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Abstract: A new intercalating nucleic acid monomer Z comprising an 3-(9-((4-

oxyphenyl)ethynyl)-6H-indolo[2,3-b]quinoxalin-6-yl)propan-1-amine moiety was synthesized. 

When Z was inserted into triplex forming oligonucleotides, high thermal stability was observed 

for its corresponding Hoogsteen-type triplexes. Three-way junction (TWJ) was studied by 

targeting a DNA strand to the foot of a DNA or an RNA hairpin. When Z was inserted into the 

DNA strand, this resulted in the highest increase of thermal melting ever reported for a TWJ 

modified by insertion of an intercalator into the junction site. Experiments with mismatches 

confirmed formation of the TWJ. Improvements in stability of a G-quadruplex were achieved by 

insertion of the monomer Z by replacement of one of the nucleotides in the TGT loop. The first 

steps in the synthesis of the monomer Z were  condensation of  5-iodoisatin with o-phenylene 

diamine under reflux in acetic acid and subsequent alkylation reaction with 2-(3-

bromopropyl)isoindoline-1,3-dione followed by suitable reduction led to 3-(9-Iodo-6H-indolo[ 

2,3-b]quinoxalin-6-yl)propan-1-amine which in turn was reacted with ethyl trifluoroacetate 

under formation of 2,2,2-trifluoro-N-(3-(9-iodo-6H-indolo[2,3-b]quinoxalin-6-

yl)propyl)acetamide. This compound was reacted by Sonogashira coupling conditions to give the 

diol which was converted into the DMT-protected phosphoramidite which in turn was used to 

incorporate the monomer Z into oligonucleotides. 
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Introduction 

Nucleic acids structures are essential for cellular functions that regulate various biological 

actions.
[1]

 Sequences of both DNA and RNA can fold into myriad structural motifs to form 

duplexes, hairpins, triplexes, pseudoknots, and G-quadruplexes, to assemble structural 

conformations required for certain cellular environments.
[1] 

The formation of triple helical structures via double-stranded DNA (dsDNA) have gain 

great attention into triplex-forming oligonucleotides (TFOs), which considered as promising 

tools for therapeutics and nanobiotechnology.
[2]

 Felsenfeld and Rich described the first third 

oligonucleotide strand, which is able to bind to the major groove of duplex DNA forming triplex 

helix knowing as Triplex Forming Oligonucleotides (TFOs).
[3]

  

TFOs have many potential applications; gene analysis, diagnosis, and therapy,
[4] 

it can be 

used to extract and isolate specific nucleotide sequences,
[5]

 inhibit DNA replication and 

transcription,
[6]

 create site-directed mutations,
[7]

 cleave
[8]

 and/or induce homologous 

recombination of DNA.
[9]

 Moreover, TFO targets duplex DNA to regulate the genes expression 

(by locking their transcription ´antigene`) that are required for the synthesis of 

protein(s)/enzyme(s) for specific diseases.
[10] 

 6H-indolo[2,3-b]quinoxalines commonly called indophenazines, have earlier been 

prepared and studied from different viewpoints. Thus, while Buu-Hoi et al have investigated 

their general toxicity, inhibitory and carcinogenic effects.
[11-15]

 Interestingly,
[16]

 some 

indophenazines have been found to be good antispasmodics. 

Branched junctions in nucleic acid structures are formed when three or more helices meet 

at a single point, which are important intermediates in many biological functions and play 

important roles in many cellular processes.
[17] 

The simplest type of these junctions is the three-
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way junctions (TWJs) which are involved in splicing
[18]

 and translation of RNA,
[19] 

and are 

formed transiently during DNA replication
[20]

 and/or recombination involving phages.
[21]

  

Furthermore, these branched junctions offer a unique window into DNA nanotechnology; 

including the controlled self-assembly of nanometer-scale molecular fragments.
[22] 

They are used 

as a model system to gain insight into other complex and multi branched junction structures, 

such as the Holliday junction, which is a key intermediate in homologous recombination. TWJs, 

therefore, provide a suitable system for assessing the quantitative features of junction 

structures.
[23]

                  
 

G-quadruplexes are a family of secondary DNA structures, which consist of four-

stranded structures of monovalent cations, in which Hoogsteen base-pairing stabilize G-tetrad 

structures. G-quadruplexes are supposed to exist in vivo, though with lacking of confirmatory 

evidence. They are formed in DNA guanine-rich regions, which are widespread in a variety of 

chromosomal regions, i.e., telomeres and promoter regions of DNA.
[24] 

                                                                                                                                                                                                                                                                                    

Recently, it has been reported that G-quadruplexes play critical regulatory roles in 

biological processes, e.g., DNA replication, transcription, and translation,
[25,26]

 which help in 

controlling gene expression and genome stability. G-quadruplex-containing aptamers are 

advisable as therapeutic and diagnostic agents for diseases such as cancers,
[27-29]

 based on their 

thermodynamic and chemical stability, serum nucleases resistance, and low immunogenicity 

with good cellular uptake.
[30] 
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 Figure 1. The synthesized intercalator Z with the reference intercalators W, X, Y, M and R.
 

We have previously published  about improved triplex stability upon bulge insertion in 

the TFO with the pyrene intercalator W (TINA),
[31]

 the phenoxy, naphthoxy intercalators X, Y 

(Amany) respectively,
[32]

 the modified indole intercalator M
[33] 

and 6H-indolo[2,3-b]quinoxaline 

intercalator R
[34] 

(Figure 1). We thought it possible to improve the properties of the R type 

intercalator by modifying the amino functionality in the side chain of the intercalator aiming at 

enhancing the ion pair binding between the protonated amino group and the phosphate backbone 

in one of the duplex strands. In the present study we synthesized the monomer Z with a longer 

side chain comprising a primary amino group. This monomer was inserted into a 14-mer 

homopyrimidine oligonucleotide for thermal triplex stability studies and this proved enhanced 

triplex stability compared to wild type. In addition, DNA and RNA TWJs hybridisation 

stabilities were also studied by introducing monomer Z into the junction region as a bulge. The 

intercalator Z increased thermal stability of DNA TWJ-type and RNA TWJ-type with good 

discrimination of mismatch strands compared to wild type TWJ. Interestingly, improved 

stabilities were also observed for G-quadruplexes comprising the novel indophenazine 

comprising Z intercalator. We envisaged that incorporation of intercalator Z into G-quadruplex 



