42.7, 

38.0, 37.6, 37.0, 31.2, 22.7. 

 

5*CF3COOH: Red solid. Yield = 91 %. 1H NMR (300 MHz, D2O) δ (ppm) = 8.21 (d, 1H, J = 7.8 Hz), 8.13 (s, 1H), 

7,97 (d, 1H, J= 7.8 Hz), 7.88 (s, 1H), 4.79 (s, 1H), 4.63 (s, 2H), 4.25 (d, 1H, J = 7.9 Hz), 4.20 (m, 1H), 4.04 (bs, 

4H), 3.74 (d, 1H, J = 3.3 Hz), 3.56-3.47 (m, 4H), 3.44 (d, 1H, J = 3.3 Hz), 3.33 (t, 1H, J = 7.9 Hz), 3.20-3.12 (m, 

4H), 3.05 (d, 1H, J = 6.8 Hz), 2.82 (s, 12H), 2.05-2.03 (m, 4H). 13C NMR (75 MHz, D2O) δ (ppm) = 165.4, 163.9, 

163.7, 163.3, 151.5, 143.5, 130.9, 128.3, 126.8, 124.7, 124.4, 122.3, 119.8, 118.5, 102.9, 99.4, 75.0, 72.4, 70.4, 

69.9, 68.3, 67.9, 60.7, 55.1, 50.4, 42.6, 37.8, 37.6, 36.9, 22.7. 
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6*CF3COOH: Red solid. Yield = 89 %. 1H NMR (300 MHz, D2O) δ (ppm) = 8.18 (d, J = 9.0 Hz, 1H), 8.11 (s, 1H), 

7.94 (d, J = 9.0 Hz, 1H), 7.83 (d, J = 12Hz, 1H), 4.80 (s, 4H), 4.22 (d, J = 9.0 Hz, 1H), 4.04 (m, 4H), 3.77 (d, J = 3 

Hz, 1H), 3.57-3.55 (m, 2H), 3.50 – 3.42 (m, 2H), 3.33-3.15 (m, 7H), 2.85 (s, 6H), 2.83 (s, 6H), 2.63 (s, 1H), 2.09-

2.01 (m, 4H), 1.97 (s, 1H).   13C NMR (75 MHz, D2O) δ (ppm) = 164.9, 163.4, 163.2, 162.7, 151.1, 130.6, 127.8, 

126.3, 124.7, 124.2, 121.9, 118.07, 99.0, 85.3, 85.3, 78.5, 73.4, 69.1, 68.1, 60.6, 54.8, 54.8, 50.1, 42.3, 37.3, 

36.6, 29.9, 22.3.  

 

7*CF3COOH: Red solid. Yield = 86 %. 1H NMR (300 MHz, D2O) δ (ppm) =  8.18 (d, 1H, J = 7.8 Hz), 8.12 (s, 1H), 

7,94 (d, 1H, J= 7.8 Hz), 7.80 (s, 1H), 4.77 (s, 2H), 4.61 (m, 2H), 4.20 (d, 1H, J = 8 Hz), 4.19-4.17 (m, 1H), 4.02 

(m, 4H), 4.0-3.97 (m, 2H), 3.80 (d, 1H, J = 3.1 Hz), 3.66-3.62 (m, 3H), 3.50-3.45 (m, 3H), 3.36-3.23 (m, 3H), 

3.22-3.14 (m, 4H), 3.11-2.91 (m, 2H), 2.83 (s, 12H), 2.08-2.0 (m, 4H). 13C NMR (75 MHz, D2O) δ (ppm) = 167.0, 

165.4, 165.2, 164.7, 153.2, 143.6, 132.8, 130.0, 128.4, 126.9, 126.4, 24.0, 121.5, 120.2, 119.9, 116.0, 104.8, 

103.8, 101.1, 80.8, 77.1, 76.2, 75.8, 74.3, 74.2, 72.4, 70.1, 69.7, 62.6, 61.8, 57.0, 56.9, 52.2, 44.5, 44.4, 39.7, 

39.5, 38.9, 24.6. 

 

8*CF3COOH: Red solid. Yield = 74 %. 1H NMR (300 MHz, D2O) δ (ppm) =  8.19 (d, 1H, J = 8.0 Hz), 8.13 (s, 1H), 

7,96 (d, 1H, J = 8.0 Hz), 7.75 (s, 1H), 5.18 (s, 2H), 4.74 (m, 2H), 4.27 (d, 1H, J = 9.2 Hz), 3.89 (m, 4H), 3.66-3.35 

(m, 12H), 3.18 (t, 1H, J = 9.2 Hz), 3.15 (bs, 4H), 3.11-2.98 (m, 2H), 2.77 (s, 12H), 1.93 (bs, 4H). 13C NMR (75 

MHz, D2O) δ (ppm) =  165.0, 163.4, 163.1, 151.1, 148.6, 132.8, 130.0, 128.4, 126.9, 126.4, 24.0, 121.5, 120.2, 

119.9, 116.0, 104.8, 99.7, 99.2, 85.2, 78.2, 77.1, 72.7, 72.6, 72.0, 71.5, 69.2, 69.1, 60.6, 60.3, 55.1, 55.0, 54.1, 

50.4, 42.6, 42.3, 30.3, 22.7. 

 

General Procedure for the synthesis of conjugates NDI-sugars 9-16 
 

 

Scheme 7.8 – General Procedure for the click reaction between NDI 21 and sugars 38-45.  

 

A 2 ml solution of (+) -sodium-L-ascorbate (7.3 mg, 0.04 mmol), copper(II) sulfate pentahydrate (0.9 mg, 

0.006 mmol) and NDI 21 (20 mg, 0.04 mmol), in water, was added to azido-glyco-derivative 38-45 (0.06 mmol, 

1.5 eq.), dissolved into 2 ml of tBuOH. The suspension was stirred at r.t. under nitrogen atmosphere for 2 

hours. The resulting red solution was concentrated under vacuum and a red solid was obtained. The crude 

product was analysed and purified by reverse phase column chromatography, (CH3CN: H2O 0.1%TFA), with 

method 3P, described in the previous section. 
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9*CF3COOH: Red solid. Yield = 81 %. 1H NMR (300 MHz, D2O) δ (ppm) = 8.33 (d, J = 7.9 Hz, 1H), 8.11 (d, J = 

6.43 Hz, 1H), 8.08 (s, 1H), 8.03 (s, 1H), 4.85 (s, 2H), 4.65-4.62 (m, 4H), 4.48-4.46 (m, 4H), 4.28 (d, J = 7.88 Hz, 

1H), 4.06 (m, 6H), 3.74-3.69 (m, 10H), 3.51-3.46 (m, 6H), 3.30-3.22 (m, 6H), 3.03 (m, 2H), 1.26 (d, J = 6.68 Hz, 

1H). 13C NMR (75 MHz, D2O) δ (ppm) = 165.5, 164.1, 164.0, 163.5, 163.0, 162.5, 151.7, 143.7, 131.2, 128.7, 

126.9, 125.3, 124.7, 122.5, 121.9, 120.2, 118.8, 114.2, 102.2, 99.5, 75.7, 75.4, 72.8, 69.4, 67.8, 63.5, 60.5, 

54.6, 54.3, 52.2, 50.4, 37.9, 34.7, 34.2. 

 

10*CF3COOH: Red solid. Yield = 83%. 1H NMR (300 MHz, D2O) δ (ppm) = 8.40 (d, J = 7.9 Hz, 1H), 8.16 (d, J = 

7.9 Hz, 1H), 8.10 (m, 2H),  4.90 (s, 2H), 4.60 (m, 4H) 4.50-4.49 (m, 4H), 4.19 (d, J = 9.88 Hz, 1H), 4.07 (m, 4H), 

3.7-3.69 (m, 10H), 3,47 (m, 6H), 3.28-3.12 (m, 10H), 3.02 (d, J = 9.19 Hz, 1H). 13C NMR (75 MHz, D2O), δ (ppm) 

= 168.7, 167.3, 166.7, 154.9, 134.5, 131.9, 130.1, 128.5, 127.9, 127.8, 125.7, 123.5, 122.0, 102.8, 88.1, 82.7, 

79.9, 75.2, 72.2, 66.6, 63.7, 57.7, 57.3, 55.2, 53.5, 40.9, 37.6, 37.3, 33.1. 

 

11*CF3COOH: Red solid. Yield =90 %. 1H NMR (300 MHz, D2O) δ (ppm) = 8.3 (d, J = 7.83 Hz, 1H), 8.08 (s, 1H), 

8.04 (d, J = 9.48 Hz, 1H), 4.84 (s, 2H), 4.78 (s, 1H), 4.65 (m, 4H), 4.59 (m, 2H), 4.42-4.41 (m, 4H), 3.86 (m, 8H), 

3.67 (m, 1H), 3.48-3.31 (m, 20H). 13C NMR (75 MHz, D2O) δ (ppm) = 165.5, 164.2, 163.5, 160.8, 151.8, 136.5, 

135.2, 131.2, 131.1, 130.6, 128.8, 124.6, 124.5, 122.6, 113.4, 103.5, 99.4, 99.3, 72.6, 70.2, 69.7, 66.1, 65.4, 

63.7, 60.4, 60.4, 54.7, 54.3, 53.4, 53.4, 52.2, 50.1, 43.2, 43.1, 37.8 34.9, 34.4, 33.9, 33.8. 

 

12*CF3COOH: Red solid. Yield = 75 %. 1H NMR (300 MHz, D2O) δ (ppm) 41= 8.08 (d, J = 6 Hz, 1H), 8.05 (s, 1H), 

7.85 (d, J = 4 Hz, 1H), 7.76 (s, 1H), 5.02 (s, 1H), 4.55 (m, 2H), 4.32 (m, 4H), 3.98-3.92 (m, 4H), 3.76 (s, 1H), 3.60-

3.36 (m, 19H), 3.14-3.01 (m, 6H).  13C NMR (75 MHz, D2O) δ (ppm) = 165.4, 164.0, 163.9, 163.3, 151.7, 131.1, 

128.6, 126.8, 125.2, 124.7, 122.4, 120.2, 118.7, 99.5, 84.8, 73.2, 71.4, 70.8, 66.6, 63.5, 60.6, 54.6, 54.2, 52.1, 

49.6, 37.9, 34.6, 34.2, 30.9. 

 

13*CF3COOH: Red solid. Yield = 67 %. 1H NMR (300 MHz, D2O) δ (ppm) = 8.23 (d, J = 7.9 Hz, 1H), 8.16 (s, 1H), 

8.0 (d, J = 7.85 Hz, 1H), 7.93 (s, 1H), 4.8 (s, 2H), 4.66-4.63 (m, 4H), 4.45-4.43 (m, 4H), 4.28-4.26 (m, 3H), 4.08-

4.04 (m, 6H), 3.78-3.46 (m, 17H), 3.37 (m, 2H), 3.22 (m, 4H).  13C NMR (75 MHz, D2O) δ (ppm) = 165.2, 163.9, 

163.7, 163.2, 151.5, 143.3, 131.1, 128.4, 126.6, 125.0, 124.8, 124.7, 122.3, 120.1, 118.5, 118.0, 114.1, 102.9, 

99.2, 75.0, 72.5, 70.5, 68.4, 67.9, 63.5, 60.8, 54.6, 54.3, 52.1, 50.4, 37.9, 34.6, 34.2. 

 

14*CF3COOH: Red solid. Yield = 80 %. 1H NMR (300 MHz, D2O) δ (ppm) = 8.3 (d, J = 7.89 Hz, 1H), 8.13 (s, 1H), 

8.07 (d, J = 7.86 Hz, 1H), 7.99 (s, 1H), 4.85 (s, 2H), 4.7 (m, 4H), 4.46-4.44 (m, 4H), 4.24-4.21 (d, J= 9.47 Hz, 1H), 

4.05 (m, 4H), 3.79-3.10 (m, 23H). 13C NMR (75 MHz, D2O) δ (ppm) = 168.5, 167.1, 167.0, 166.4, 154.7, 146.5, 

134.2, 131.7, 129.9, 128.3, 127.7, 125.5, 123.4, 122.0, 121.8, 121.1, 117.2, 102.5, 88.7, 81.9, 76.7, 72.5, 71.5, 

66.5, 63.9, 57.7, 57.3, 57.2, 55.2, 53.5, 45.4, 40.9, 37.6, 37.2, 33.2, 20.6, 19.1, 15.0. 

 

15*CF3COOH: Red solid, Yield = 77 %. 1H NMR (300 MHz, D2O) δ (ppm) = 8.3 (d, J = 7.88 Hz, 1H), 8.08-8.05 

(m, 2H), 7.95 (s, 1H), 5.02 (d, , J = 3.59 Hz, 1H), 4.84 (s, 2H), 4.7-4.62 (m, 6H), 4.43-4.4 (m, 4H), 4.28 (d, J = 

9.84 Hz, 2H), 3.88 (m, 8H), 3.68 (d, J = 10.1 Hz, 1H), 3.52-3.2 (m, 28H), 2.97 (m, 1H). 13C NMR (75 MHz, D2O) 

δ (ppm) = 165.4, 164.0, 164.0, 163.4, 151.7, 131.2, 128.6, 126.8, 125.3, 125.0, 124.7, 122.5, 120.4, 118.7, 

99.7, 99.6, 85.1, 78.1, 77.1, 77.0, 72.7, 72.6, 72.1, 71.4, 69.1, 63.7, 63.7, 60.6, 60.3, 54.6, 54.2, 52.2, 50.3, 

37.9, 34.8, 34.4, 30.4, 30.1. 
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16*CF3COOH: Red solid, Yield = 70%. 1H NMR (300 MHz, D2O) δ (ppm) = 8.22 (d, J = 12 Hz, 1H), 8.03 (s, 1H), 

7.98 (d, J = 8.0 Hz, 1H), 7.87 (s, 1H), 5.00 (d, J = 4.0 Hz, 1H), 4.76 (m, 2H), 4.57 (s, 2H), 4.38 (s, 4H), 4.24 (d, J = 

10 Hz, 1H), 4.02-3.96 (m, 4H), 3.64-2.91 (m, 28H), 2.95 (t, J = 10 Hz, 2H).  13C NMR (75 MHz, D2O) δ (ppm) = 

165.5, 164.1, 164.0, 163.5, 163.0, 162.5, 151.8, 143.6, 131.3, 128.7, 126.9, 125.3, 125.0, 124.8, 122.6, 120.5, 

118.8, 118.1, 114.2, 99.8, 99.6, 85.2, 78.2, 77.2, 77.1, 72.7, 72.6, 72.1, 71.5, 69.2, 63.6, 60.7, 60.4, 54.7, 54.3, 

52.2, 50.4, 38.0, 34.7, 34.2, 30.4.  

 

 

7.2.2 Cell Culture  
 

Human MRC5-cell line (fibroblast derived from lung tissue) was cultured in DMEM (Invitrogen) medium plus 

10% Fethal Bovine Serum Albumin (FBSA), 2 mM Gluthamine and 100 U/ml penicillin. Cells were grown in 

monolayer (5% CO2, 37°C) in DMEM medium with 4.5 g/L of glucose for HT29 and 1 g/L for MRC5. Cells were 

plated and passaged according to ATCC recommendations and were used for the experiments while in the 

exponential growth phase. 

‘Single marker’ (S16) BSF Trypanosoma Brucei (Lister 427, antigenic type MiTat 1.2, clone 221a) were cultured 

at 37°C, 5% CO2 in HMI-9 medium supplemented with 20% heat-inactivated fetal bovine serum (hiFBS, 

Invitrogen). Leishmania Major (MHOM/IL/80/Friedlin) promastigotes were cultured at 28 °C in RPMI-1640 

medium (Invitrogen, Carlsbad, CA) modified with fetal bovine serum (hiFBS, Invitrogen).  