This article is protected by copyright. All rights reserved 

6 
 

variants could be of interest because of their flexibility and because of their tendency to form 

stacking interactions among the nucleobases or with themselves. To this end, we decided to 

modify one of the best investigated G-quadruplex constructs, the thrombin-binding aptamer 15-

mer 5′- GGTTGGTGTGGTTGG-3′ (TBA), which has a fully characterized 3D structure.
[35-39] 

Results and discussion 

Chemistry 

The intercalating nucleic acid monomer 15 was synthesized as described in Scheme 1. The 

classical condensation of 5-iodoisatin 1 with o-phenylene diamine 2 under reflux in acetic acid 

according to Guha, Banerji and Sen
[40]

 afforded 9-iodo-6H-indolo[2,3-b]quinoxaline 3 in 83 % 

yield. This was followed by alkylation reaction with 2-(3-bromopropyl)isoindoline-1,3-dione 4 

to give 2-(3-(9-iodo-6H-indolo[2,3-b]quinoxalin-6-yl)propyl)isoindoline-1,3-dione 5 in 94 % 

yield which by suitable deprotection reaction using hydrazine hydrate was converted into 3-(9-

iodo-6H-indolo[2,3-b]quinoxalin-6-yl)propan-1-amine 6 in 85 % yield. To this compound ethyl 

trifluoroacetate was slowly added to afford 2,2,2-trifluoro-N-(3-(9-iodo-6H-indolo[2,3-

b]quinoxalin-6-yl)propyl)acetamide 7 in 81 % yield (Scheme 1). (S)-N-(3-(9-((4-(3,4-

Dihydroxybutoxy)phenyl)ethynyl)-6H-indolo[2,3-b]quinoxalin-6-yl)propyl)-2,2,2-

trifluoroacetamide 13 was synthesized by two routes. First route: compound 7 was coupled under 

Sonogashira conditions by the method of Osman, Pedersen and Bergman
[34] 

with (S)-4-(4-

ethynylphenoxy)butane-1,2-diol 8 using Pd(PPh3)2Cl2, CuI, PPh3 and NEt3 under argon to 

achieve 13 in  78 % yield. Second route: compound 7 was coupled under Sonogashira conditions 

with trimethylsilylacetylene (TMSA) 9 using Pd(PPh3)2Cl2, CuI and NEt3 under argon to afford 

the TMS protected compound 2,2,2-trifluoro-N-(3-(9-((trimethylsilyl)ethynyl)-6H-indolo[2,3-

b]quinoxalin-6-yl)propyl)acetamide 10 in   96 % yield. The silyl protecting group was removed 
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by addition of tetrabutylammonium flouride (TBAF) in dry THF to obtain N-(3-(9-ethynyl-6H-

indolo[2,3-b]quinoxalin-6-yl)propyl)-2,2,2-trifluoroacetamide 11  in 95 % yield, which was 

coupled under Sonogashira conditions with (S)-4-(4-iodophenoxy)butane-1,2-diol 12 prepared 

by method of Bomholt, Osman and Pedersen
[41]

 using Pd(PPh3)2Cl2, CuI, PPh3 and NEt3 under 

argon to achieve 13 in 85 % yield (Scheme 1). The primary hydroxy group in compound 13 was 

protected by reaction with 4,4´-dimethoxytrityl chloride (DMT-Cl) in anhydrous pyridine at 

room temperature under a nitrogen. Silica gel chromatography afforded the DMT-protected 

compound (S)-N-(3-(9-((4-(4-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-

hydroxybutoxy)phenyl)ethynyl)-6H-indolo[2,3-b]quinoxalin-6-yl)propyl)-2,2,2-

trifluoroacetamide 14 in  87 % yield. Finally, The secondary hydroxy group was phosphitylated 

overnight with 2-cyanoethyl N,N,N´,N´-tetraisopropyl phosphorodiamidite in the presence of 

diisopropyl ammonium tetrazolide as activator in anhydrous CH2Cl2 to afford 15 in 91 % yield 

(Scheme 1). The obtained phosphoramidite 15 was incorporated into oligonucleotides by a 

standard phosphoramidite protocol on an automated DNA synthesizer. However, an extended 

coupling time (15 min) was used for the modified amidite in the oligonucleotide synthesis. The 

amino group in Z was deprotected by removal of the trifluoroacetyl group with conc. ammonia 

during the standard work-up procedure of the oligonucleotides. All modified 

oligodeoxynucleotides (ODNs) were purified by reversed phase HPLC, and confirmed by 

MALDI-TOF-MS analysis. The purity of the final sequences was determined by ion-exchange 

HPLC (IE-HPLC) to be more than 95%. 
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Scheme 1. Reagents and conditions: (i) AcOH, reflux; (ii) NaH, dry DMSO, 35 ºC; (iii) 

Hydrazine hydrate, EtOH, reflux; (iv) CF3COOEt, MeOH, Et3N; (v) Pd(PPh3)2Cl2, CuI, PPh3, 

NEt3; (vi) Pd(PPh3)2Cl2, CuI, NEt3; (vii) Bu4N
+
F

-
, THF, 30 min, 0 

o
C, NH4Cl, H2O; (viii) 

Pd(PPh3)2Cl2, CuI, PPh3; NEt3; (ix) DMTCl, pyridine, room temperature; (x) 2-Cyanoethyl 

N,N,N´,N´-tetraisopropylphosphordiamidite, N,N´-diisopropylammonium tetrazolide, CH2Cl2, 0
 

ºC room temperature. 
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Thermal stability studies 

The thermal stability of parallel triplexes, three-way junctions and G-quadruplexes bearing 

oligonucleotides with bulge insertion of the intercalating monomer Z was assessed by thermal 

denaturation experiments using the UV melting method. 