 

7.2.3 Citotoxicity Assays 
 

▪ MTT Test on cells: Toxicity against cells has been determined through incubation of 4*106 HT29 cells 

and MRC5 cells in 96-wells plates, in 100 µl of DMEM solution, with increasing concentrations of 

selected compounds. Cells were stored at 37°C (with 5% CO2) for 72 hours.  After this time, IC50 values 

were measured through MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay: 

briefly,reduction of MTT to insoluble formazan by cellular oxidoreductase enzymes allow the 

evaluation of cellular viability, through spectrophotometric analysis of formanzan absorbance. After 

3 days of incubation, 10 µl of 5 mg/ml solution of MTT were added to each well, then solution were 

centrifugated and stored at 37°C for 4 hours. Cell media was removed and cells were dissolved into 

100 µl of DMSO, then analyzed at the plate reader, recording the absorbance at λ= 590 nm.  

 

▪ MTT Test on Leishmania Major: Activity of compounds against Leishmania Major has been 

determined upon incubation of 2*105 parasites, in 96-wells plates, in 100 µl of culture media, in 

presence of increasing concentrations of compounds. After an incubation period of 3 days, 10 µl of 

5mg/ml of MTT solution were added to each well, then parasites were stored for further 4 hours at 

28°C. Then, each solution was treated with 50 µl of 20% Sodium Dodecyl Sulphate and incubated at 

37°C overnight. In the end, all plates were analyzed at the plate reader, recording the absorbance at 

λ = 590 nm.  

 

 

▪ Alamar Blue Assay on Trypanosoma Brucei: Toxicity on T. Brucei was determined through incubation 

of 3*105 parasites in 96-wells plates, in 100 µl of solutions, adding increasing concentrations of 

ligands. After 3 days of incubation at 37°C, Alamar Blue Assay (or Resazurin Assay) was performed to 

measure IC50 values: briefly, Resazurin is reduced by the metabolic activity of parasites, forming  

fluorescent derivative Resorufin. In details, 20 µl of Alamar Blue solution (5 g/L) were added to each 
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plate, then they were incubated at 37°C for 4 hours. Later, 50 µl of sodium dodecyl sulfate solution 

(3%) were added to each well, then plates were incubated again for one hour at 37°C. In the end, 

fluorescence analysis of each solution was perfomed with plate reader.  

 

▪ Cellular permeability: Cellular uptake was determined through confocal microscopy analysis. In 

details, 2,25*105 cells were incubated with NDIs (10 µM) in 750 µl of DMEM medium, at 37°C, for 2 

hours. After this time, solutions were centrifugated, the supernatant was removed and cells 

resuspended in 750 µl of sodium dodecyl sulfate (0.4%). Fluorescence was detected with a TECAN 

infinite F200 fluorescence-intensity multiplate reader (excitation wavelength: 485 nm, emission 

wavelength: 535 nm). Fluorescence values were normalized via protein quantification assay using 

Pierce BCA test (ThermoFisher Scientific) and concentration values were extrapolated from a 

fluorescence – NDI-concentration calibration curve. 

 

7.2.4 FRET-Melting Assay 
 

FRET Melting assays were performed on Stratagene MX3005P qPCR, with a procedure previously described 

in literature205.  All oligonucleotides were annealed for 2 minutes at 90°C before the experiment. Analysis 

were performed on DNA concentrations equal to 0.2 µM, in presence of 10 mM LiCaco, 10 mM of KCl, LiCl 

90 mM and 1 or 2 µM of ligand. Data processing was carried out using Origin 9, with ΔTmax used to 

represent ΔTm. For the experiment, the following oligonucleotide sequence was employed:  

F21T (Human Telomeric G4): 5’-FAM-GGGTTAGGGTTAGGGTTAGGGTAMRA-3’ 
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7.3 Quinone Methides  
 

7.3.1 Bi-Functional Photo-Alkylating Ligands: Experimental Details 
 

7.3.1.1 Synthesis and Characterization of Compounds 
 

Synthesis of 2-((dimethylamino)methyl)iodophenols 46 and 47 

 

 

Scheme 7.9 – Mannich reaction for the synthesis of 46 and 47. 

 

In a round bottomed flask, iodophenol 48 or 49 (11 mmol, 1 eq.)  have been dissolved into 140 ml of EtOH, 

then 6 g (0.2 mol, 18 eq.) of paraformaldehyde and 14 ml of dimethylamine in 33% ethanol solution were 

added. Mixture was refluxed two hours, then solvent was removed under vacuum. Product has been isolated 

through purification on column chromatography, using DCM: MeOH 95:5 as eluent.  

 

46: Yield (%) = 40%. The compound was fully characterized according to the literature206.  

 

47: Yield (%) = 55%. The compound was fully characterized according to the literature206.  

 

Synthesis of QMP1 and QMP3:  

 

Scheme 7.10 – Synthesis of QMP1 and QMP3. 

The previously synthesized 2-((dimethylamino)methyl)-4-iodophenol (0.61 mmol, 3 eq.), 

Bis(triphenylphosphine) palladium chloride [Pd(PPh3)2]Cl2 (0.06 mmol, 10%), copper iodide (0.06 mmol, 10%) 

and 1,3-diethynylbenzene (0.2 mmol, 1 eq.) were introduced into a three-necked flask, and stored under 

argon flux for 5 minutes. Then, 36 ml of THF:Triethylamine 2:1 solution were added to the mixture with a 

syringe, then the resulting solution was heated 60°C and stirred for 16 hours. Once substrate was completely 

consumed, solvent was removed under vacuum and the crude was filtered on silica gel. The resulting mixture 

was purified through reverse phase column chromatography, with method 4P.  
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QMP1: Yield (%) = 39%. 1H-NMR (300 MHz, CDCl3) δ (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 ppm (s, 12H). 13C-NMR (75 MHz, CDCl3) δ 

(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. 

 

QMP2: Yield (%) = 20%. 1H-NMR (300 MHz, CDCl3) δ (ppm)=  8.64 (bs, 2H), 7.71 (s, 1H), 7.49 (d, J = 7.8 Hz, 

2H), 7.34 (t, J = 7.3 Hz, 1H), 7.02–6.96 (m, 6H), 3.67 (s, 4H), 2.35 ppm (s, 12H). 13C-NMR (75 MHz, CDCl3) δ 

(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. 

 

Synthesis of QMP2 and QMP4: 

 

Scheme 7.11 – Synthesis of QMP2 and QMP4. 

 

Iodomethane (0.23 mmol, 5 eq.) was added, in one portion, to a stirred solution of QMP1 or QMP2 (0.047 

mmol, 1 eq.) dissolved into 1 ml of ACN, in presence of sodium acetate (0,08 mmol, 2 eq.). Reaction mixture 

was stirred at room temperature for two days. In order to favour product formation, after one day, another 

addition of iodomethane (0.23 mmol, 5 eq.) was done. After complete substrate consumption, products were 

isolated through reverse phase column chromatography, with method 4P.  

 

QMP2: Yield (%) = 97%. 1H-NMR (300 MHz, CD3OD) δ (ppm) = 7.67 (s, 2H), 7.65 (s, 1H), 7.60-7.56 (m, 2H),  

7.5-7.49 (m, 3H), 7.04-6.97 (m, 2H), 4.6 (s, 4H), 3.2 (s, 18H). 13C-NMR (75 MHz, CD3OD) δ (ppm) = 159.5, 

139.4, 137.2, 135.3, 132.3, 130.2, 125.4, 117.9, 116.6, 116.0, 90.4, 88.7, 65.2, 53.9.   

 

QMP4: Yield (%) = 98%. 1H-NMR (300 MHz, CD3OD) δ (ppm) = 7.70 (s, 1H), 7.59 (s, 1H), 7.56-7.49 (m, 4H), 

7.18-7.16 (m, 4H), 4.60 (s, 4H), 3.19 (s, 18H). 13C-NMR (75 MHz, CD3OD) δ (ppm) = 159.0, 136.3, 135.7, 133.2, 

130.5, 128.6, 124.9, 124.5, 120.1, 116.8, 90.8, 90.3, 65.4, 54.0, 53.9.  

 

Synthesis of 7-bromo-3-hydroxy-2-naphthoic acid 54: 

 

Scheme 7.12 – Reductive dehalogenation for the synthesis of 54. 

 

In one-necked flask, 4,7-dibromo-3-hydroxy-2-naphthoic acid 55 (0.014 mol, 1 eq.) was suspended in 76 ml 

of CH3COOH: HCl 37% 3:1 solution, then tin powder (0.014 mol, 1.3 eq.) was added. Reaction mixture was 

stirred at reflux for 16 hours, then was cooled at room temperature until precipitation of a yellow solid. 

Product was filtered on a Buchner funnel and used for the subsequent step with no further purification.  
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54: Yield (%) = 94%. The compound was fully characterized according to the literature207. 

 

Synthesis of 7-bromo-3-hydroxy-N,N-dimethyl-2-naphthamide 53: 

 

 

Scheme 7.13 – Two-step procedure for the synthesis of 55. 

 

Bromo-3-hydroxynaphthalene-2-carboxylic acid 54 (0.0075 mol, 1 eq.) was dissolved into 20 ml of thionyl 

chloride, the reaction mixture was stirred at 80°C for four hours. Later, thionyl chloride was removed under 

vacuum, with a water pump, collecting the condensed liquid with a cold finger. The obtained red solid was 

dissolved into 8 ml of dichlorometane. In the meantime, in one-necked flask, sodium hydroxide (0.009 mol, 

1.2 eq.) was dissolved in 30 ml (0.9 mol, 100 eq.) of dimethylamine solution (11% in ethanol) and cooled to 

0°C with an ice bath. Acyl chloride was transferred into a dropping funnel and added dropwise to 

dimethylamine solution. Reaction mixture was stirred for one hour at 0°C, then 100 ml of HCl 10% were 

added to induce product precipitation. Suspension was filtered in a Buchner funnel and 2.01 g of product 

were collected and used for the subsequent step without no further purification. 

 

53: Yield (%) = 93%. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) = 10.35 (s, 1H), 8.09 (s, 1H), 7.71 (m, 2H), 7.52 (d, 

J= 8.86 Hz, 1H), 7.23 (s, 1H), 3.00 (s, 3H), 2.80 (s, 3H). 13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 167.8, 152.0, 

132.8, 129.5, 129.0, 128.5, 128.1, 126.4, 115.9, 109.2, 37.6, 34.1. 

 

Synthesis of 6-bromo-3-((dimethylamino)methyl)naphthalen-2-ol 52:  

 

 

Scheme 7.14 – Reduction with lithium aluminiu hydride to synthesize 52.  

 

7-bromo-3-hydroxy-N,N-dimethyl-2-naphthamide 53 (30.2 mmol, 1 eq.) was suspended in anhydrous THF 

(250 mL) and the mixture was cooled at 0°C. Lithium aluminium hydride (75.5 mmol, 2.5 eq.) 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 NaHCO3 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 Na2SO4. The solvent was removed 

under reduced pressure, and the residue was purified by recrystallization in ethanol.  
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52: Yield (%) = 96%. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) = 8.11 (s, 1H), 7.77-7.72 (m, 2H), 7.57 (d, J= 8.79 

Hz), 7.24 (s, 1H), 3.85 (s, 2H), 2.39 (s, 6H). 13C-NMR (75 MHz,DMSO-d6) δ (ppm) = 156.1, 132.4, 129.0, 128.8, 

128.7, 128.6, 128.0, 127.3, 126.9, 115.3, 111.6, 109.0, 60.4, 44.3. 

 

Synthesis of 3-((dimethylamino)methyl)-6-((trimethylsilyl)ethynyl)naphthalen-2-ol 51:  

 

 

Scheme 7.15 – Sonogashira Cross-coupling for the synthesis of 51. 

 

In a three-necked flask, 6-bromo-3-((dimethylamino)methyl)naphthalene-2-ol 52 (1.78 mmol, 1 eq.), 

PdCl2(PPh3)2 (4% mol), copper (I) iodide (4% mol)  were stored under argon flux for 10 minutes. Then, 

trimethylsilylacetylene (2.68 mmol, 1.5 eq.) was dissolved in triethylamine (20 mL), degassed with Ar for 5 

minutes, and added in the reaction flask. The mixture was stirred at 80°C for 1 hour, then 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 with Cyclohexane/AcOEt gradient.  

 

51: Yield (%) = 86%. 1H-NMR (300 MHz, CDCl3) δ (ppm) = 7.86 (s, 1H), 7.60 (d, J = 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, CDCl3) δ (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. 

 

Synthesis of 3-((dimethylamino)methyl)-6-ethynylnaphthalen-2-ol 50:  

 

 

Scheme 7.16 – Trimethylsilyl basic deprotection to synthesize 50. 

 

3-((dimethylamino)methyl)-6-((trimethylsilyl)ethynyl)naphthalen-2-ol 51 (1.34 mmol, 1 eq.) was dissolved in 

methanol (25 mL) and potassium carbonate (5.36 mmol, 4 eq.) was added in one portion. The suspension 

was stirred at room temperature for 2 hours. The solvent was removed under reduced pressure, the crude 

was treated with 1% HCl (10 mL) and neutralized with NaHCO3. The product was extracted in DCM (3x20 mL), 

the combined organic phases were dried over Na2SO4 and the solvent was removed under reduced pressure. 

The crude was purified by flash chromatography with Cyclohexane/AcOEt gradient. 
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50: Yield (%) = 59%. 1H-NMR (300 MHz, CDCl3) δ (ppm)= 9.85 (s, 1H), 7.88 (s, 1H), 7.63 (d, J = 8.5 Hz, 1H), 7.45 

(d, J = 7.8, 1H), 7.44 (s, 1H), 7.17 (s, 1H), 3.82 (s, 2H), 3.11 (s, 1H), 2.38 ppm (s, 6H). 13C-NMR (75 MHz, CDCl3) 

δ (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. 

 

Synthesis of QMP5:  

 

 

 

Scheme 7.18 – Sonogashira cross-coupling for the synthesis of QMP5. 

 

In a three-necked flask, 1,3-diiodobenzene (0.22 mmol, 0.5 eq.), PdCl2(PPh3)2 (0.018, 4% mol), copper (I) 

iodide (0.018, 4% mol) were kept under argon atmosphere for 10 minutes, then 3-((dimethylamino)methyl)-

6-ethynylnaphthalen-2-ol 50 (0.44 mmol, 1 eq.) was dissolved in triethylamine (10 mL), degassed with argon 

for 5 minutes and added in the flask. The reaction mixture was stirred at 80°C for 2 hours. The suspension 

was dissolved in DCM (25 mL) and washed with 1% NaHCO3 (3x20 mL). The organic phase was dried over 

Na2SO4 and the solvent was removed under reduced pressure. The crude was purified by reverse phase HPLC 

(H2O 0.1% TFA/ACN gradient) with method 4P.  

 

QMP5: Yield (%) = 81%. 1H-NMR (300 MHz, DMSO-d6) δ (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 ppm (s, 12H); 13C-NMR (75 MHz, DMSO-d6) δ 

(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. 

 

 

Synthesis of QMP6:  

 

 

 

Scheme 7.19 – Synthesis of QMP6.  

 

Iodomethane (0.9 mmol, 5 eq.) and sodium acetate (0.36 mmol, 2 eq.)  were added to a stirred solution of  

QMP5 (0.18 mmol) in 1 ml of ACN and the reaction mixture was stirred at room temperature for 24 hours. 

After this time, further iodomethane (0.9 mmol, 5 eq.) was added and the suspension was stirred at room 

temperature for additional 16 hours. Hence, the solvent and excess iodomethane were removed under 
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reduced pressure. The product was purified by reverse phase HPLC (H2O 0.1% TFA/ACN gradient) with 

method 4P.  