Triplexes. The thermal meltings of triplexes comprising the indophenazine monomer Z in the 

TFO were compared with the previously published thermal meltings using the intercalator W 

(TINA),
[31]

 the phenoxy intercalator X, the naphthoxy intercalator Y(Amany),
[32]

 the modified 

indole intercalator M
[33]

 and the 6H-indolo[2,3-b]quinoxaline intercalator R
[34] 

as shown in Table 

1. The melting temperatures (Tm, ºC) were determined from melting curves by the first 

derivation method using the wavelength 260 nm at pH 6.0 and pH 7.2. An excess of the 

pyrimidine to the purine strand ratio (1.5:1 mM) in the duplex was used to avoid a disturbing 

melting of the parallel duplex from the TFO and the purine strand at pH 6.0. Upon one or two 

insertions of intercalator Z, stabilization of parallel triplexes was found in all cases when 

compared with the wild-type triplex at pH 6.0 and pH 7.2 (table 1), eg. when comparing the 

thermal melting of unmodified triplex ON1/D1 (Tm = 28.0) with the triplex with one insertion of 

Z (ON2/D1) (Tm = 41.6 ºC) at pH 6.0. The higher stability induced by the intercalator Z may be 

explained by the stacking effect of the intercalating aromatic polycyclic system on the adjacent 

nucleobases in the duplex part in addition to a similar effect of the linker intercalation into the 

TFO part of the triplex. It deserves notice that the melting temperature of ON2/D1) (Tm = 41.6 

ºC) at pH 6.0 is a slightly higher than the one with the corresponding indophenazine monomer R 

having a protonated dimethylamino group (ON4/D1) (Tm = 39.8 ºC). Hybridization affinity of 

the TFO to the duplex is strongly affected by the structure of the intercalator. The highest 

melting temperatures are obtained with the non-linear polyaromatics in W and X. Upon a single 
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insertion of the intercalators Z or R (ON2 and ON4) comprising a linear polyaromatic ring 

system the melting temperatures are reduced in the range of 4-7 ºC at pH 6 when compared with 

W and X (ON5 and ON6). The melting was also reduced at pH 6 upon changing the aromatic 

ring in the linker from benzene to naphthalene or indole as observed when using M and Y and 

(ON3 and ON7). The dependence of the distance between multiple bulged insertions of 

indophenazine intercalator Z on thermal stability was investigated (Table 1) (Figure 2). When 

the intercalator Z was inserted as next nearest neighbours in ON9 (Tm = 41.3 ºC), the Hoogsteen 

triplex was not further stabilized when compared to the single insertion of Z (ON2) (Tm = 41.6 

ºC) at pH 6.0 (Figure 2). Interestingly, the stability in this case was almost the same as for ON8 

with the pyrene intercalator W (Tm = 40.0 ºC). When the two insertions of Z were separated by 

three nucleobases in ON13, the triplex stability at pH 6 was further enhanced (Tm = 46.0 ºC) 

although lower than found for the corresponding pyrene insertions with W in ON10 (Tm = 56.5 

ºC).  

Also, at pH 7.2, a substantial increase in thermal stability was observed upon a single insertion of 

Z (ON2/D1) (Tm = 25.7 ºC) when compared to wild type ON1/D1 (Tm <5.0 ºC. The same 

dependence of thermal triplex stability upon double insertion of the intercalator Z in TFOs was 

observed at pH 7.2 as at pH 6.0. At both pH values, the triplex with ON13 having three 

nucleobases between the two intercalators was considerably more stable than the nearly equally 

stable ones with ON9 having Z as next nearest neighbours and ON2 with a single insertion of Z. 

Even though the pyrene intercalator W is more effective than the most other intercalators in 

stabilizing the triplexes at pH 6.0, the intercalators W and Z are comparable when used for single 

insertion at pH 7.2 using ON5 (Tm = 28 ºC) and ON2 (Tm = 25.7 ºC), respectively. When used as 

next neighbours in ON8 (W, Tm = <5 ºC) and ON9 (Z, Tm = 23.0 ºC) at pH 7.2, the intercalator 
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Z was far better than W. However separated by three nucleobases in ON10 (W, Tm = 43.0 ºC) 

and in ON13 (Z, Tm = 33.6 ºC), W was again the most effective intercalator.  

The melting temperatures in Table 1 clearly demonstrate that targeting of TFOs to duplex DNA 

can be considerably improved by insertion of intercalators into TFOs. We think this as an 

important finding when it is attempted to improve the use of TFOs as antigens. On the other 

hand, it could also be an interesting possibility to use intercalators inserted into the duplex as a 

bulge in order to improve targeting of duplexes to single strand DNA.  

Table 1. Tm (ºC) data for melting of triplexes, evaluated from UV melting curves (λ = 260 nm) 
 

[a]
 
C = 1.5 µM of ON1-2, ON9, ON13 and 1.5µM of pyrimidine strand and 1.0 µM of purine strand of dsDNA (D1) 

in 20 mM sodium cacodylate, 100 mM NaCl, 10 mM MgCl2, pH 6.0 and 7.2. Duplex Tm = 57.7 °C (pH 6.0) and 

57.2 °C (pH 7.2). 

[b]
 
Data taken from Ref. 33. 

[c]
 
 Data taken from Ref. 34. 

[d, e]
 
Data taken from Ref. 32. 

[f]
 
Data taken from Ref. 31. 