 

QMP6: Yield (%) = 68%. 1H-NMR (300 MHz, CD3OD) δ (ppm) = 8.06 (s, 4H), 7.73–7.69 (m, 3H), 7.59–7.52 (m, 

4H), 7.41 (dd, J =8.3, 7.0 Hz, 1H), 7.33 (s, 2H), 4.72 (s, 4H), 3.21  (s, 18H). 13C-NMR (75 MHz, CD3OD): δ (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.  

 

Synthesis of Photoproducts 57 and 58:  

 

 

Scheme 5.20 -Photogeneration of water-adducts 57 and 58. 

 

Compound QMP2 (0.02 mmol) has been dissolved into 200 ml of distilled water, to achieve concentration of 

0.1 mM. Solution has been transferred into a quartz tube and irradiated with Rayonet at 310 nm (32W, 2 

lamps) for 30 minutes. Then solvent removed under vacuum and crude was purified through reverse phase 

HPLC (H2O 0.1% TFA/ACN gradient) with method 4P.  

 

57: Yield (%) = 62%. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) = 10.96 (s, 1H), 9.91 (s, 1H), 7.66-7.45 (m, 7H), 

7.27-7.26 (m, 1H), 7.05 (d, J = 8.51 Hz, 1H), 6.82 (d, J= 8.3 Hz, 1H), 4.48 (s, 2H), 4.4.46 (s, 2H), 3.07 (s, 9H).  13C-

NMR (75 MHz, DMSO-d6) δ (ppm) = 158.1, 158.0, 155.0, 138.0, 135.3, 131.0, 130.9, 130.6, 129.4, 129.3, 

123.7, 123.1, 116.8, 115.5, 114.9, 112.7, 111.8, 91.3, 89.7, 87.2, 86.1, 62.6, 57.7, 52.2, 47.7.  

 

58: Yield (%) = 8%. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) = 9.95 (s, 2H), 7.60 (s, 1H), 7.50-7.40 (m, 5H), 7.28 

(d, J = 8.29 Hz, 2H), 6.81 (d, J= 8.27 Hz, 2H), 4.48 (s, 4H). 13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 163.0, 157.9, 

155.0, 152.1, 133.2, 130.9, 130.7, 130.6, 129.4, 129.2, 123.6, 114.9, 111.9, , 99.7, 90.6, 86.3, 60.1, 57.7, 56.2. 

 

 

Synthesis of Photoproducts 60 and 61:  

 

 

Scheme 7.21 – Photogeneration of water-adducts 60 and 61. 

 

Compound QMP4 (0.2 mmol) has been dissolved into 250 ml of distilled water, to achieve concentration of 

1 mM. Solution has been transferred into a quartz tube and irradiated with Rayonet at 310 nm (32W, 2 lamps) 
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for one hour. Then solvent removed under vacuum and crude was purified through reverse phase HPLC (H2O 

0.1% TFA/ACN gradient) with method 4P.  

 

60: Yield (%) = 12%. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) = 10.79 (s, 1H), 7.73 (s, 1H), 7.62-7.43 (m, 4H), 

7.36 (d, J= 8.29 Hz, 1H), 7.15-7.13 (m, 2H), 7.03 (d, J= 8.70 Hz, 1H), 6.94 (s, 1H), 4.50 (s, 2H), 4.47 (s, 2H), 3.05 

(s, 9H). 13C-NMR (75 MHz, DMSO-d6,) δ (ppm) = 157.3, 154.0, 135.1, 133.9, 131.8, 131.5, 130.6, 129.4, 127.4, 

125.3, 123.2, 122.5, 122.5, 122.3, 120.4, 118.4, 116.8, 115.9, 90.6, 89.2, 89.2, 87.1, 62.7, 57.9, 52.1. 

 

61: Yield (%) = 5%. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) = 9.73 (s, 2H), 7.69 (s, 1H), 7.57 (d, J= 7.2 Hz, 2H), 

7.50-7.44 (m, 1H),  7.35 (d, J= 7.8 Hz, 2H), 7.03 (d, J= 7.77 Hz, 2H), 6.93 (s, 2H), 4.50 (s, 4H). 13C-NMR (75 MHz, 

DMSO-d6) δ (ppm) = 161.1, 153.9, 133.7, 131.3, 130.5, 129.3, 127.4, 123.1, 122.3, 120.5, 116.8, 90.5, 87.3, 

57.9. 

 

Synthesis of Hydrated alkyne 62:  

 

 

 

Scheme 7.22 – Photogeneration of hydrated alkyne 62. 

 

Compound QMP1 (0.13 mmol) has been dissolved into 200 ml of 1:1 ACN: phosphate buffer (50mM, pH 7.4), 

to achieve concentration of 7 mM. Solution has been transferred into a quartz tube and irradiated with 

Rayonet at 310 nm (32W, 2 lamps) for one hour. Then solvent removed under vacuum and crude was purified 

through reverse phase HPLC (H2O 0.1% TFA/ACN gradient) with method 4P. 

 

62: Yield (%) = 80%. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) = 8.36 (s, 1H), 8.04-8.01 (m, 1H), 7.79-7.75 (m, 

1H), 7.66-7.60 (m, 1H), 7.52-7.51 (m, 2H), 7.22-7.14 (m, 2H), 7.03 (m, 2H), 6.95-6.92 (m, 1H), 4.35 (s, 2H), 

4.12 (s, 2H), 4.19 (s, 2H), 2.76 (s, 6H), 2.74 (s, 6H). 13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 197.3, 158.1, 157.7, 

157.5, 155.2, 136.8, 136.1, 135.3, 134.4, 133.8, 132.6, 130.6, 129.4, 128.2, 125.4,123.1, 117.6, 116.4, 116.2, 

115.5, 112.4, 90.1, 87.0, 55.2, 54.6, 42.3, 42.1, 34.3. 
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ESI-MS Data for Photoproducts 56-63:  

56. Mol. Wt: 397,47 u.m.a. (Positive mode) 

 

57. Mol. Wt: 412.51 u.m.a. (Positive mode) 

 

58. Mol. Wt: 370.40 (Negative mode) 
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59. Mol. Wt: 397,47 u.m.a. (Positive mode) 

 

60. Mol. Wt: 412.51 u.m.a. (Positive mode) 

 

61. Mol. Wt: 370.4 u.m.a. (Negative Mode) 
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62. Mol Wt.: 442.46 u.m.a. (Positive Mode) 

 

63. Mol Wt.: 442.46 u.m.a. (Positive Mode) 

 

 

 

 

7.3.1.2 Photochemical Quantum Yields:  
 

Reaction quantum yields (Φ) were obtained by irradiating a 3mL solution (1:1 ACN:PBS 50mM 

pH=7.4) of QMP1-QMP6 (concentration 10-4 to 10-5 ) in a 1 cm optical path cuvette and monitoring 

the consumption of the QMP by reverse-phase HPLC, using method 4A, described in the previous 

section. Lamp source was a focalized 150 W high-pressure mercury arc equipped with a 

transmittance filter (transmission 313nm) and a single-photon detector (photon flux qp=2.6*10-7 

Einstein/cm2*min-1). Calibration of the apparatus was performed using the photochemical 

decomposition of potassium ferrioxalate as actinometer. Conversion of substrate was measured 

through HPLC analysis, at different time of irradiation.  

 

 

7.3.1.3 FRET-Melting Experiments 
 

Fret melting experiments were performed using fluorophore-labelled oligonucleotide sequences, with FAM 

(6-carboxyfluorescein) 5′-end- and TAMRA (6-carboxy-tetramethylrhodamine) 3’-end. Solutions of 0.2 µM 
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DNA, in 10 mM lithium cacodylate buffer (pH 7.2), 99 mM LiCl and 1 mM KCl (90 mM LiCl and 10 mM KCl for 

F21T and F(21CTA)T), were heated to 95°C for 5 minutes and cooled at 4°C overnight. Before the analysis, 

DNA competitor (ds26) was added, followed by the ligand (concentrations ranging from 1 μM to 20 μM) or 

water, used for blank experiments. 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 μL. Solutions were kept at 25°C for 5 minutes, then a temperature gradient of 

0.5°C/30 seconds was applied to achieve 95°C. Measurements were performed with λexc = 492 nm and 

monitoring fluorescence emission at λem = 516 nm. The melting temperature (Tm) has been measured atat 

the inflection point of the sigmoid curve obtained by plot of normalized fluorescence intensity versus 

temperature.  

Labelled sequences for FRET-melting assays: 

F21T  5’-Fam-GGGTTAGGGTTAGGGTTAGGG-Tamra-3’ 

F(21CTA)T 5’-Fam-GGGCTAGGGCTAGGGCTAGGG-Tamra-3’ 

F(Pu24T)T 5’-Fam-TGAGGGTGGTGAGGGTGGGGAAGG-Tamra-3’ 

F(c-Myc)T 5’-Fam-TTGAGGGTGGGTAGGGTGGGTAA-Tamra-3’ 

F(c-Kit2)T 5’-Fam-GGGCGGGCGCGAGGGAGGGG-Tamra-3’ 

F(Bcl2)T 5’-Fam-AGGGGCGGGCGCGGGAGGAAGGGGGCGGGA-Tamra-3’ 

F(CEB25wt)T 5’-Fam-AAGGGTGGGTGTAAGTGTGGGTGGGT-Tamra-3’ 

Competitor ds DNA sequence: 

ds26  5’-CAATCGGATCGAATTCGATCCGATTG-3’ 

 

7.3.1.4 Circular Dichroism Analysis 
 

CD titrations were performed using a JASCO J-710 spectropolarimeter equipped with a Peltier temperature 

controller (Jasco PTC-348WI) and black-walled rectangular quartz cells with 1 cm path length. A 1 ml solution 

of 3 μM oligonucleotide (2μM for control ds26) in 10 mM lithium cacodylate buffer (pH 7.2) and 100 mM KCl 

or NaCl was heated for 5 min at 95°C and subsequently cooled to 0°C for 30 minutes. This solution was titrated 

with 2 mM solution of the tested compound to get a final concentration in the range of 1–10, 12, or 14 eq. 

of ligand. Spectra were recorded from 220 to 450 nm, with 50 nm min-1 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.  

 

7.3.1.5 Irradiation Experiments with Oligonucleotides 
 

Photochemical experiments in presence of oligonucleotides have been carried outwith a MAX-303 Xenon 

light source (Asahi), bearing a 365 nm filter, a quartz light guide and a collimator lens. The instruments was 

setup in order to expose an opened 1.5 ml Eppendorf, cooled into an ice-bath, to the UV beam, positioned120 

mm from the collimator extremity to the Eppendorf top (at this distance, the irradiance is approximately 1.8 

mW/cm2 at 365 nm). Solutions with 32P-5’-end-labelled (.ca 100 Bq/μL) and 10 μM of cold 22AG in 10 mM 

lithium cacodylate buffer (pH 7.2) and 100 mM KCl, in a total volume of 18 µL, were heated at 95°C for 5 

minutes, then at room temperature over a period of 3 hours. Before irradiation, folded oligonucleotide was 

incubated with the compounds (2 µL to reach the total volume of 20 µL) and the competitor, for 30 minutes, 

at room temperature. Before the analysis, the sample volumes were reduced and 3 μL of dye solution (80% 
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formamide, 0.1 M EDTA, 0.1% xylene cyanol and 0.1% bromophenol blue (blue loading dye)) were added. 

The 15% polyacrylamide gel was run at 20 W. The gel was exposed to a storage phosphor screen and 

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

The yield of alkylation was determined 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. The background has been subtracted, from the relative dark control, because they 

derived both from the same starting sample. The values given in % are the average of three distinct 

measurements. 

 

7.3.1.6 Exonuclease Digestion 
 

PAGE-purified alkylated DNA was digested with two different concentration of Phosphodiesterase I from 

Crotalus adamanteus venom (0.2 U/ μL, Tris-HCl 110 mM, NaCl 100 mM, MgCl2 15 mM, 50%v/v Glycerol), an 

enzyme whose digestion stops at mono-alkylated sites. Products were incubated in 10 mM Tris-HCl buffer 

(pH = 8.0), in the presence of 2 mM MgCl2 and 0.5 mg/mL transfer RNA with the 3’- Phosphodiesterase I from 

Crotalus adamanteus venom at 0.04 U/µL or 0.2 U/µL to a final volume of 5 µL for 25 min at 37 °C. The partial 

digestion of non-alkylated DNA was run with 0.01 and 0.007 U/µL.  , Alkylated products were incubated with 

increasing concentrations of enzyme, to bypass the first alkylated base faced at the 3’-end. For each quinone 

methide precursor,  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, associated to an arrest of the exonuclease activity have been isolated, eluted, and 

precipitated in ethanol. The entity of the migration of the oligonucleotides  depended on the formation of 

the covalent bond with the quinone methide. Then, each alkylated adduct was heated at 95°C for 15 minutes 

to obtain partial thermal reversion of the alkylation. After precipitation, the dealkylated fragments were 

migrated on 20% denaturing gel. For the ladder, an amount of PAGE-purified unmodified DNA, characterized 

byradioactivity twice as high asthe most concentrated sample, was added with 1 μL of reaction buffer and 1 

μL of 0.01 U/µL or 0.07 U/µL exonuclease solutions, and if necessary, water was used to achieve the final 

volume ofof 5 μL. The solution was kept at 37°C for 25 minutes, then cooled down to 0°C and, finally, 3 μL of 

blue loading dye were added.  
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7.3.2 Naphthalene-based Quinone Methide Precursors 
 

7.3.2.1 Synthesis of compounds  
 

Synthesis of Methyl 7-((dimethylamino)methyl)-6-hydroxy-2-naphthoate N1:  

 

 

Scheme 7.23 – Synthesis of methyl esther N1. 

 

In three-necked flask, compound 55 (0.75 mmol, 1 eq.) was dissolved in 15 ml of dry THF, under argon 

atmosphere. The mixture was cooled to -78°C, then butyllithium solution 2.5 M in hexane (1.9 mmol, 2.5 eq.) 

was added dropwise with a dropping funnel. After one hour, dimethyl carbonate (7.5 mmol, 10 eq.) was 

dissolved into 10 ml of dry THF, under argon atmosphere, and cannulated into reaction mixture. The solution 

was stirred for further two hours at -50°C. After this time, the crude was heated to 0°C and poured into a 

becker containing ice and 50 ml of HCl 10%. Subsequently, the suspension was transferred into an extracting 

funnel and the product was extracted three times with ethyl acetate (3x50 ml). Organic phase was dried over 

sodium sulphate, filtered and solvent removed under vacuum. Product was isolated after purification with 

reverse phase column chromatography (eluent: H2O with 0.1% TFA:ACN) with method 4P.  

 

N1: Yield (%) = 60%, white solid. 1H-NMR (300 MHz, CDCl3) δ (ppm) = 8.48 (s, 1H), 7.98 (dd, J = 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 (s, 2H), 2.42 (s, 6H). 13C-NMR (75 MHz, 

CDCl3) δ (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. 

 

Synthesis of 7-((dimethylamino)methyl)-6-hydroxy-2-naphthaldehyde N3:  

 

 

Scheme 7.24 – Organolithium coupling performed to obtain aldehyde N3.  

 

In three-necked flask, compound 55 (3.56 mmol, 1 eq.) was dissolved in 25 ml of dry THF, under argon 

atmosphere. The mixture was cooled to -78°C, then butyllithium solution 2.5 M in hexane (7.85 mmol, 2.2 

eq.) was added dropwise with a dropping funnel. After one hour, dimethyl formamide (35.6 mmol, 10 eq.) 

was dissolved into 10 ml of dry THF, under argon atmosphere, and cannulated into reaction mixture. The 

solution was stirred for further two hours at -50°C. After this time, the crude was heated to 0°C and poured 

into a becker containing ice and 50 ml of HCl 10%. Subsequently, the suspension was transferred into an 
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extracting funnel and the product was extracted three times with ethyl acetate (3x50 ml). Organic phase was 

dried over sodium sulphate, filtered and solvent removed under vacuum. Product was isolated after 

purification with reverse phase column chromatography (eluent: H2O with 0.1% TFA:ACN) with method 4P.  

 

N3: Yield (%) = 71%, white solid. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) = 10.07 (s, 1H), 8.18 (s, 1H), 7.87 (dd, 

J =8.6 Hz, J=1.3 Hz, 1H), 7.75 (d, J=8.6 Hz, 1H), 7.64 (s, 1H), 7.23 (s, 1H), 3.88 (s, 2H), 2.41 (s, 6H). 13C-NMR (75 

MHz, DMSO-d6) δ (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. 

 

Synthesis of (7-((dimethylamino)methyl)-6-hydroxynaphthalen-2-yl)boronic acid N5:  

 

 

Scheme 7.25 – Organolithium coupling performed to obtain aldehyde N5. 

 

In three-necked flask, compound 55 (1.7 mmol, 1 eq.) was dissolved in 8 ml of dry THF, under argon 

atmosphere. The mixture was cooled to -78°C, then butyllithium solution 2.5 M in hexane (5.12 mmol, 3 eq.) 

was added dropwise with a dropping funnel. After one hour, trimethylborate (17 mmol, 10 eq.) was dissolved 

into 10 ml of dry THF, under argon atmosphere, and cannulated into reaction mixture. The solution was 

stirred for further two hours at -50°C. After this time, the crude was heated to 0°C and poured into a becker 

containing ice and 50 ml of HCl 10%. The resulting suspension was stirred at room temperature for 30 

minutes, then was transferred into an extracting funnel and the product was extracted three times with ethyl 

acetate (3x50 ml). Organic phase was dried over sodium sulphate, filtered and solvent removed under 

vacuum. Product was isolated after purification with reverse phase column chromatography (eluent: H2O 

with 0.1% TFA:ACN) with method 4P.  

 

N5: Yield (%) = 49%, white solid. 1H-NMR (300 MHz, DMSO-d6) δ (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). 13C-

NMR (75 MHz, DMSO-d6) δ (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.  

 

Synthesis of 7-((dimethylamino)methyl)-6-hydroxy-2-naphthoic acid N2:  

 

 

Scheme 7.26 – Basic hydrolysis of methyl esther, to obtaine carboxylix acid N2.  
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Previously synthesized compound N1 (0.38 mmol, 1 eq.) was poured into one-necked flask and dissolved into 

20 ml of water/THF 3:1 and potassium carbonate (0.86 mmol, 2.2 eq.) was added. Mixture was stirred 16 

hours under reflux and, subsequently, was quenched with 1 ml of HCl 10%. Solvent was removed under 

vacuum and crude was dissolved in water and purified through reverse phase column chromatography (H2O 

0.1 % TFA: ACN gradient), with method 4P. 

  

N2: Yield (%) = 84%, white solid. 1H-NMR (300 MHz, CD3OD) δ (ppm) = 8.59 (s, 1H), 8.09 (s, 1H), 8.05 (d, J = 

8.7, 1H), 7.79 (d, J = 8.6 Hz, 1H), 7.34 (s, 1H), 4.53 (s, 2H), 2.94 (s, 6H). 13C-NMR (75 MHz, CD3OD) δ (ppm) = 

170.1, 157.3, 140.0, 135.7, 132.8, 128.7, 128.5, 127.7, 127.7, 121.8, 110.8, 59.0, 43.9. 

 

Synthesis of 7-((dimethylamino)methyl)-N-(3-(dimethylamino)propyl)-6-hydroxy-2-naphthamide N4:  

 

 

Scheme 7.27 – Coupling reaction performed to obtain amide N4.  

 

Carboxylic acid N2 (0.35 mmol, 1 eq.) was dissolved in 5 ml of dry DMF, then PyBOP (0.35 mmol, 1 eq.) and 

3-(dimethylamino)propylamine (0.106 mmol, 3 eq.) were added to the solution, in one portion. Solution was 

stirred at room temperature for one hour, then solvent was removed under vacuum and the crude was 

purified through reverse phase column chromatography (H2O 0.1% TFA: ACN gradient), with method 4P. The 

aqueous phase was neutralized with NaHCO3, extracted in DCM (3x10 mL), the combined organic phases 

were dried over Na2SO4, and the solvent was removed under reduced pressure. 

 

N4: Yield (%) = 79%, white solid. 1H-NMR (300 MHz, CDCl3) δ (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, J = 5.9 Hz, 2H), 2.54 (s, 6H), 2.49 (s, 

6H), 2.00 (q, J = 6.0 Hz, 2H). 13C-NMR (75 MHz, CDCl3) δ (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. 

 

General procedure for the synthesis of ammonium salts N6-N8:  

 

 

 

Scheme 7.28 – General procedure for methylation of compounds N6-N8.  
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Mannich bases (0.15 mmol, 1 eq.) was dissolved into 10 ml of ACN, then sodium acetate (0.22 mmol, 1.5 eq.) 

and iodomethane (0.75 mmol) were added to the mixture. Solution was stirred for two days at room 

temperature, then solvent was removed under vacuum and the crude purified by reverse phase column 

chromatography (H2O 0.1% TFA: ACN gradient) with method 4P, described in the previous section. 

 

N6: Yield (%) = 95%, white solid. 1H-NMR (300 MHz, CD3OD) δ (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, 

CD3OD) δ (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. 

 

N7: Yield (%) = 98%, white solid. 1H-NMR (300 MHz, DMSO-d6) δ (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). 13C-NMR (75 MHz, DMSO-d6) δ (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. 

 

N8: Yield (%) = 96%, white solid. 1H-NMR (300 MHz, CD3OD) δ (ppm) = 8.44 (s, 1H), 8.16 (s, 1H), 7.94 (dd, J = 

8.7, 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). 13C-NMR (75 MHz, CD3OD) δ (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. 

 

Synthesis of 3-((dimethylamino)methyl)-6-(3-(pyridin-2-yl)-1,2,4-oxadiazol-5-yl)naphthalen-2-ol N9 

 

Scheme 7.29 – Synthesis of compound N9.  

 

Carboxylic acid N2 (0.35 mmol, 1 eq.) was dissolved in 5 ml of DMF, then DIPEA (0.71 mmol, 2 eq.) and PyBOP 

(0.35 mmol, 1 eq.) were added in one portion and solution was stirred at room temperature for 30 minutes. 

After this time, N'-hydroxypicolinimidamide 65 (0.35 mmol, 1 eq.) was added and the mixture was stirred for 

6 days. Once substrate consumption was completed, product precipitation was induced upon addition of 20 

ml of water. The precipitate was filtered on Buchner funnel, then was resuspended in 10 ml of THF and tert-

butylammonium fluoride (0.7 mmol, 2 eq.) was added. Solution was stirred 2 hours at room temperature, 

then solvent was removed under vacuum and the product purified through reverse phase column 

chromatography (H2O 0.1% TFA: ACN gradient) with method 4P. 

 

N9: Yield (%) = 61%, white solid. 1H-NMR (300 MHz, CD3OD) δ (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). 13C-NMR 

(75 MHz, CD3OD) δ (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. 
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Synthesis of 1-(3-hydroxy-7-(3-(pyridin-2-yl)-1,2,4-oxadiazol-5-yl)naphthalen-2-yl)-N,N,N-

trimethylmethanaminium iodide N10 

 

 

Scheme 7.29 – Methylation procedure to obtain compound N10.  

 

Mannich base N9 (0.15 mmol, 1 eq.) was dissolved in 10 ml of ACN, then sodium acetate (0.22, 1.5 eq.) and 

iodomethane (0.75 mmol, 5 eq.) were added to the mixture. Solution was stirred at room temperature for 

two days, then solvent was removed under vacuum and crude purified by reverse phase column 

chromatography (H2O 0.1% TFA: ACN gradient) with method 4P. 

 

N10: Yield (%) = 90%, yellow solid. 1H-NMR (300 MHz, CD3OD) δ (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). 13C-

NMR (75 MHz, CD3OD) δ (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. 

 

Synthesis of 6-bromo-3-(hydroxymethyl)naphthalen-2-ol 66: 

 

 

Scheme 7.30 – Reduction of 54 with lithium aluminium hydride. 

 

Carboxylic acid 54 (4.9 mmol, 1 eq.) was dissolved in 15 ml of dry THF and cooled to 0°C. Then, LiAlH4 (12 

mmol, 2.4 eq.) was added, under argon atmosphere. Reaction was stirred two hours under reflux, until 

substrate was completely consumed. Reaction mixture was cooled again in an ice-bath and saturated 

solution of sodium bicarbonate was added dropwise. Then, crude was transferred into an extracting funnel 

and extracted three times with ethyl acetate (3x100 ml). Organic phase was dried over sodium sulphate, 

filtered and solvent removed under vacuum. Product was used for the subsequent step without no further 

purification.  

 

66: Yield (%) 90%, white solid. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) 10.01 (s, 1H), 8.02 (s, 1H), 7.80 (s, 1H), 

7.63 (d, J =9 Hz, 1H), 7.42 (dd,J =9 Hz, 1H), 7.10 (s, 1H), 5.22 (bs, 1H), 4.61 (s, 2H). 
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Synthesis of 7-bromo-2,2-dimethyl-4H-naphtho[2,3-d][1,3]dioxine 67: 

 

 

Scheme 7.31 – Protection procedure for compound 66.  

 

In a one-necked flask, 6-bromo-3-(hydroxymethyl)naphthalen-2-ol 66 (19.8 mmol, 1 eq.) and 2,2-

dimethoxypropane (203.3 mmol, 10 eq.) were dissolved in 50 ml of acetone, then a catalytic amount of p-

toluensulfonic acid (0.99 mmol, 0.5 eq.) was added. Reaction mixture was stirred at room temperature for 

16 hours, then solvent was removed under vacuum. The crude was dissolved in chloroform and washed two 

times with saturated solution of sodium carbonate (2x50 ml). Organic phase was dried over sodium sulphate, 

filtered and the solvent distilled at reduced pressure. The product obtained has been used without no further 

purifurication.  

 

67: Yield (%) = 97%, white solid. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) = 8.06 (s, 1H), 7.72 (d, J = 8.85 Hz, 1H), 

7.65 (s, 1H), 7.51 (dd, J1 = 8.79 Hz, J3 = 1.77 Hz, 1H),  7.29 (s, 1H), 5.06 (s, 2H), 1.53 (s, 6H). 13C-NMR (75 MHz, 

DMSO-d6) δ (ppm) = 149.9, 131.8, 129.1, 129.0, 128.8, 128.6, 123.1, 122.6, 116.5, 111.3, 99.8, 60.3, 24.8.  

 

Synthesis of 7-bromo-2,2-dimethyl-4H-naphtho[2,3-d][1,3]dioxine 68: 

 

 

Scheme 7.32 – Organolithium-based coupling to obtain compound 68. 

 

In a three-necked flask, 7-bromo-2,2-dimethyl-4H-naphtho[2,3-d][1,3]dioxine 67 (0.68 mmol, 1 eq.), was 

dissolved in 10 ml of dry THF, under argon atmosphere. Solution was cooled to -78°C, then butyllithium 

solution, 2.5 M in hexane (1.70 mmol, 2.5 eq.) was added dropwise with a dropping funnel. Solution was 

stirred at -78°C for one hour, then, in another three-necked flask, dimethyl carbonate (6.8 mmol, 10 eq.) was 

dissolved in 10 ml of dry THF and cooled to -78°C. Then, butyllithium solution was cannulated in this second 

flask, under argon atmosphere. Reaction mixture was stirred for other two hours, then heated to 0°C and 

poured into a becker containing ice. The crude was tranfered into an extracting funnel and extracted three 

times with ethyl acetate (3x50 ml). Product has been purified through flash column chromatography 

(Cyclohexane: CHCl3 8:1).  

 

68: Yield (%) = 50%, white solid. 1H-NMR (300 MHz, CDCl3) δ (ppm) = 8.49 (s, 1H), 7.99 (d, J = 8.66, 1.29 Hz, 

1H), 7.72 (d, J = 8.69 Hz, 1H), 7.58 (s, 1H), 7.25 (s, 1H), 5.09 (s, 2H), 3.98 (s, 3H), 1.63 (s, 6H). 13C-NMR (75 
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MHz, CDCl3) δ (ppm) = 167.2, 151.8, 135.9, 130.6, 127.2, 126.5, 125.3, 125.2, 126.1, 121.9, 111.8, 100.1, 77.6, 

77.4, 76.9, 76.5, 60.9, 52.0, 24.9.  

 

 

Synthesis of 2,2-dimethyl-4H-naphtho[2,3-d][1,3]dioxine-7-carbaldehyde 69: 

 

 

 

Scheme 7.33 – Organolithium-based coupling to obtain compound 69. 

 

In a three-necked flask, 7-bromo-2,2-dimethyl-4H-naphtho[2,3-d][1,3]dioxine 67 (10.2 mmol, 1 eq.) was 

dissolved in 90 mL of dry THF under an argon atmosphere. The magnetically stirred solution was cooled to -

78 °C and a solution of n-butyllithium 2.5 M in n-hexane (12.3 mmol, 1.2 eq) was added dropwise. After 1 h, 

dry N,N-dimethylformamide (100 mmol, 10 eq) was dissolved in dry THF and was added dropwise to the 

mixture. After two hours, solution was heated to room temperature and the solvent was removed under 

reduced pressure. The oil residue was suspended in 100 ml of distilled water, then ammonium formate and 

HCl 10% were added slowly, until pH 5. The precipitated formed during this operation was filtered on a 

Buchner funnel and washed with water. The product was used for the subsequent step without no further 

purification.  

 

69: Yield (%) = 69%, white solid. 1H-NMR (300 MHz, CDCl3) δ (ppm) = 10.07 (s, 1H), 8.19 (s, 1H), 7.86 (dd, J = 

8.6, 1.6 Hz, 1H), 7.75 (d, J = 8.6 Hz, 1H), 7.62 (s, 1H), 7.26 (s, 1H), 5.09 (s, 2H), 1.62 (s, 7H). 

 

Synthesis of (2,2-dimethyl-4H-naphtho[2,3-d][1,3]dioxin-7-yl)boronic acid 70: 

 

 

Scheme 7.34 – Organolithium-based coupling to obtain compound 70. 

 

In a three necked-flask, 7-bromo-2,2-dimethyl-4H-naphtho[2,3-d][1,3]dioxine 67 (0.85 mmol, 1 eq.) was 

dissolved in 15 ml of dry THF, under argon atmosphere. Solution was cooled to -78°C, then n-butyllithium 

solution 2.5 M in n-hexane (8.5 mmol, 3 eq.) was added dropwise, with a dropping funnel. Solution was 

stirred for one hour at -78°C, then trimethyl borate (8.5 mmol, 10 eq.) was dissolved in 5 ml of dry THF and 

added dropwise, under argon atmosphere. Reaction mixture was stirred for further two hours at -50°C, then 

was heated to 0°C and poured into a mixture of ice and HCl 10%. The resulting suspension was transferred 
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into an extracting funnel and extracted three times with ethyl acetate (3x70 ml). The product was purified 

with flash column chromatography (CHCl3: AcOEt 4:1).  

 

70: Yield (%) = 46%, white solid. 1H-NMR (300 MHz, CDCl3) δ (ppm) = 8.71-8.68 (m, 1H), 8.17-8.15 (m, 1H), 

7.80-7.76 (m, 2H), 7.66 (s, 1H), 5.1 (s, 2H), 1.66 (s, 6H).  

 

Synthesis of methyl 2,2-dimethyl-4H-naphtho[2,3-d][1,3]dioxine-7-carboxylate 71:  

 

 

 

Scheme 7.35 – Basic hydrolysis of methyl esther 67. 