 

 

 Parallel triplex
[a] 

3´-CTGCCCCTTTCTTTTTT 

5´-GACGGGGAAAGAAAAAA 

(D1) 

Entry TFO pH 6.0 ΔTm (ºC)pH 6.0 pH 7.2 

ON1 5´-CCCCTTTCTTTTTT-3´ 28.0 0 <5.0 

ON2 5´-CCCCTTZTCTTTTTT-3´ 41.6 13.6 25.7 

ON3 5´-CCCCTTMTCTTTTTT-3´ 35.0
[b]

 6.5
[b]

 15.5
 [b]

 

ON4 5´-CCCCTTRTCTTTTTT-3´ 39.8
[c]

 13.3
[c]

 26.9
[c]

 

ON5 5´-CCCCTTWTCTTTTTT-3´ 45.5
 [d] 

17.5
[d]

 28.0
 [c] 

ON6 5´-CCCCTTXTCTTTTTT-3´ 46.5
 [d] 

18.5
[d]

 26.0
 [d] 

ON7 5´-CCCCTTYTCTTTTTT-3´ 40.5
[d]

 12.5
[d]

 18.5
 [d] 

ON8 5´-CCCCTTWTWCTTTTTT-3´ 40.0
[f]

 13
[f] 

<5.0
[f]

 

ON9 5´-CCCCTTZTZCTTTTTT-3´ 41.3 13.3 23.0 

ON10 5´-CCCCTTWTCTWTTTTT-3´     56.5
[d, e] 

29.5
[d, e] 

43.0
 [d]

 

ON11 5´-CCCCTTXTCTXTTTTT-3´     51.5
[d, e]

 23.5
[d, e] 

37.0
 [d]

 

ON12 5´-CCCCTTYTCTYTTTTT-3´   46.5
[d]

 18.5
[d] 

15.0
 [d]

 

ON13 5´-CCCCTTZTCTZTTTTT-3´ 46.0
 

18 33.6 
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Figure 2. First derivative plots of triplex meltings of ON2, ON9 and ON13 incorporating monomer Z respectively, 
compared to the wild type ON1, recorded at 260 nm versus increasing temperature (1 ºC/min) from 10-80 ºC in 20 

mM sodium cacodylate, 100 mM NaCl, 10 mM MgCl2, pH 6.0. 

 

The insertion of intercalator Z as a bulge in pyrimidine strand ON14 of the duplex increased the 

melting temperature of the triplex to Tm = 37.3 ºC (ON1/D2) from Tm = 28.0 ºC for the 

unmodified triplex ON1/D1 (Table 2) whereas a minor increase in the melting temperature was 

observed upon bulge insertion of the intercalator into the purine strand ON15 of the duplex as 

observed for ON1/D3 (Tm = 30.0 ºC).  

Table 2. Tm (ºC) Data for Parallel Triplex Meltings
[a, b] 

for Insertions of Z in the Sequence of the Watson-Crick 

Duplex Taken from UV Melting Curves (λ= 260 nm) at pH 6.0 
 

Entry 

Triplex 

D1 D2 D3 

 
3´-CTGCCCCTTTCTTTTTT 

5´-GACGGGGAAAGAAAAAA 

3´-CTGCCCCTTZTCTTTTTT(ON14)[a] 

5´-GACGGGGAAAGAAAAAA 

3´-CTGCCCCTTTCTTTTTT 

5´-GACGGGGAAZAGAAAAAA (ON15)[b] 

ON1  5´-CCCCTTTCTTTTTT-3´ 28.0 37.3 30.0 

[a] C = 1.5 μM of ON1 with D2 (1.5 μM of ON14 and 1µM of purine strand), [b] C = 1.5 μM of ON1 with D3 (1.5 μM pyrimidine strand  and 

1µM ON15) in 20 mM sodium cacodylate, 100 mM NaCl, 10 mM MgCl2, pH 6.0, duplex Tm = 52.0 ºC (D2), 52.0 ºC (D3) 
 

Three-way junctions. Hybridisation properties of oligonucleotide ON16 when targeting DNA 

(ON19) or RNA (ON20) forming a three -way junction (TWJ) was evaluated in thermal stability 

studies at pH 7 (Table 3). TWJ was composed of a single stranded DNA or RNA stem-loop 

sequence with two single stranded foot regions hybridized to the oligonucleotide ON16 having 

an intercalator Z inserted at the junction (Table 3). We suppose that TWJ has two coaxially 

stacking arms and a third deflecting arm that can be stabilized by the intercalator as a stacking lid 

onto that arm at the junction site. In order to evaluate the thermal stabilities of the modified TWJ 

we made a comparison with wild type with unmodified TWJs and with the corresponding 
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modified TWJ with the indole intercalator M instead of Z. For insertion of Z, ON16 resulted in 

an increase of 19.1 ºC upon hybridisation to DNA ON19 (Tm = 45.6 ºC) when compared to the 

wild type oligo ON18 (Tm = 26.5 ºC) (Table 3 and Fig. 3a). When compared to previous data,
[ 42-

46]
 this is the highest increase thermal melting ever reported for modification of a TWJ by 

insertion of an intercalator into the junction site and also when compared with the intercalator M 

(Tm = 40.5 ºC).  

It could be even more interesting to target the foot of a stem of an RNA strand. If an efficient 

way for that could be found, one could think it possible to target directly the secondary structure 

RNAs without the need of breaking up the secondary structure to a linear strand in order to form 

a duplex with a targeting DNA. The perspective could be that hybridisation to the foot of an 

RNA in its secondary structure could be a direct way to block the biological function of the 

RNA. Indeed with insertion of Z in the oligo ON16, it resulted in an increase of 12.5 ºC upon 

hybridisation to RNA ON20 (Tm = 52.4 ºC) when compared to the wild type oligo ON18 (Tm = 

39.9 ºC) (Table 3 and Figure 3b). The three-way junction upon hybridisation of oligo ON16 to 

RNA ON20 (Tm = 52.4 ºC) was thermally more stable than when using the intercalator M in the 

oligo ON17 (Tm = 44.0 ºC). The stabilization due to insertion of the monomer Z (ON16) into the 

three-way junction is rather remarkable when compared with the insertion of the modified indole 

monomer M (ON17) where the latter resulted only in a 4.1 ºC increase in melting temperature 

when compared to the wildtype TWA ON18/ON20. This means that inserted linear polyaromatic 

intercalator Z is better in improving recognition of stem regions than the non-linear intercalator 