 

Methyl esther 67 (0.062 mmol, 1 eq.) and potassium carbonate (0.075 mmol, 1.2 eq.) were suspended in 

H2O: THF 3:1, then the resulting mixture was refluxed for 16 hours. Once reaction was completed, solvent 

was removed under vacuum and the crude diluited in HCl 10% and extracted three times with ethyl acetate 

(3x30 ml). The crude was purified through column chromatography (AcOEt:MeOH gradient).  

 

71: Yield (%) = 95%, white solid. 1H-NMR (300 MHz, Acetone-d6) δ (ppm) = 8.55 (s, 1H), 7.98 (d, J = 8.7, 1H), 

7.85-7.83 (m, 2H), 7.31 (s, 1H), 5.14 (s, 2H), 1.59 (s, 6H). 13C-NMR (75 MHz, Acetone-d6) δ (ppm) 168.2, 153.4, 

137.3, 131.9, 128.7, 127.8, 127.0, 126.8, 126.6, 123.8, 112.7, 101.4, 61.9, 25.6. 

 

Synthesis of N-(3-(dimethylamino)propyl)-2,2-dimethyl-4H-naphtho[2,3-d][1,3]dioxine-7-carboxamide 

72: 

 

 

Scheme 7.36 – Coupling procedure to obtain amide 72. 

 

Carboxylic acid 71 (0.39 mmol, 1 eq.) was dissolved in 1 ml of DMF, then DIPEA (0.8 mmol, 2 eq.) and PyBOP 

(0.39 mmol, 1 eq.) were added and solution was stirred at room temperature for 30 minutes. After this time, 

3-(dimethylamino)propylamine (0.39 mmol, 1 eq.) was introduced in the mixture, that was stirred for another 

hour, at room temperature. When reaction was completed, solvent was removed under reduced pressure 

and the crude was dissolved in 50 ml of CHCl3 and washed three time with saturated solution of sodium 

bicarbonate (3x20 ml). Product has been used for the following step without no further purification.  
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Synthesis of Oxadiazole 73:  

 

 

Scheme 7.37 – Procedure for the synthesis of oxadiazole-based ligand 73. 

 

Carboxylic acid 71 (0.38 mmol, 1 eq.) was dissolved in 10 ml of DMF, then PyBOP (0.38 mmol, 1 eq.) was 

added in one portion and the mixture was stirred one hour at room temperature. N'-

hydroxypicolinimidamide 65 (0.38 mmol, 1 eq.) was introduced into the solution, which was stirred for 6 days 

at room temperature. After substrate consumption, solvent was removed and the crude was dissolved in 2 

ml of THF and TBAF (0.76 mmol, 2 eq.) was added. After two hours, solvent was distilled under reduced 

pressure and the crude was suspended in water. Product precipitated immediately, then was filtered on a 

Buchner funnel and used for the final step without further purification.  

 

General Procedure for deprotection and synthesis of WA1-WA7: 

 

 

 

Scheme 7.38 – General procedure for deprotection of compounds WA1-WA7. 

 

Protected acetal (0.39 mmol, 1 eq.) was dissolved in 10 ml of ACN:HCl 10% 1:1 and the resulting solution was 

stirred at room temperature for two hours. Crude has been diluited in water and purified through reverse 

phase column chromatography (H2O 0.1% TFA: ACN gradient) with method 4P, described in the previous 

section. 
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WA1: Yield (%) = 80%, white solid. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) = 10.44 (s, 1H), 8.56 (s, 1H), 8.08 

(s, 1H), 7.94 (dd, J = 8.62, 1.49 Hz, 1H), 7.86 (d, J = 8.65 Hz, 1H), 4.7 (s, 2H), 3.98 (s, 3H). 13C-NMR (75 MHz, 

DMSO-d6) δ (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.  

 

WA2: Yield (%) = 68%, white solid. 1H-NMR (300 MHz, CD3OD) δ (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). 13C-NMR (75 MHz, CD3OD) δ (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. 

 

WA3: Yield (%) = 95%, white solid. 1H-NMR (300 MHz, DMSO-d6 + DCl in D2O) δ (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). 13C-NMR (75 MHz, DMSO-d6 + DCl in D2O) δ (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. 

 

WA4: Yield (%) = 90%, white solid. 1H-NMR (300 MHz, CDCl3) δ (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 

(q, J = 6.0 Hz, 2H). 13C-NMR (75 MHz, CDCl3) δ (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. 

 

WA5: Yield (%) = 89%, white solid. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) = 9.86 (s, 1H), 8.22 (s, 1H), 7.98 (s, 

1H), 7.78 (s, 1H), 7.72 (d, J = 8.08 Hz, 1H), 7.58 (d, J = 8.12 Hz, 1H), 7.07 (s, 1H), 4.63 (s, 2H). 13C-NMR (75 MHz, 

DMSO-d6) δ (ppm) = 153.8, 134.6, 134.5, 131.5, 130.3, 127.1, 126.0, 124.2, 107.8, 58.6.  

 

WA7: Yield (%) = 70%, white solid. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) = 10.57 (s, 1H), 8.91 (d, J= 4.48 Hz, 

1H), 8.83 (s, 1H), 8.31 (d, J= 7.9 Hz, 1H), 8.17 (m, 2H), 8.02 (d, J= 8.88 Hz, 1H), 7.75 (t, J= 4.99 Hz, 1H), 7.09 (s, 

1H), 4.77 (s, 2H). 13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 168.3, 155.9, 150.3, 137.7, 135.8, 133.8, 128.7, 

127.0, 126.9, 126.1, 123.4, 123.2, 108.2, 58.4.  

 

Synthesis of 3-(6-hydroxy-7-(hydroxymethyl)-2-naphthamido)-N,N,N-trimethylpropan-1-aminium iodide 

WA6:  

 

Scheme 7.39 – Procedure for methylation of compound WA4. 

 

Amide WA4 (0.16 mmol, 1 eq.) was dissolved into 10 ml of ACN, then iodomethane (0.8 mmol, 5 eq.) was 

added in one portion. Solution was stirred at room temperature for 2 days, then solvent was removed under 

reduced pressure. Crude was purified by reverse phase column chromatography (H2O 0.1% TFA: ACN 

gradient) with method 4P, described in the previous section. 

 

WA6: Yield (%) = 85%, yellow oil. 1H-NMR (300 MHz, CD3OD) δ (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), 3.50-3.44 (m, 2H), 

3.17 (s, 9H), 2.17 (p, J = 6.7 Hz, 2H).  13C-NMR (75 MHz, CD3OD) δ (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. 
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Synthesis of alkylation adduct N1-CAlk: 

 

Scheme 7.40 – Photochemical preparation of quinone methide adduct N1-CAlk. 

 

Quinone methide precursor N1 (0.032 mmol, 1 eq.) was dissolved in 100 ml of 1:1 ACN:phosphate buffer 

solution and distribuited in different quartz tubes. Then, mixture was irradiated at 310 nm with multi-lamps 

photoreactor (Rayonet). After 20 minutes, solvent was removed under vacuum and the crude was purified 

with reverse phase column chromatography (H2O 0.1% TFA/ACN gradient) with method 4P. 

 

N1-CAlk: Yield (%) = 48%. 1H-NMR (300 MHz, DMSO-d6) δ (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). 13C-NMR (75 MHz, DMSO-d6) δ (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. 

 

 

7.3.2.2 Spectroscopic and Photochemical Analysis 
 

▪ Molar Absorbivity: Molar extinction coefficients of compounds N1-N10 were measured by 

adding increasing concentrations of compound stock solution to 3 ml of 1:1 ACN:PBS (50 mM, 

pH 7.4) solution in 3.5 ml quartz cuvette and recording UV-VIS spectra after each addition.  

▪ Spectrophotometric Titrations: Stock solutions of compounds QMP1-QMP6 were used to 

prepare 1*10-5 solutions, in 2.5 ml of water, in presence of 1*10-3 M of NaCl. HCl 0.1 M was 

used to decrease solution pH, while 0.1 and 0.01 M solutions of NaOH were used to gradually 

increase pH up to 12. At each addition, UV-VIS spectra of the sample was recorded. pKa values 

were measured by plotting the molar absorptivity, at a fixed wavelength, versus the pH, and 

the resulting curve was fitted with Origin software.  

▪ Reaction quantum yields (Φ) were obtained by irradiating a 3mL solution (1:1 ACN:PBS 

50mM pH=7.4) of QMP1-QMP6 (concentration 10-4 to 10-5 ) in a 1 cm optical path cuvette 

and monitoring the consumption of the QMP by reverse-phase HPLC, using method 4A, 

described in the previous section. Lamp source was a focalized 150 W high-pressure mercury 

arc equipped with a transmittance filter (transmission 313nm) and a single-photon detector 

(photon flux qp=2.6*10-7 Einstein/cm2*min-1). Calibration of the apparatus was performed 

using the photochemical decomposition of potassium ferrioxalate as actinometer. 

Conversion of substrate was measured through HPLC analysis, at different time of irradiation. 

The same procedure was applied to measure photochemical quantum yields at 366 nm, using 

the proper filter on the optical desk.  
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▪ Analysis of N1-Calk formation: Different 3 ml solutions of compound N1, with concentration 500, 

100, 50 and 10 µM, in 1:1 ACN:PBS (50 mM, pH 7.4), were irradiated with multi-lamps photoreactors, 

at 310 nm (32W), for 60 seconds. Then, solution was checked through HPLC analysis, with method 

4A, and the ration between peak area of N1-Calk and WA1 was measured.  
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7.4 2,5-Diaryl Tetrazoles 
 

7.4.1 Synthesis and Photochemical behaviour of 2,5-diaryl tetrazoles 
 

7.4.1.1 Synthesis of Compounds 
 

Synthesis of 4-((2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)methyl)benzaldehyde B1: 

 

 

Scheme 7.41 – Synthesis of benzaldehyde AL1. 

 

Hydroxybenzaldehyde (6.5 mmol, 1 eq.) was dissolved into 6 ml of anhydrous ACN, then potassium carbonate 

(9.8 mmol, 1.5 eq.) and (2-(2-chloroethoxy)ethoxy)methanol (6.55 mmol, 1 eq.) were added to the solution. 

Reaction was heated to 80°C and stirred at this temperature overnight. After 18 hours, crude was diluted 

into 30 ml of 0.05 M NaOH solution and extracted four times with diethyl ether. Organic phase was dried 

over sodium sulphate, solvent removed under vacuum and pure product was isolated as yellow oil. 

 

AL1: Yield (%) = 64%. 1H-NMR (300MHz, CDCl3) δ (ppm) = 9.9 (s, 1H), 7.87 (d, J = 8.71 Hz, 2H), 7.06 (d, J = 7.15 

Hz, 2H), 4.5 (t, J = 4.69 Hz, 2H), 4.26-3.66 (m, 10H). 13C-NMR (75MHz, CDCl3) δ (ppm) = 191.0, 163.6, 132.0, 

114.7, 70.8, 70.7, 70.2, 69.4, 69.3, 68.1, 67.6, 67.5, 66.8, 61.6. 

 

Synthesis of N-(2-(dimethylamino)ethyl)-4-formylbenzamide B2: 

 

 

Scheme 7.42 – Synthesis of Benzaldehyde AL2 

 

500 mg of 4-formylbenzoic acid (3.33 mmol, 1 eq.), were dissolved into 20 ml of ACN, then 1.15 ml (6.66 

mmol, 2 eq.) of DIPEA and 1.7 g of PyBOP (3.33 mmol, 1 eq.) were added. Solution was stirred for 30 minutes 

at room temperature, then N,N′-dimethylethylenediamine was introduced into reaction flask. 

After 3 hours, solvent was removed under vacuum and crude was diluted with 20 ml of 0.05 M NaOH solution 
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and extracted three times with ethyl acetate. Product was purified by MPLC (Gradient DCM:MeOH 15%, SNAP 

25 g) and product was isolated in 65% yield.  

 

AL2: Yield (%) = 55%. This compound was fully characterized according to literature208. 

 

Synthesis of 4-amino-N-(2-(dimethylamino)ethyl)benzamide A1: 

 

 

Scheme 7.43 -Synthesis of Aniline A1 

 

p-Amino benzoic acid (0.73 mmol, 1 eq.) was dissolved into 5 ml of anhydrous THF, then DIPEA (1.16 mmol, 

1.6 eq.) and PyBOP (0.73 mmol, 1 eq.) were added to the reaction mixture. Solution was stirred for 20 minutes 

at room temperature, then N,N-dimethylethylendiamine (0.73 mmol, 1 eq.) was introduced into the flask. 

Reaction was stirred for 3 hours at room temperature, then solvent was removed under vacuum.  

Crude was diluted with 5 ml of 0.05 M NaOH solution and extracted three times with ethyl acetate. Organic 

phase was dried over sodium sulphate, solvent removed with rotary evaporator. Crude was purified through 

reverse phase liquid chromatography (H2O 0.1% TFA/ACN gradient) with method 5P. 

 

A1: Yield (%) = 76%. The compound was fully characterized according to the literature209.  

 

Synthesis of tert-butyl (4-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)phenyl)carbamate 79:  

 

 

Scheme 7.44 – Synthesis of aniline 79.  

 

Tert-butyl (4-hydroxyphenyl)carbamate 78 (3.5 mmol, 1 eq.) was dissolved into 10 ml of ACN anhydrous and 

potassium carbonate (5.23 mmol, 1.5 eq.) and (2-(2-chloroethoxy)ethoxy)methanol (5.23 mmol, 1.5 eq.) 

were added.  Solution was stirred at 80°C, in nitrogen atmosphere, for 24 hours, then, diluted with 30 ml of 

0.05 M NaOH solution and extracted four times with diethyl ether. Organic phase was dried over sodium 

sulphate, solvent removed under vacuum and pure product was isolated.  
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79: Yield (%) = 54%. 1H-NMR (300MHz, CDCl3): δ (ppm) = 7.18 (d, J = 8.05 Hz, 2H), 6.76 (d, J = 8.9 Hz, 2H), 4.01 

(t, J = 4.36 Hz, 2H), 3.76 (q, J = 4.81 Hz, 2H), 3.65-3.48 (m, 8H), 1.40 (s, 9H). 13C-NMR (75 MHz, CDCl3): δ (ppm) 

= 154.3, 131.8, 120.3, 114.7, 77.5, 77.2, 77.1, 76.6, 72.4, 70.5, 70.3, 69.9, 69.5, 67.4, 67.3, 61.1, 28.1.  

 

Synthesis of 2-(2-(2-(4-aminophenoxy)ethoxy)ethoxy)ethanol A2: 

 

 

Scheme 7.45 – Synthesis of aniline A2. 

 

Tert-butyl (4-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)phenyl)carbamate (0.85 mmol, 1 eq.) has been dissolved 

into 3 ml of DCM. Solution was cooled to 0°C into an ice-bath and 1.3 ml of TFA (17 mmol, 20 eq.) have been 

added slowly. Reaction mixture was stirred for two hours at 0°C, then has been neutralised with saturated 

solution of sodium carbonate. Product was extracted three times with ethyl acetate and organic phase was 

dried over sodium sulphate. After solvent evaporation, 150 mg of pure product were obtained.  

 

A2: Yield (%) = 73%. 1H-NMR (300MHz, DMSO-d6) δ (ppm) = 7.18 (d, J = 8.8 Hz, 2H), 6.97 (d, J = 8.82 Hz, 2H), 

4.05 (t, J = 4.65 Hz, 2H), 3.73 (q, J = 4.75 Hz, 2H), 3.58-3.39 (m, 8H).13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 

156.5, 127.5, 122.7, 119.1, 115.4, 115.1, 111.1, 72.3, 69.9, 69.7, 68.8, 67.5, 62.7, 60.1.  

 

General Procedure for the synthesis of benzensulphonyl hydrazone B1-B6 

 

 

 

Scheme 7.46 – General Procedure for the synthesis of benzensulphonylhydrazones B1-B6. 

 

According to procedure previously reported in literature172, benzensulphonyl hydrazones were obtained by 

dissolving the corresponding benzaldehyde (1.7 mmol, 1 eq.) into 14 ml of ethanol, then benzensulphonyl 

hydrazide (1.7 mmol, 1 eq.) was introduced in the reaction flask. Solution was stirred for four hours at room 

temperature, then solvent was removed under vacuum to obtain the desired pure product. 
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 B1: Yield (%) = 86%.  1H-NMR (300MHz, DMSO-d6) δ (ppm) = 11.3 (s, 1H), 7.66 (m, 5H), 7.49 (d, J = 8.7 Hz, 

2H), 6.96 (d, J = 8.68 Hz), 4.12 (t, J = 4.14 Hz, 2H), 4.08 (q, J = 2.8 Hz, 2H), 3.58-3.41 (m, 10H). 13C-NMR (75 

MHz, DMSO-d6) δ (ppm) = 150.0, 147.2, 139.1, 132.9, 129.2, 128.4, 127.2, 126.3, 114.7, 72.34, 69.9, 69.7, 

68.8, 67.3, 50.2.  

 

B2: Yield (%) = 80%. 1H-NMR (300MHz, D2O) δ (ppm) = 7.56 (m, 3H), 7.36 (d, J = 6.0 Hz), 7.10 (m, 5H), 3.57 

(m, 2H), 3.23 (d, J = 6.0 Hz, 2H), 2.8 (s, 6H). 13C-NMR (75 MHz, D2O) δ (ppm) = 169.5, 148.1, 136.8, 136.1, 

133.7, 133.6, 129.1, 127.3, 127.0, 126.9. 

 

B3: Yield (%) = 90%. 1H-NMR (300MHz, CDCl3) δ (ppm) = 8.44 (q, J = 9.2 Hz, 4H), 8.40 (d, J = 9.2 Hz, 2H), 8.14 

(m, 2H), 7.11 (m, 2H). 13C-NMR (75 MHz, CDCl3) δ (ppm) = 160.8, 148.9, 133.1, 130.0, 127.7, 124.2, 121.4, 

114.7. 

 

B4: Yield (%) = 94%.  1H-NMR (300MHz, DMSO-d6) δ (ppm) = 11.5 8 (s, 1H), 7.92-7.89 (m, 3H), 7.66-7.6 (m, 

3H), 7.30 (t, J = 7.86 Hz, 1H), 7.15-7.10 (m, 2H), 6.94 (d, J = 2.44 Hz, 1H), 3.75 (s, 3H). 13C-NMR (75 MHz, 

DMSO-d6) δ (ppm) = 159.4, 147.0, 139.0, 135.0, 133.0, 129.9, 129.2, 127.2, 119.0, 115.9, 111.6, 55.1.  

 

B5: Yield (%) = 89%. 1H-NMR (300MHz, DMSO-d6) δ (ppm) = 12 (s, 1H), 8.2 (d, J = 8.6 Hz, 2H), 8.04 (s, 1H), 7.9 

(d, J = 7.46 Hz, 2H), 7.83 (d, J = 8.69 Hz, 2H), 7.65 (m, 3H). 13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 147.9, 

144.6, 139.7, 138.8, 133.3, 129.4, 127.7, 127.1, 124.0. 

 

B6: Yield (%) = 93%. 1H-NMR (300MHz, DMSO-d6) δ (ppm) = 11.77 (s, 1H), 7.99-7.88 (m, 5H), 7.69-7.6 (m, 

4H).  13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 166.8, 145.9, 138.9, 137.5, 133.1, 131.7, 129.7, 129.3, 127.1, 

126.8. 

 

General Procedure for the synthesis of arene diazonium salts:  

For the synthesis of arendiazonium salts, 2 ml of 37% HCl were added to a cooled solution of the aniline (7.3 

mmol, 1 eq.) in 10 ml of 50% ethanol solution. Sodium nitrite (7.3 mmol, 1 eq.) was dissolved into 1 ml of 

water and transferred slowly into reaction mixture. Solution was stirred for 30 minutes at 0°C, then was used 

immediately, without purification or product isolation, to synthesize the corresponding tetrazole.  

 

General Procedure for the synthesis of 2,5-diaryl tetrazoles T1-T9:  

 

 

 

Scheme 7.47. -General procedure for synthesis of tetrazoles T1-T9. 

 

2,5-Diaryl tetrazoles have been synthesised with procedure previously reported in literature192. 

Benzensulphonyl hydrazone (3.65 mmol, 0.5 eq.) was dissolved into 25 ml of Pyridine, then solution was 
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cooled to 0°C and DIPEA (7.3 mmol, 1 eq.) was added. Mixture has been stirred for 5 minutes, then solution 

of freshly prepared diazonium salt was dropped slowly into the flask. After three hours, solvent was removed 

under vacuum and crude was diluted with 30 ml of 10% HCl solution and extracted three times with ethyl 

acetate. Organic phase was dried over sodium sulphate and solvent removed with rotary evaporator. Crude 

was purified through flash column chromatography (DCM:MeOH 9:1) or, for water soluble tetrazoles, with 

reverse phase column chromatography (H2O 0.1% TFA/ACN gradient) with method 5P, described in the 

previous section. 

T1: Yield (%) = 30%. 1H-NMR (300MHz, DMSO-d6) δ (ppm) = 10.05 (s, 1H), 8.05-7.97 (m, 4H), 7.02 (d, J = 8.95 

Hz, 2H), 6.9 (d, J = 8.49 Hz, 2H), 3.86 (s, 3H). 13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 164.5, 159.7, 159.6, 

132.1, 129.7, 128.3, 121.5, 117.4, 116.0, 115.9, 115.8, 115.1.  

 

T2: Yield (%) = 64%. The compound was fully characterized according to the literature210.  

 

T3: Yield (%) = 43%. 1H-NMR (300MHz, CDCl3) δ (ppm) = 8.5-8.41 (m, 4H), 8.36-8.28 (m, 4H), 4.01 (s, 3H). 13C-

NMR (75 MHz, CDCl3) δ (ppm) = 165.6, 163.6, 149.1, 139.3, 132.5, 131.5, 131.2, 127.9, 124.2, 119.6, 52.5. 

 

T4: Yield (%) = 80%. 1H-NMR (300MHz, CDCl3) δ (ppm) = 8.48-8.39 (m, 4H), 8.14 (d, J = 9.06 Hz, 2H), 7.11 (d, 

J = 9.06 Hz, 2H), 3.9 (s, 3H).13C-NMR (75 MHz, CDCl3) δ (ppm) = 163.0, 160.8, 148.9, 133.1, 130.0, 127.7, 

126.8, 124.2, 121.4, 114.7, 55.6. 

 

T5: Yield (%) = 48%. 1H-NMR (300MHz, DMSO-d6) δ (ppm) = 8.2-8.17 (m, 4H), 8.08 (d, J = 8.56 Hz, 2H), 7.1 (d, 

J = 8.61 Hz, 2H), 3.83 (s, 3H). 13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 166.2, 164.6, 161.3, 138.8, 131.7, 131.2, 

128.3, 119.6, 118.5, 114.7, 55.3. 

 

T6: Yield (%) = 40%. The compound was fully characterized according to the literature211.  

 

T7: Yield (%) = 35%. 1H-NMR (300MHz, D2O) δ (ppm) = 8.36 (d, J = 8.76 Hz, 2H), 8.19 (m, 4H), 7.17 (d, J = 8.84 

Hz, 2H), 4.27 (t, J = 4.39 Hz), 3.92-3.61 (m, 10H), 3.01 (s, 6H).  13C-NMR (75 MHz, D2O) δ (ppm) = 169.9, 167.0, 

162.9, 140.7, 136.1, 130.7, 130.0, 121.1, 120.9, 116.6, 74.0, 72.1, 71.8, 71.1, 69.1, 62.6, 59.1, 44.3, 36.8. 

 

T8: Yield (%) = 46%. 1H-NMR (300MHz, D2O) δ (ppm) = 8.36 (m, 4H), 8.2 (d, J = 8.71 Hz, 2H), 8.11 (d, J = 8.38 

Hz, 2H), 3.85 (t, J = 1.5 Hz, 4H), 3.45 (t, J = 5.69 Hz, 4H), 3.03 (s, 12H). 13C-NMR (75 MHz, D2O) δ (ppm) = 170.4, 

169.7, 166.2, 140.5, 137.1, 136.4, 134.8, 131.7, 130.7, 129.7, 129.6, 128.5, 128.4, 121.2, 59.0, 58.9, 58.8, 44.2, 

36.8. 

 

T9: Yield (%) = 54%. 1H-NMR (300MHz, D2O) δ (ppm) = 8.36 (d, J = 8.27 Hz, 2H), 8.12 (m, 4H), 7.24 (d, J = 9.11 

Hz, 2H), 4.27 (t, J = 4,67 Hz, 2H), 3.94 (q, J = 4.6 Hz, 2H), 3.91-3.59 (m, 8H), 2.99 (s, 6H).  
13C-NMR (75 MHz, D2O) δ (ppm) = 182.9, 168.4, 163.4, 159.8, 134.7, 129.9, 129.8, 127.4, 126.1, 120.8, 114.8, 

71.8, 69.9, 69.6, 68.8, 67.3, 60.3, 57.0, 42.2, 38.5, 34.8. 
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General Procedure for the synthesis of 2,5-diaryl pyrazolines P1-P9:  

 

 

 

Scheme 7.48 – General Procedure for synthesis of pyrazolines P1-P9. 

 

Preparative synthesis of pyrazolines has been performed dissolving the corresponding tetrazole in ACN: H2O 

1:1 or pure water, in order to prepare a solution with concentration around 5*10-3 M. Acrylamide (20 eq.) 

was added to the mixture, then solution was divided into different quartz tubes and irradiated with Rayonet 

at 310 nm (with two 15W lamps). Crude was purified with flash chromatography (DCM:MeOH 8:1) or, in case 

of water soluble tetrazoles, with reverse phase column chromatography (H2O 0.1% TFA/ACN gradient) with 

method 5P, described in the previous section. 

 

P1: Yield (%) = 29%. 1H-NMR (300MHz, DMSO-d6) δ (ppm) = 7.67 (s, 1H), 7.55 (d, J = 9.0 Hz, 2H), 7.27 (s, 1H), 

6.96-6.80 (m, 6H), 4.42 (dd, J = 12.4, 8.7 Hz, 1H), 3.70 (s, 3H), 3.66 (d, J = 5.2 Hz, 1H), 3.14 (dd, J = 17.3, 8.7 

Hz,1H). 13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 173.3, 158.1, 152.6, 147.2, 140.0, 127.3, 123.1, 115.4, 114.4, 

113.8, 63.6, 55.3. 

 

P2: Yield (%) = 25%. 1H-NMR (300MHz, DMSO-d6) δ (ppm) = 7.68 (s, 1H), 7.37-7.25 (m, 4H), 7.01-6.87 (m, 

5H), 4.55 (dd, J = 12.6, 8.4 Hz, 1H), 3.81 (s, 3H), 3.71 (s, 3H), 3.32-3.10 (m, 1H). 13C-NMR (75 MHz, DMSO-d6) 

δ (ppm) = 172.9, 159.4, 152.9, 146.5, 139.2, 133.5, 129.7, 118.1, 114.5, 114.4, 113.9, 110.5, 63.4, 55.3, 55.1. 

 

P5: Yield (%) = 11%. 1H-NMR (300MHz, DMSO-d6) δ (ppm) = 7.84-7.70 (m, 5H), 7.36 (s, 1H), 7.03-6,99 (m, 

4H), 4.77 (dd, 12.4, 6.18 Hz, 1H), 3.8 (s, 3H), 3.72 (m, 1H).13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 172.1, 167.3, 

160.2, 149.7, 147.5, 130.9, 127.6, 124.1, 119.6, 114.2, 111.3, 61.2, 55.3. 

 

P6: Yield (%) = 13%. 1H-NMR (300MHz, DMSO-d6) δ (ppm) = 7.98 (d, J = 9.16 Hz, 2H), 7.8-7-78 (m, 3H), 7.41 

(s, 1H), 7.01 (d, J = 9.03 Hz, 2H), 6.91 (d, J = 9.05 Hz, 2H), 4,66 (dd, J = 12.6, 8,02 Hz, 1H), 3.78 (m, 1H), 3.7 (s, 

3H), 3.28-3.2 (m, 1H). 13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 172.6, 167.0, 153.1, 145.4, 138.5, 136.2, 129.8, 

129.6, 125.3, 114.5, 113.9, 113.7, 63.2, 55.3. 

 

P7: Yield (%) = 15%. 1H-NMR (300MHz, D2O) δ (ppm) = 7.52 (d, J = 5.7 Hz, 2H), 7.32 (d, J = 8.5 Hz), 6.73 (m, 

4H), 4.37 (m, 1H), 3.9 (m, 2H), 3.64-3.29 (m, 11H), 3.23 (m, 1H), 3.06 (m, 2H), 3.02-2.85 (m, 2H), 2.81 (s, 6H). 
13C-NMR (75 MHz, D2O) δ (ppm) = 175.6, 170.0, 159.1, 150.9, 146.9, 128.8, 127.7, 123.7, 122.2, 118.0, 114.6, 

114.2, 111.7, 71.6, 69.7, 69.3, 68.8, 66.9, 61.3, 60.2, 56.8, 42.9, 34.8. 

 

P8: Yield (%) = 16%.  1H-NMR (300MHz, DMSO-d6) δ (ppm) = 9.0 (s, 1H), 8.68 (s, 1H), 8.0 (d, J = 7.8 Hz, 2H), 

7.9-7.83 (m, 5H), 7.4 (s, 1H), 7.08 (d, J = 8.6 Hz, 2H), 4.91 (dd, J = 12.5, 6.1 Hz, 1H), 3.78 (t, J = 4.7 Hz, 1H), 3.63 

(m, 4H), 3.36 (d, J = 6.39 Hz, 1H), 3.26 (m, 4H), 2.83 (s, 6H). 13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 173.4, 

171.7, 155.5, 80.2, 78.0, 54.0, 31.3, 28.2, 27.9, 27.6, 26.3.  
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P9: Yield (%) = 12%. 1H-NMR (300MHz, DMSO-d6) δ (ppm) = 8.01-7.87 (m, 5H), 7.17-7.08 (m, 3H), 6.98-6.93 

(m, 2H), 4.23 (t, J = 4.6 1H) 4.11 (m, 2H), 3.92 (t, J = 4.5 Hz, 1H), 3.85 (m, 2H), 3.81-3.67 (m, 10H), 3.59 (dt, J = 

6.8, 3.4 Hz,  3H), 3.02 (s, 6H). 13C-NMR (75 MHz, DMSO-d6) δ ppm 170.3, 140.2, 134.4, 129.4, 129.1, 129.0, 

128.6, 127.9, 127.6, 127.3, 127.1, 117.0, 116.9, 116.3, 116.1, 116.0, 107.8, 74.9, 74.0, 72.1, 72.1, 71.7, 71.3, 

71.1, 69.4, 69.3, 66.1, 62.5, 59.3, 44.3, 40.2, 36.8, 31.1. 

 

General Procedure for the synthesis of Acyl Hydrazides AH5-AH9.  

 

 

 

Scheme 7.49 – General Procedure for the synthesis of acyl hydrazides AH5-AH9. 

 

Preparative synthesis of pyrazolines has been performed dissolving the corresponding tetrazole in water or 

in 1:1 ACN: H2O mixture, in order to prepare a solution with concentration around 5*10-3 M. Solution was 

divided into different quartz tubes and irradiated with Rayonet at 310 nm (with two 15W lamps) for not more 

than 2 hours. Crude was purified with reverse phase column chromatography (H2O 0.1% TFA/ACN gradient) 

with method 5P, described in the previous section. 