M. Not much is known about how to substantially improve targeting to the foot of an RNA 

hairpin. For some years ago a 35 ºC increase in the thermal melting temperature was observed 

upon targeting the foot of an RNA hairpin with a DNA strand where every second nucleobase 
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was replaced by LNA monomers.
[47]

 Although the LNA approach thus seems very promising, 

there is a risk of many off targets due to the strong binding of LNA to RNA. Therefore, we think 

an advantage with the intercalator approach due to less expected off targets because contrary to 

LNA, inserted intercalators like TINA (W) are known to destabilize DNA/RNA duplexes.
[31,32]

 

Table 3. Tm (
o
C) data

[a] 
for melting of DNA/RNA three-way junctions

[b]
 evaluated from UV melting curves (μ = 260 

nm) at pH 7.0 

Entry 

 

 

 

 

 

 

DNA (ON19) 

TT 

T     T 

G C 

C G 

G C 

C G 

3´-CGA GTG A AGAGG GT-5´ 

RNA (ON20)  

UU 

                         U   U 

G C 

C G 

G C 

C G 

   3´-CGA GUG A AGAGG GU-5´ 

 Tm (°C)
[a]

 ΔTm (ºC) Tm (°C)
[a]

 ΔTm (ºC) 

ON16   5´-GCT CAC TZT CTC CCA-3´  45.6 +19.1   52.4 +12.5 

ON17   5´-GCT CAC TMT CTC CCA-3´    40.5
[c] 

+14      44.0
[c] 

+4.1 

ON18   5´-GCT CAC TTT CTC CCA-3´  26.5 0    39.9 0 

[a] C = 1.0 μM of ON16, ON18 and 1.0 μM of each strand of DNA/RNA TWJ in 15 mM Na2HPO4, 100 mM NaCl,  

         0.1 mM EDTA, pH 7.0. 

[b] Italic sequences are bases incorporated in the stem loop. 

[c] 
 
Data taken from Ref. 33. 

 

 

 

Figure 3. First derivative plot of melting of ON16 incorporating monomer Z upon hybridisation to: (a) TWJ DNA 

(ON19) compared to the wild type ON18, recorded at 260 nm versus increasing temperature (1 ºC/min) from 10-80 

ºC in 15 mM Na2HPO4, 100 mM NaCl, 10 mM EDTA, pH 7.0; (3b) TWJ RNA (ON20) compared to the wild type 

ON18, recorded at 260 nm versus increasing temperature (1 ºC/min) from 10-80 ºC in 15 mM Na2HPO4, 100 mM 

NaCl, 10 mM EDTA, pH 7.0. 

In order to confirm targeting of the oligos ON16 and ON18 to the foots on both sides of the 

hairpins DNA (ON19) and RNA (ON20), sensitivity to two mismatches in one or the other arm 

was studied (Table 4). For example, the TWJ from the DNA hairpin ON21 and the 
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oligonucleotide ON16 (Tm = 21.7 ºC) comprising the intercalator Z is destabilized by 23.9 ºC in 

thermal melting due to two base pair mismatches in one side of the foot of the hairpin when 

compared to the corresponding fully matched TWJ from hairpin ON19 and the oligonucleotide 

ON16 (Tm = 45.6 ºC).  

A similar result was found for the mismatched TWJ ON21/ON18 without the intercalator Z 

when compared to the matched wild type TWJ ON19/ON18. Similar results were obtained for 

mismatches to the other side of the hairpin (Table 4). Similar results have previously been 

reported for ON17 comprising the intercalator M (Table 4).
[33]

 Also the DNA/RNA TWJ from 

ON23 and ON16 (Tm = 30.0 ºC) is destabilized by 22.4 ºC in thermal melting due to two base 

pair mismatches to one of the sides of the RNA hairpin when compared to the corresponding 

matched TWJ from ON20 and ON16 (Tm = 52.4 ºC). A similar result was found for the 

ON23/ON18 hairpin when compared to the wild type ON23/ON18 hairpin. Also for mismatches 

to the other side of the hairpin, similar results were obtained (Table 4).   

Table 4. Tm (ºC) data
[a] 

for melting of mismatched DNA/RNA three-way junctions
[b] 

evaluated from UV melting 

curves (λ = 260 nm) at pH 7.0 

 

Entry  ON16 ON17
[c] 

ON18 

 

 

 

DNA   3´-CGA GTG ACG CGT TTT CGC GAG AGG GT-5´ (ON19) 45.6 40.5 26.5 

        3´-CGA GTG ACG CGT TTT CGC GAG ATT GT-5´  (ON21) 21.7 
24.0 <10.0 

        3´-CGT TTG ACG CGT TTT CGC GAG AGG GT-5´  (ON22) 20.0 
18.0 <10.0 

RNA    3´-CGA GUG ACG CGU UUU CGC GAG AGG GU-5´ (ON20) 52.4 
44.0 39.9 

            3´-CGA GUG ACG CGU UUU CGC GAG AUU GU-5´ (ON23) 30.0 
23.0 <10.0 

           3´-CGU UUG ACG CGU UUU CGC GAG AGG GU-5´ (ON24) 30.6 
21.0 19.1 

[a] C = 1.0 μM of each strand of DNA/RNA TWJ in 15 mM Na2HPO4, 100 mM NaCl, 0.1 mM EDTA, pH 7.0. 

[b] Italic sequences are bases incorporated in the stem loop, underlined bases are mismatched ones. 

[c] Data taken from Ref. 33. 

 

G-quadruplexes. Thermal denaturation experiment (Tm values) of G-quadruplexes with 

incorporation of the intercalator Z was analyzed by using the UV absorption melting method at 
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295 nm and pH 7.2 and the results are reported in Table 5 and Figure 4. Thermal stabilities of the 

modified G-quadruplexes ON26–ON28 were determined upon replacement of the bases with Z, 

one by one in the pivotal TGT loop of the wild type oligonucleotide ON25. The thermal melting 

temperature (Tm) of the G-quadruplex with replacement of nucleotide T7 in the TGT loop with 

intercalator Z (ON26) was determined to be approximately 4.1 ºC higher than the Tm value of the 

corresponding unmodified ON25. An even higher increase was found upon replacing G8 or T9 

where the increases in the corresponding melting temperatures of the corresponding 

oligonucleotides ON27 and ON28 were found to be 6.0 ºC and 7.0 ºC, respectively. However, 

this also shows a clear difference of linear polyaromatic intercalators to the non-linear ones 

because substantial higher melting temperatures have been observed for the same quadruplex 

with replacement by TINA with a pyrene moiety, ortho-TINA and by Amany with a 

phenanthroimidazole moiety.
[48]

 This could presumably be due to better improved stacking 

interactions of the non-linear polyaromatics than with a linear polyaromatic on top of the 

quadruplex. 

Table 5. Tm (ºC) Data for melting of TBA G-quadruplexes evaluated from UV absorption melting curves (ON25–              

             ON28). 

Entry 
Oligonucleotide Sequence Tm (°C)

[a] 
ΔTm (ºC)

 

ON25 Wild type 5´-GGT TGG TGT GGT TGG-3´ 49.0 0 

ON26 T7 5´-GGT TGG ZGT GGT TGG-3´ 53.1 4.1 

ON27 G8 5´-GGT TGG TZT GGT TGG-3´ 55.0 6.0 

ON28 T9 5´-GGT TGG TGZ GGT TGG-3´ 56.0 7.0 

[a] C = 3 μM of ON25-28 at 295 nm in potassium buffer (100 mM KCl + 20 mM K2HPO4, pH 7.2 and 1 mM 

K2EDTA).  
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Figure 4. First derivative plots of meltings of G-quadruplexes ON26-ON28 incorporating monomer Z (3 μM) 

compared to the wild type  ON25 recorded at 295 nm versus increasing temperature (1 ºC/min) from 10-80 ºC in 

potassium buffer (100 mM KCl+20 mM K2HPO4, pH 7.2 and 1 mM K2EDTA).  

 

 

Conclusions 

In this study, we have synthesized new intercalating nucleic acid monomer Z, and incorporated it 

into oligonucleotides giving good yields using normal oligonucleotide synthesis procedures. 

Thermal melting studies showed that this nucleic acid monomer Z was able to stabilize 

Hoogsteen-type triplexes with high discrimination compared to wild type triplexes. 

Hybridization properties of DNA/DNA and RNA/DNA three-way junctions (TWJ) with Z in the 

branching point were evaluated by their thermal stability at pH 7. DNA/DNA and RNA/DNA 

TWJ showed the highest increase of thermal melting ever reported for a TWJ modified by 

insertion of an intercalator into the junction site. The favorable thermal stabilities of the modified 

G-quadruplexes ON26–ON28 were determined upon replacement of the bases with nucleic acid 

monomer Z. 

Experimental section 

 General 

NMR spectra were recorded on a Bruker 400 MHz spectrometer at 400 MHz for 
1
H, 101 MHz 

for 
13

C, and at 162 MHz for 
31

P with TMS as an internal standard for 
1
H NMR spectroscopy. 

Chemical shifts are reported in parts per million (δ), relative to solvents peaks (CDCl3: 7.26 ppm 
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for 
1
H and 77.0 ppm for 

13
C; DMSO-d6: 2.50 ppm for 

1
H and 39.5 ppm for 

13
C; 85% aq.  H3PO4 

as an external standard with 0.00 ppm for 
31

P NMR). Electrospray ionization high resolution 

mass spectra (ESI-HRMS) were performed on PE SCIEX API Q-Star Pulsar Mass Spectrometer. 

For accurate ion mass determinations, the (M+H
+
) or (M+Na

+
) ion was peak matched by 

calibration with NaI. Melting points were determined on a Büchi melting point apparatus and are 

not corrected. DCM was always used freshly distilled and solvents used for column 

chromatography of final phosphoroamidite were distilled prior to use, others are used as 

received. Reagents were used as purchased. Silica gel (0.040–0.063 mm) used for column 

chromatography and analytical silica gel TLC plates 60 F254 precoated aluminium plates were 

purchased from Merck. TLC spots of DMT containing compounds were visualized as orange or 

dark spots when treated with 5% ethanolic H2SO4 solution. 

Synthesis 

9-Iodo-6H-indolo[2,3-b]quinoxaline 3. 

A mixture 5-iodoisatin (1; 5.2 g, 19 mmol), benzene-1,2-diamine (2; 2.1 g, 19 mmol) and 120 ml 

acetic acid was refluxed for 2 hours. After cooling the product was filtered off, washed with 

ethanol and dried to afford 3 as yellow solid. Yield 5.5 g (83 %); m.p. 334-335 ºC; 
1
H NMR (400 

MHz, DMSO-d6): δ 7.46 (d, J = 8 Hz, 1H; Ar-H), 7.74-7.78 (m, 1H; Ar-H), 7.82-7.86 (m, 1H; 

Ar-H), 7.99 (d, J = 8 Hz, 1H; Ar-H), 8.09 (d, J = 8 Hz, 1H; Ar-H), 8.26 (d, J = 8 Hz, 1H; Ar-H), 

8.64 (s, 1H; Ar-H), 12.19 (s, 1H; NH); 
13

C NMR (101 MHz, DMSO-d6): δ= 83.5, 114.4, 121.4, 

126.3, 127.6, 129.1, 129.2, 130.2, 138.3, 138.7, 139.1, 140.4, 143.1, 145.6 (Ar); HRMS (ESI): 

m/z calcd for C14H9IN3+: 345.9841 [M + H]
+
; found: 345.9845. 

2-(3-(9-Iodo-6H-indolo[2,3-b]quinoxalin-6-yl)propyl)isoindoline-1,3-dione 5. 
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9-Iodo-6H-indolo[2,3-b]quinoxaline (3; 2.0 g, 5.8 mmol) is dissolved in dry dimethyl sulphoxide 

(33 ml) under nitrogen and sodium hydride (0.15 g, 6.4 mmol) was added with good stirring at 

35 
o
C. When hydrogen gas generation has ceased after about 30 minutes, 2-(3-

bromopropyl)isoindoline-1,3-dione (4; 1.56 g, 5.8 mmol) was added in portions at 20 ºC. After 1 

day at this temperature, the reaction mixture was poured into water. After filtering off and 

drying, recrystallization from acetonitrile was carried out to afford 5 as brownish yellow solid. 