 

AH5: Yield (%) = 7%.  1H-NMR (300MHz, DMSO-d6) δ (ppm) = 10.3 (s, 1H), 8.52 (s, 1H), 7.9 (d, J = 8.49 Hz, 2H), 

7.77 (d, J = 8.49 Hz, 2H), 7.06 (d, J = 8.52 Hz, 2H), 6.78 (d, J = 8.39 Hz, 2H), 3.83 (s, 1H). 13C-NMR (75 MHz, 

DMSO-d6) δ (ppm) = 167.3, 165.8, 162.0, 153.4, 130.9, 129.2, 124.8, 119.9, 113.7, 110.9, 55.4. 

 

AH6: Yield (%) = 10%. 1H-NMR (300MHz, DMSO-d6) δ (ppm) = 13.2 (s, 1H), 10.5 (s, 1H), 8.06-7.98 (m, 4H), 

7.64 (s, 1H), 6.78 (s, 4H), 3.68 (s, 3H). 13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 166.7, 165.6, 152.8, 143.1, 

136.9, 133.3, 129.3, 127.5, 114.3, 113.9, 55.3. 

 

AH7: Yield (%) = 15%. 1H-NMR (300MHz, D2O) δ (ppm) = 7.8 (d, J = 8.76 Hz, 2H), 7.66 (d, J = 8.65 Hz, 2H), 7.07 

(d, J = 8.77 Hz, 2H), 6.90 (d, J = 8.66 Hz), 4.22 (t, J = 4.05 Hz, 2H), 3.86 (t, J = 4.2 Hz, 2H), 3.70-3.62 (m, 10H), 

3.55 (m, 2H), 3.32 (t, J = 5.82 Hz, 2H), 2.89 (s, 6H). 13C-NMR (75 MHz, D2O) δ (ppm) = 170.8, 170.3, 161.5, 

151.3, 129.3, 128.9, 124.1, 124.1, 114.7, 112.2, 71.6, 69.7, 69.3, 68.8, 67.1, 60.2, 56.9, 43.0, 34.9. 

 

AH8: Yield (%) = 14%. 1H-NMR (300MHz, D2O) δ (ppm) = 7.94 (m, 4H), 7.75 (d, J = 8.22 Hz, 2H), 7.00 (d, J = 

8.29 Hz, 2H), 3.82-3.75 (m, 4H), 3.46-3.37 (m, 4H), 2.98 (s, 6H), 2.96 (s, 6H). 13C-NMR (75 MHz, D2O) δ (ppm) 

= 170.8, 170.4, 170.1, 151.0, 135.0, 128.9, 127.7, 127.2, 124.3, 112.3, 56.9, 56.6, 43.0, 35.1, 34.9. 

 

AH9: Yield (%) = 11%. 1H-NMR (300MHz, D2O) δ (ppm) = 7.91 (s, 4H), 6.96 (s, 4H), 4.15 (m, 2H), 3.87-3.62 (m, 

12H), 3.45 (t, J = 5.99 Hz, 2H), 2.95 (s, 6H). 13C-NMR (75 MHz, D2O) δ (ppm) = 170.3, 169.8, 152.7, 141.3, 

136.2, 135.2, 129.8, 127.6, 127.3, 116.0, 115.2, 71.5, 69.6, 69.3, 69.0, 67.7, 60.2, 56.5, 42.9, 35.0. 
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7.4.1.2 Spectroscopic and Photochemical Studies 
 

▪ Molar Absorbivity: Molar extinction coefficients of compounds T1-T9, AH5-AH9, P1,P2 and 

P5-P9 were measured by adding increasing concentrations of compound stock solution to 3 

ml of 1:1 ACN:PBS (50 mM, pH 7.4) or pure PBS (50 mM, pH 7.4) solution in 3.5 ml quartz 

cuvette and recording UV-VIS spectra after each addition.  

 

• Reaction quantum yields (Φ) were measured by irradiating 3 mL of 10-5 M solutions of tetrazoles 

T1-T9 in 1 cm optical path quartz cuvettes. The lamp source was a focalized 150 W high-pressure 

mercury arc fitted with a transmittance filter (transmission, 313 nm) and a single-photon detector 

(photon flux qp=2.6*10-7 Einstein/cm2*min-1). Potassium ferrioxalate was used as the actinometer 

to measure photon flux at desired wavelength. Tetrazole consumption was monitored through HPLC 

analysis, at different times of irradiation, with method 5A, described in the previous section.  

 

• Fluorescence Quantum Yields (Φf): Fluorescence quantum yields in water were measured in 

a 1 cm optical path cuvettes, using 4',6-Diamidino-2-phenylindole (DAPI) as standard, with 

λexc= 350 nm. For experiments in DMSO, the same reference has been used, but here we 

have used λexc = 310 nm. Increasing volumes of pyrazoline stock solution were added to 3 ml 

of solvent, then absorption and emission spectra were recoded. Quantum yields have been 

measured applying the following equation:  

Φf = (Ax/Astd)*(nx/nstd)*Φstd 

 

• Trapping experiments: Photoreactivity in presence of acrylamide was measured upon 

irradiation of 10-5 M solution of tetrazoles, in 6 ml of 1:1 ACN:PBS (50 mM, pH 7.4) or pure 

PBS (50 mM, pH 7.4), in presence of 100, 50, 20, 10 or 5 equivalents of acrylamide. 

Irradiation experiments were performed with multi-lamps photoreactor, equipped with two 

15W lamps with emission at 310 nm. Reactions were monitored through HPLC and UV-VIS 

analysis, at different conversions, and the amount of reagent and products were 

determined through a calibration curve, realized using synthesized tetrazoles, acyl 

hydrazides and pyrazolines as references.  

 

7.4.1.3 Fret-Melting Assay 
 

FRET melting experiments were carried out on a Stratagene Mx3005P real-time PCR equipment in 96 wells 

plates. Experiments were performed in 1*10−2M lithium cacodylate buffer (pH 7.2), with 1*10−2 M KCl and 

9*10−2 M LiCl concentrations, depending on the Tm of the G4s alone. The DNA concentrationwas 2*10−7 M. 

The stabilization (Tm) induced by compounds was calculated as the difference between the mid-transition 

temperature of the nucleic acid (NA) alone and measured with the relevant ligand concentration. Data 

were recorded with the same instrument parameters: λexc = 492 nm, λem = 516 nm, T interval = 25–95°C, 

ramp: 25°C for 5 min, then 1°C/min, measurements every 1°C, 8x magnification of the fluorescence signal). 

For the experiments, the following oligonucleotide sequences were used:  

LTRIII: FAM-TGGGAGGCGTGGCCTGGGCGGGACTGGGGT-TAMRA 

LTRIV: FAM-TGGGCGGGACTGGGGAGTGGT-TAMRA 
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F21T: FAM-GGGTTAGGGTTAGGGTTAGGG-TAMRA 

c-KIT2: FAM-GGGCGGGCGCGAGGGAGGGG-TAMRA 

 

7.4.1.4 Cells and Parasites Protocols 
 

• Cell and Parasites culture protocols: Human MRC5-cell line (fibroblast derived from lung tissue) was 

cultured in DMEM (Invitrogen) medium plus 10% Fethal Bovine Serum Albumin (FBSA), 2 mM 

Gluthamine and 100 U/ml penicillin. Cells were grown in monolayer (5% CO2, 37°C) in DMEM 

medium with 4.5 g/L of glucose for HT29 and 1 g/L for MRC5. Cells were plated and passaged 

according to ATCC recommendations and were used for the experiments while in the exponential 

growth phase. ‘Single marker’ (S16) BSF Trypanosoma Brucei (Lister 427, antigenic type MiTat 1.2, 

clone 221a) were cultured at 37°C, 5% CO2 in HMI-9 medium supplemented with 20% heat-

inactivated fetal bovine serum (hiFBS, Invitrogen). Leishmania Major (MHOM/IL/80/Friedlin) 

promastigotes were cultured at 28 °C in RPMI-1640 medium (Invitrogen, Carlsbad, CA) modified with 

fetal bovine serum (hiFBS, Invitrogen).  

 

▪ MTT Test on cells: Toxicity against cells has been determined through incubation of 4*106 HT29 cells 

and 7*105 MRC5 cells in 96-wells plates, in 100 µl of DMEM solution, with increasing concentrations 

of selected compounds. Cells were stored at 37°C (with 5% CO2) for 72 hours.  After this time, IC50 

values were measured through MTT assay. After 3 days of incubation, 10 µl of 5 mg/ml solution of 

MTT were added to each well, then solution were centrifugated and stored at 37°C for 4 hours. Cell 

media was removed and cells were dissolved into 100 µl of DMSO, then analyzed at the plate reader, 

recording the absorbance at λ= 590 nm.  

 

▪ MTT Test on Leishmania Major: Activity of compounds against Leishmania Major has been 

determined upon incubation of 2*105 parasites, in 96-wells plates, in 100 µl of culture media, in 

presence of increasing concentrations of compounds. After an incubation period of 3 days, 10 µl of 

5mg/ml of MTT solution were added to each well, then parasites were stored for further 4 hours at 

28°C. Then, each solution was treated with 50 µl of 20% Sodium Dodecyl Sulphate and incubated at 

37°C overnight. In the end, all plates were analyzed at the plate reader, recording the absorbance at 

λ = 590 nm.  

 

▪ Alamar Blue Assay on Trypanosoma Brucei: Toxicity on T. Brucei was determined through incubation 

of 3*105 parasites in 96-wells plates, in 100 µl of solutions, adding increasing concentrations of 

ligands. After 3 days of incubation at 37°C, Alamar Blue Assay (or Resazurin Assay) was performed to 

measure IC50 values. In details, 20 µl of Alamar Blue solution (5 g/L) were added to each plate, then 

they were incubated at 37°C for 4 hours. Later, 50 µl of sodium dodecyl sulfate solution (3%) were 

added to each well, then plates were incubated again for one hour at 37°C. In the end, fluorescence 

analysis of each solution was perfomed with plate reader.  
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7.4.2 NDI-Tetrazole conjugates 
 

7.4.2.1 Synthesis of compounds 
 

Procedure for the synthesis of Tetrazole T6:  

Tetrazole T6 has been synthesized and characterized according to the procedure described in Section 

7.4.1.1. 

General Procedure for the synthesis of tetrazoles T10-T12:  

 

 

 

Scheme 7.50 – General procedure for the synthesis of Tetrazoles T10-T12. 

In a round-bottomed flask, tetrazole T6 (1.35 mmol, 1 eq.) was suspended in 10 ml of acetonitrile, then 

solution was cooled to 0°C in an ice-bath. Then, DIPEA (2.7 mmol, 2 eq.) and PyBOP (1.35 mmol, 1 eq.) were 

added to the mixture in one portion. Suspension was stirred for 30 minutes at 0°C. In the meantime, in 

another one-necked flask, amine 82-84 (13.5 mmol, 10 eq.) were dissolved in 5 ml of acetonitrile and cooled 

in an ice-bath. Subsequently, solution containing activated tetrazole T6 was transferred into a dropping 

funnel and added dropwise to the excess of amine, to avoid polymerization reactions. After two hours, 

solvent was removed under vacuum, then the crude was resuspended in 1M NaOH solution and extracted 

three times with ethyl acetate (3x30 ml). Product was purified through flash column chromatography, using  

9:1 DCM:MeOH (with 1% NEt3) as eluent. 

 

T10: Yield (%) = 41%, white solid. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) = 8.81 (1H, s), 8.29 (2H, d, J=8.2 Hz), 

8.11 (2H, d, J=8.6Hz), 7.83 (2H, s), 7.24 (2H, d, J=8.9 Hz), 3.88 (3H, s), 3.02 (2H, s), 2.51 (2H, s). 13C-NMR (75 

MHz, DMSO-d6) δ (ppm) = 166.2, 163.6, 160.5, 135.9, 129.5, 129.1, 128.4, 126.5, 121.8, 115.1, 55.7, 53.6, 

45.8, 45.7, 25.9, 8.6. 

 

T11: Yield (%) = 66%, white solid. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) = 8.71 (1H, s), (8.24 (2H, d, J=8.1 Hz), 

8.07 (4H, t, J=9.3), 7.23 (2H, d, J=8.9 Hz), 3.88 (3H, s), 3.27 (2H, t, J=5.9 Hz), 2.58 (3H, t, J=6.7 Hz), 1.57-1.40 

(5H, m). 13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 165.3, 163.7, 160.5, 136.6, 129.5, 128.7, 128.1, 126.4, 121.7, 

115.1, 55.7, 41.3, 30.4, 26.6. 

T12: Yield (%) = 38%, white solid. 1H-NMR (300 MHz, D2O) δ (ppm) = 7.16 (m, 4H), 6.89 (d, J= 8.00 Hz, 2H), 

6.15 (d, J= 9.06 Hz, 2H), 3.57 (s, 3H), 3.55-3.53 (m, 10H), 3.44 (t, J= 5.9 Hz, 2H), 3.22-3.15 (m, 4H), 3.03 (t, J= 
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7.09 Hz, 2H), 1.87 (q, J= 6.51 Hz, 2H), 1.69-1.65 (m, 2H). 13C-NMR (75 MHz, D2O) δ (ppm) = 167.2, 162.3, 

159.4, 134.3, 128.3, 128.1, 127.0, 125.8, 119.7, 113.9, 69.5, 69.4, 69.3, 68.6, 68.2, 54.9, 37.6, 37.1, 28.4, 26.4.  

 

Synthesis of dibromo-1,4,5,8-Naphthalenetetracarboxylic dianhydride 17:  

 

Scheme 7.51 – Bromination reaction to obtain dibromoanhydride 85. 

 

In a round-bottomed flask, 1,4,5,8-Naphthalenetetracarboxylic dianhydride 85 (7 mmol, 1 eq.) was 

suspended in 40 ml of concentrated H2SO4, then dibromoisocyanuric acid 86 (10.5 mmol, 1.5 eq.) were added. 

Reaction was stirred at 130°C overnight. After this time, mixture was cooled down to room temperature and 

poured in a becker containing ice and a 5% solution of sodium thiosulphate. The desired product precipitated 

as yellow solid, therefore was filtered on a Buchner funnel and dried with a mechanical pump. The obtained 

dibromo-1,4,5,8-Naphthalenetetracarboxylic dianhydride was used for the subsequent step without no 

further purification.  

 

Synthesis of Naphthalenediimide 18 and 87:  

 

Scheme 7.52 – Immidation reaction of dianhydride 17. 

 

Dibromo-1,4,5,8-Naphthalenetetracarboxylic dianhydride 17 (3.5 mmol, 1 eq.) was suspended in 100 ml of 

CH3COOH and kept for two minutes in an ultrasonic bath, to favour its dissolution. Then, 3-

(dimethylamino)propylamine (7 mmol, 2 eq.) was added and the mixture was heated to 130°C and refluxed 

for 30 minutes. After this time, solution was cooled to room temperature, poured into a becker containing 

ice and sodium carbonate. Further addition of sodium carbonate were made until pH 8 was achieved. 
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Solution was transferred into an extracting funnel and exctrated four times with dichloromethane (4x100 

ml). Organic phase was dried over sodium sulphate and solvent removed under vacuum. The mixture of 

products was used for the subsequent step without no further purification.  

General Procedure for the synthesis of NDI-Tetrazoles conjugates NT1-NT6:  

 

 

 

Scheme 7.53 – General procedure for the synthesis of NDI-Tetrazoles NT1-NT6.  

 

In a round-bottomed flask, NDI 87 (0.74 mmol, 2.5 eq.) was dissolved in 70 ml of ACN and DIPEA (0.3 mmol, 

1 eq.) and tetrazole T10-T12 (0.3 mmol, 1 eq.) were added. Solution was stirred at 80°C overnight, until 

complete substrate consumption. Solvent was removed under vacuum and the crude was purified through 

reverse phase column chromatography (H2O 0.1% TFA/ACN gradient) with method 6P, to afford compounds 

NT1-NT6 and anion was exchanged with HCl 10% solution.  