Yield 2.9 g (94 %); m.p. 234-236 ºC; 
1
H NMR (400 MHz, CDCl3): δ 2.39-2.43 (m, 2H; 

NCH2CH2CH2N), 3.82-3.86 (m, 2H; NCH2CH2CH2N), 4.53-4.57 (m, 2H; NCH2CH2CH2N), 7.25 

(d, J = 8 Hz, 1H; Ar-H), 7.67-7.75 (m, 6H; Ar-H), 7.91 (d, J = 8 Hz, 1H; Ar-H), 7.99 (d, J = 8 

Hz, 1H; Ar-H), 8.24 (d, J = 8 Hz, 1H; Ar-H), 8.74 (s, 1H; Ar-H); 
13

C NMR (101 MHz, CDCl3): 

δ= 27.1 (NCH2CH2CH2N), 36.0 (NCH2CH2CH2N), 39.3 (NCH2CH2CH2N), 83.4, 111.4, 121.9, 

123.2, 126.4, 127.9, 129.2, 129.6, 131.5, 131.9, 134.0, 138.4, 139.1, 139.6, 140.7, 143.1, 145.2 

(Ar), 168.2 (2 × C=O); HRMS (ESI): m/z calcd for C25H18IN4O2+: 533.0474 [M + H]
+
; found 

533.0474. 

3-(9-Iodo-6H-indolo[2,3-b]quinoxalin-6-yl)propan-1-amine 6. 

2-(3-(9-Iodo-6H-indolo[2,3-b]quinoxalin-6-yl)propyl)isoindoline-1,3-dione (5; 2.0 g, 3.76 

mmol) was added to a solution of hydrazine hydrate (0.19 g, 3.86 mmol) in ethanol (100 ml) and 

the mixture was heated with reflux for 4 hours and left overnight. After hot filtration, the filtrate 

was concentrated to afford 6 as yellow amorphous solid. Yield 1.28 g (85 %); 
1
H NMR (400 

MHz, DMSO-d6): δ 1.96-2.03 (m, 2H; NCH2CH2CH2NH2), 2.63-2.67 (m, 2H; 

NCH2CH2CH2NH2), 4.51-4.55 (m, 2H; NCH2CH2CH2NH2), 5.89 (br s, 2H; NH2), 7.69 (d, J = 8 

Hz, 1H; Ar-H), 7.72-7.76 (m, 1H; Ar-H), 7.83-7.85 (m, 1H; Ar-H), 8.02 (d, J = 8 Hz, 1H; Ar-H), 

8.10 (d, J = 8 Hz, 1H; Ar-H), 8.24 (d, J = 8 Hz, 1H; Ar-H), 8.61 (s, 1H; Ar-H); 
13

C NMR (101 
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MHz, DMSO-d6): δ= 30.3 (NCH2CH2CH2NH2), 38.2 (NCH2CH2CH2NH2), 38.8 

(NCH2CH2CH2NH2), 83.9, 112.9, 120.9, 125.2, 126.4, 128.0, 129.2, 131.9, 138.8, 139.1, 140.1, 

143.4, 144.7, 155.7 (Ar); HRMS (ESI): calcd for C17H16IN4+: 403.0420 [M + H]
+
; found: 

403.0406. 

2,2,2-Trifluoro-N-(3-(9-iodo-6H-indolo[2,3-b]quinoxalin-6-yl)propyl)acetamide 7. 

To a solution of 3-(9-iodo-6H-indolo[2,3-b]quinoxalin-6-yl)propan-1-amine (6; 1.1 g, 2.74 

mmol) in MeOH (50 ml) was added 1.2 eq. of Et3N (0.46 ml). The solution was cooled in an ice/ 

water bath and ethyl trifluoro acetate (0.36 ml, 3.0 mmol) was added slowly. The reaction 

mixture was stirred at 0 ºC for 2.5h and then concentrated. The residue was dissolved in CH2Cl2 

and the organic phase was washed with water, saturated solution of sodium bicarbonate and 

brine. The organic phase were concentrated under reduced pressure and dried to afford 7 as a 

yellow amorphous solid. Yield  1.1 g (81 %); 
1
H NMR (400 MHz, CDCl3): δ 2.14-2.20 (m, 2H; 

NCH2CH2CH2NH), 3.22-3.26 (m, 2H; NCH2CH2CH2NH), 4.51-4.54 (m, 2H; 

NCH2CH2CH2NH), 7.27 (d, J = 8 Hz, 1H; Ar-H), 7.73-7.77 (m, 1H; Ar-H), 7.82-7.85 (m, 1H; 

Ar-H), 7.98 (d, J = 8 Hz, 1H; Ar-H), 8.05 (d, J = 8 Hz, 1H; Ar-H), 8.31 (d, J = 8 Hz, 1H; Ar-H), 

8.79 (s, 1H; Ar-H), 9.00 (br s, 1H; NH); 
13

C NMR (101 MHz, CDCl3): δ= 27.5 

(NCH2CH2CH2NH), 35.5 (NCH2CH2CH2NH), 38.0 (NCH2CH2CH2NH), 84.1, 111.2 (Ar), 117.7 

(q, J(C,F) = 288 Hz, CF3), 121.9, 126.9, 129.7, 130.1, 131.7, 138.7, 139.5, 139.7, 139.8, 142.8, 

145.6 (Ar), 157.4 (q, J(C,F) = 37 Hz, COCF3); HRMS (ESI) m/z calcd for C19H14F3IN4O+Na
+
: 

521.0062 [M + Na]
+
; found 521.0046. 