 

NT1*Cl: Yield (%) = 19%, red solid. 1H NMR (300 MHz, DMSO-d6) δ (ppm) = 10.16 (1H, s), 9.88 (1H, s), 8.56 

(1H, s), 8.36 (1H, s), 8.18 (2H, d, J=8.2 Hz), 8.05 (4H, t, J=9.0 Hz), 7.24 (2H, d, J=8.9 Hz), 4.11 (4H, t, J=7 Hz, 

3.93 (2H, d, J=5.14 Hz, 3.89 (3H, s), 3.67 (2H, d, J=5.1 Hz), 2.06 (4H, m), 2.76 (12H, s). 13C-NMR (75 MHz, 

DMSO-d6) δ (ppm) = 166.1, 165.2, 163.5, 161.6, 161.5, 161.0, 160.5, 160.2, 157.7, 151.8, 136.4, 135.9, 129.5, 

128.9, 128.4, 128.2, 127.5, 126.3, 123.3, 123.0, 121.7, 121.4, 120.4, 119.1, 118.4, 117.6, 115.2, 99.4, 55.7, 

54.5, 42.1, 42.1, 41.9, 37.8, 37.1, 22.8, 22.7. 

 

NT2*Cl: Yield (%) = 10%, red solid. 1H NMR (300 MHz, DMSO-d6) δ (ppm) = 10.20 (1H, s), 10.03 (1H, s), 8.76 

(1H, s), 8.16 (1H, s), 8.10 (4H, d, J=8.7 Hz), 7.96 (2H, d, J= 8.2 Hz), 7.25 (2H, d, J= 8.9 Hz), 4.11 (4H, d, J=7.0 

Hz), 3.89 (3H, s), 3.19 (4H, s), 2.75 (12H, s), 2.08 (4H, s), 1.81 (4H, s).13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 

165.3, 165.1, 163.5, 161.6, 161.4, 161.0, 160.5, 151.2, 136.0, 129.5, 128.6, 128.1, 128.0, 127.4, 126.1, 122.9, 

121.8, 121.2, 118.3, 115.1, 99.0, 55.7, 54.4, 42.0, 26.3, 26.1, 22.8, 22.6. 
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NT3*Cl: Yield (%) = 15%. 1H NMR (300 MHz, D2O) δ (ppm) = 7.85 (d, J= 7.77 Hz, 1H), 7.59 (d, J = 7.85 Hz, 1H), 

7.38 (s, 1H), 7.33 (d, J = 8.14 Hz, 2H), 7.15 (d, J= 8.14 Hz, 2H), 7.09 (d, J= 8.9 Hz, 2H), 6.67 (d, J= 8.97 Hz, 2H), 

3.8-3.5 (m, 17H), 3.36 (m, 2H), 3.2-3.08 (m, 8H), 2.8 (s, 12H),  1.99-0.85 (m, 8H). 13C-NMR (75 MHz, DMSO-

d6) δ (ppm) = 166.7, 164.3, 163.0, 162.3, 161.6, 159.6, 151.0, 134.3, 130.2, 127.8, 127.6, 127.1, 126.8, 125.9, 

125.2, 124.2, 123.3, 121.1, 119.5, 119.3, 114.1, 97.4, 69.3, 69.2, 69.1, 69.0, 68.9, 67.6, 55.2, 54.7, 54.7, 53.9, 

42.3, 39.5, 37.4, 28.0, 27.7, 22.3, 17.2, 15.7.  

 

NT4*Cl: Yield (%) = 18%, red solid. 1H NMR (300 MHz, DMSO-d6) δ (ppm) = 10.56 (1H, s), 10.15 (1H, s), 9.07 

(1H, s), 8.47 (1H. d. J=7.2 Hz), 8.48 (1H, s), 8.18 (2H, d, J=8.2 Hz), 8.06 (4H, t, J= 8.75 Hz), 7.23 (2H, d, J=9.0 

Hz), 4.09 (4H, t, J=5.43 Hz), 3.88 (3H, s), 3.66 (2H, d, J= 4.41 Hz), 3.35 (12H, s), 3.17 (4H, d, J=7.2 Hz), 2.08 (4H, 

s). 13C-NMR (74.5 MHz, DMSO-d6) δ (ppm) = 166.1, 165.3, 163.6, 162.9, 162.4, 160.5, 152.2, 136.0, 130.6, 

129.5, 128.9, 128.8, 128.2, 127.7, 126.4, 125.9, 123.7, 122.6, 121.7, 119.6, 118.9, 115.1, 99.0, 55.7, 54.3, 54.2, 

41.9, 41.8, 37.5, 37.0, 22.8, 22.7. 

 

NT5*Cl: Yield (%) = 9%, red solid. 1H NMR (300 MHz, DMSO-d6) δ (ppm) = 7.91 (1H, d, J=7.72 Hz), 7.59 (1H, 

d, J=7.7 Hz), 7.28-7.10 (5H, m), 7.10 (2H, d, J=5.16 Hz), 6.58 (2H, d, J=6.84 Hz), 3.84 (4H, s), 3.64 (3H, s), 3.29-

3.07 (8H, m), 2.87 (12H, s), 1.91 (4H, s) 1.64 (4H, s). 13C-NMR (75 MHz, DMSO-d6) δ (ppm) = 186.2, 167.3, 

164.8, 163.2, 163.0, 162.6, 162.2, 162.1, 159.9, 151.3, 134.7, 130.7, 127.9, 127.9, 127.3, 126.3, 125.7, 124.5, 

123.9, 121.6, 119.9, 117.8, 114.3, 97.9, 55.5, 55.1, 55.0, 54.2, 42.7, 25.7, 22.7, 17.6, 16.1, 12.0. 

 

NT6*Cl: Yield (%) = 10%, red solid. 1H NMR (300 MHz, DMSO-d6) δ (ppm) = 7.78 (1H, s), 7.54 (1H, s), 7.36 (2H, 

d, J=8.2 Hz), 7.19 (4H, t, J=6.58), 6.73 (2H, d, J=8.16 Hz), 3.84 (4H, t, J=6.1 Hz), 3.75 (3H, s), 3.63-3.53 (14H, 

m), 3.26-3.19 (8H, m), 2.88 (12H, s), 2.00 (4H, s), 1.85-1.81 (4H, m). 13C-NMR (75 MHz, DMSO) δ (ppm) = 

167.1, 164.4, 162.1, 161.6, 161.6, 160.9, 160.1, 150.8, 136.6, 134.7, 128.2, 127.5, 127.2, 127.0, 125.6, 125.5, 

121.5, 121.4, 120.6, 120.0, 119.7, 119.2, 114.5, 99.5, 97.9, 69.7, 69.6, 69.5, 60.1, 68.0, 55.6, 55.1, 55.0, 42.7, 

40.0, 38.0, 37.6, 37.1, 28.3, 28.1, 22.6, 22.5. 

 

7.4.2.2. Spectroscopic and Photochemical Studies 
 

▪ Molar Absorbivity: Molar extinction coefficients of compounds T10-T12 and NT1-NT6 were 

measured by adding increasing concentrations of compound stock solution to 3 ml of 1:1 

ACN:PBS (50 mM, pH 7.4) solution in 3.5 ml quartz cuvette and recording UV-VIS spectra after 

each addition.  

 

• Reaction quantum yields (Φ) were measured by irradiating 3 mL of 10-5 M solutions of tetrazoles 

T10-T12 and NT1-NT6, in 1:1 ACN:water ,  in 1 cm optical path quartz cuvettes. The lamp source was 

focalized 150 W high-pressure mercury arc fitted with a transmittance filter (transmission, 313 nm) 

and a single-photon detector (photon flux qp=2.6*10-7 Einstein/cm2*min-1). Potassium 

ferrioxalate was used as the actinometer to measure photon flux at desired wavelength. Tetrazole 

consumption was monitored through HPLC analysis, at different times of irradiation, with method 

5A, described in the previous section. Product formation was detected through LC-MS analysis, at 

different times of irradiation. 
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• Fluorescence Quantum Yields (Φf): Fluorescence quantum yields in water were measured in 

a 1 cm optical path cuvettes, using 4',6-Diamidino-2-phenylindole (DAPI) as standard, with 

λexc= 350 nm. For experiments in DMSO, the same reference has been used, but here we have 

used λexc = 310 nm. Increasing volumes of pyrazoline stock solution were added to 3 ml of 

solvent, then absorption and emission spectra were recoded. Quantum yields have been 

measured applying the following equation:  

Φf = (Ax/Astd)*(nx/nstd)*Φstd 

 

• Photoreactivity at 517 nm: Photochemical behaviour at 517 nm has been determined by irradiating 

10-5 M solution of NT1-NT6, dissolved in 6 ml of 1:1 ACN:water solution, with a green LED, centered 

at 517 nm. Solutions were kept in front of the LED, covered in aluminium foil, for 30 minutes and, for 

each sample, a dark experiment was performed, to exclude that photoreactivity was induced by 

thermal activation. Reaction was monitored at different times of irradiations through UV-VIS, HPLC 

and LC-MS analysis, to identify photogenerated products. For HPLC analysis, method 5A was used, 

while, for LC-MS, product identification has been accomplished.  

 

7.4.2.3 CD-Melting Experiments 
 

CD titrations were performed using a JASCO J1500 spectropolarimeter equipped with a Peltier temperature 

controller and black-walled rectangular quartz cells with 1 cm path length.  

• A 1 ml solution of 2.5 μM oligonucleotide in 10 mM lithium cacodylate buffer (pH 7.2) and KCl (10 

mM for LTRIII, 20 mM for 22AG and 5 mM for c-MYC) was heated for 5 min at 95°C and subsequently 

cooled to 4°C for 16 hours. To this solution, volumes of stock solution of ligands NT4-NT6 and T10-

T12 were added to achieve concentration of 10 µM. Spectra were recorded from 230 to 320 nm, with 

temperature gradient from 20°C to 95°C, increased of 1°C / min. Spectra were recorded every ten 

degrees and were corrected by a baseline obtained from the buffer in the same conditions.  
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• CD-Melting Spectra of T10-T12 with LTR-III:  

 

 

• CD-Melting Spectra of T10-T12 with 22AG:  
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• CD-Melting Spectra of T10-T12 with c-MYC:  
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in fondo sappiamo bene quanto sia importante restare unite. Con tutta questa distanza, abbiamo persino 

imparato ad apprezzare davvero i momenti che passiamo insieme. Speriamo di poter recuperare presto un 

po’ di tutto questo tempo perso, magari mangiando una bella slerfa di “fügassa”, passeggiando in riva al mare 

o divorando una enorme vaschetta di gelato del “Gelatomatto”.  Ringrazio mia zia, per essere sempre stata 

presente, in ogni momento, e, soprattutto, per I suoi insuperabili caffè. Ringrazio il nonno, che è stato più 

che altro un papà, e perchè, qualunque cosa io facessi, dalla pallavolo alla chimica, è sempre stato il mio più 

grande sostenitore. 

Ringrazio Michi, per essere stato il miglior compagno di laboratorio e amico che potessi chiedere. Grazie, 

perchè lavorare con te mi ha spinta a fare sempre meglio, senza mai sentirmi in competizione, perchè con te 

ho imparato un sacco di cose, perchè il tuo credere in me mi ha fatto diventare un po’ più sicura. Per tutte le 

ore che abbiamo passato in quel laboratorio, per le Mitsunobu alle 8 di sera, per tutti i nostri discorsi senza 

senso, per i caffè, per qualche serata davanti ad un calice di vino e per avermi fatto scoprire Parigi (i miei 

piedi se lo ricordano ancora bene). Abbiamo cominciato questo percorso insieme, ma tra un “…giuri che tra 

un po’ te ne andrai…” e “…cosa mi dirai, quando sarò lontano”, alla fine, te ne sei andato davvero. Nonostante 

ciò, riusciamo ancora ad esserci, a sostenerci a vicenda, ogni giorno, in questo difficile viaggio.  

Ringrazio le mie amiche di sempre, le mie “quasi sorelle”, con cui ho condiviso gioie e dolori negli ultimi 

quindici anni. Jennifer, Giulia, Irene ed Eleonora e Irene, grazie, perchè ci siete sempre, anche quando siamo 

lontane. Negli anni, abbiamo preso strade diverse, abbiamo fatto scelte differenti, ma non abbiamo mai 

smesso di vederci ogni settimana, appena possible, nè di esserci le une per le altre. Grazie, perchè insieme 

abbiamo condiviso l’adolescenza, i momenti felici e quelli tristi, le risate e i pianti, le pizze al sabato sera, le 

giornate al mare, estati e inverni, le chiacchiere infinite, l’università, il primo lavoro, gli amori. Mi mancate, 

non avete idea quanto, non vedo l’ora di poter tornare presto per una serata insieme, per un aperetivo, una 

camminata vista mare o una pizza in spiaggia, possibilmente al tramonto, grazie. Jenny, la mia “terza sorella”, 

siamo cresciute insieme e ancora mi sopporti, tutti i giorni. Grazie semplicemente di esserci sempre e da 

sempre, in tutto e per tutto.  

Ultimo, ma non meno importante, ringrazio Luca, per tutto quello che sei e che fai per me, per essermi stato 

sempre vicino in questi anni. Se questa avventura è iniziata bene, probabilmente è perchè, nello stesso 

periodo, è iniziata la nostra storia: mi hai fatta ridere un paio di volte e tutto è andato nella direzione giusta. 

Grazie, per avermi sempre sostenuta in questi anni, per aver creduto in me, più di quanto abbia mai fatto io. 
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Grazie, perchè riesci a bilanciare tutti i miei eccessi, a smussare tutti i miei spigoli. Grazie, perchè mi fai il 

verso quando mi arrabbio, per quando inizi a dire cose divertenti quando sto per piangere davanti ad un film, 

perchè mi ascolti sempre (anche quando ripeto sempre le stesse cose), per la carbonara, perchè, anche se ti 

lamenti, assecondi le mie idee a volte un po’ folli, perchè mi hai aspettata, perchè ti prendi sempre cura di 

me, per avermi sempre lasciata essere un po’ egoista. In questa difficile avventura, sei stato la mia ancora, la 

mia nuova, piccola, famiglia, un porto sicuro in cui poter sempre rifugiarsi. Sono sempre stata bene da sola, 

ma da quando ci sei tu, tutto è un po’ più bello. Spero che il nostro, di viaggio, sia solo all’inizio.  

Infine, vorrei semplicemente dire che sono grata per quello che ho vissuto nel corso di questi tre anni, per le 

esperienze che ho avuto la possibilità di fare, per le persone che ho avuto modo di conoscere, per i luoghi 

che ho visto. Ho avuto modo di crescere come scienziata, ma anche di rendermi conto quanto ancora posso 

imparare, di realizzare che da chiunque si può apprendere qualcosa di nuovo, che sbagliare è necessario per 

migliorare, che chiedere una mano non è sintomo di debolezza o incapacità, ma un primo passo per costruire 

un lavoro migliore, che i fallimenti non ti rendono un incompetente, che una serie di grandi successi non fa 

di te un grande scienziato, ma la passione per il tuo lavoro e la perseveranza si.  

Questo percorso mi ha dato la possibilità di crescere anche come persona, di guadagnare una fiducia in me 

stessa che non ho mai avuto, di mettermi alla prova, di superare molte delle mie paure, di viaggiare, di 

imparare a confrontarmi con tanti punti di vista e situazioni differenti. I momenti felici che ho vissuto in questi 

anni, mi hanno insegnato che accettare le casualità della vita può portarti avventure inaspettate, che 

abbandonare la strada conosciuta per una nuova può portarti a scoprire posti meravigliosi. 

 Nonostante tutto, sono stati anni impegnativi, fatti di alti e bassi, che sembrava non sarebbero mai finiti e, 

invece, sono volati in un attimo. Sembrava la storia infinita, ma forse era solo felicità.  

 

 

 