2,2,2-Trifluoro-N-(3-(9-((trimethylsilyl)ethynyl)-6H-indolo[2,3-b]quinoxalin-6-

yl)propyl)acetamide 10. 
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A mixture of 2,2,2-trifluoro-N-(3-(9-iodo-6H-indolo[2,3-b]quinoxalin-6-yl)propyl)acetamide (7; 

0.2 g, 0.41 mmol), Pd(PPh3)Cl2 (21 mg, 0.03 mmol), and CuI (10 mg, 0.05 mmol) was dissolved 

in dry NEt3 (20 ml).  The reaction mixture was flushed with argon for 10 minutes before ethynyl 

trimethyl silane (9; 0.08 g, 0.82 mmol) was added. After stirring the reaction mixture for 24 

hours, the solvent was removed under reduced pressure and the residue was dissolved in CH2Cl2 

(50 ml) and washed with 0.3 M aq. EDTA (2 x 50 ml). After extraction of the water phase with 

CH2Cl2 (50 ml), the combined organic layers were dried with (MgSO4) filtered and concentrated 

under reduced pressure to afford 10 as brown oil. Yield 0.21 g (96 %); 
1
H NMR (400 MHz, 

CDCl3): δ  0.31 (s, 9H; Si(CH3)3), 2.15-2.21 (m, 2H; NCH2CH2CH2NH), 3.23-3.27 (m, 2H; 

NCH2CH2CH2NH), 4.52-4.55 (m, 2H; NCH2CH2CH2NH), 7.40 (d, J = 8 Hz, 1H; Ar-H), 7.72-

7.76 (m, 1H; Ar-H), 7.80-7.84 (m, 2H; Ar-H), 8.05 (d, J = 8 Hz, 1H; Ar-H), 8.31 (d, J = 8 Hz, 

1H; Ar-H), 8.61 (s, 1H; Ar-H), 9.06 (br s, 1H; NH); 
13

C NMR (101 MHz, CDCl3): δ= 0.0 

(Si(CH3)3), 27.6 (NCH2CH2CH2NH), 35.6 (NCH2CH2CH2NH), 38.1 (NCH2CH2CH2NH), 94.0, 

104.6 (C≡C), 116.7 (q, J(C,F) = 288 Hz, CF3), 109.1, 119.7, 126.8, 126.9, 129.8, 129.9, 132.0, 

134.8, 139.7, 139.8, 143.2, 146.2 (Ar), 157.4 (q, J(C,F) = 36 Hz, COCF3); HRMS (ESI) m/z 

calcd for C24H24F3N4OSi+: 469.1671 [M + H]
+
; found 469.1653. 

N-(3-(9-Ethynyl-6H-indolo[2,3-b]quinoxalin-6-yl)propyl)-2,2,2-trifluoroacetamide 11. 

The crude product 2,2,2-trifluoro-N-(3-(9-((trimethylsilyl)ethynyl)-6H-indolo[2,3-b]quinoxalin-

6-yl)propyl)acetamide (10; 0.2 g, 0.47 mmol) was dissolved in dry THF (20 ml) and 1.2 

equivalent TBAF solution (0.6 ml, 0.56 mmol) was slowly added  to this solution cooled at 0 
o
C. 

The resulting mixture was stirred at this temperature for 30 minutes. The reaction was quenched 

by addition of saturated aqueous NH4Cl and the mixture was extracted with EtOAc (50 ml). The 

organic layer was washed with water (2 x 50 ml) and brine (2 x 50 ml), dried over (Na2SO4), 
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filtered and concentrated under reduced pressure. The residue was purified by column 

chromatography (silica gel; 5% MeOH in CH2Cl2, v/v) to afford compound 11 as yellow oil. 

Yield 0.18 g (95 %); 
1
H NMR (400 MHz, CDCl3): δ 2.16-2.19 (m, 2H; NCH2CH2CH2NH), 3.15 

(s, 1H; (C≡CH), 3.23-3.27 (m, 2H; NCH2CH2CH2NH), 4.53-4.56 (m, 2H; NCH2CH2CH2NH), 

7.42 (d, J = 8 Hz, 1H; Ar-H), 7.72-7.77 (m, 1H; Ar-H), 7.80-7.85 (m, 2H; Ar-H), 8.05 (d, J = 8 

Hz, 1H; Ar-H), 8.32 (d, J = 8 Hz, 1H; Ar-H), 8.61 (s, 1H; Ar-H), 9.03 (br s, 1H; NH); 
13

C NMR 

(101 MHz, CDCl3): δ= 27.5 (NCH2CH2CH2NH), 35.6 (NCH2CH2CH2NH), 38.1 

(NCH2CH2CH2NH), 83.1 (C≡CH), 83.2 (C≡CH), 115.6 (q, J(C,F) = 288 Hz, CF3), 109.3, 119.7, 

126.9, 128.6, 129.7, 130.0, 135.1, 139.5, 139.7, 143.4, 146.2 (Ar), 157.4 (q, J(C,F) = 36 Hz, 

COCF3); HRMS (ESI) m/z calcd for C21H16F3N4O+: 397.1276 [M + H]
+
; found 397.1255. 

(S)-N-(3-(9-((4-(3,4-Dihydroxybutoxy)phenyl)ethynyl)-6H-indolo[2,3-b]quinoxalin-6-

yl)propyl)-2,2,2-trifluoroacetamide 13. 

A mixture of 2,2,2-trifluoro-N-(3-(9-iodo-6H-indolo[2,3-b]quinoxalin-6-yl)propyl)acetamide (7; 

0.74 g, 1.48 mmol), Pd(PPh3)Cl2 (0.11 g, 0.16 mmol), CuI (0.05 g, 0.26 mmol) and powdered 

PPh3 (0.12 g, 0.44 mmol) was dissolved in dry NEt3 (50 ml) and 2 ml DMf. The mixture was 

flushed with argon for 20 minutes before (S)-4-(4-ethynylphenoxy)butane-1,2-diol (8; 0.46 g, 

2.22 mmol) was added. The reaction mixture was stirred for 24 hours. The solvent was removed 

under reduced pressure and the residue was dissolved in CH2Cl2 (100 ml) and washed with 0.3 

M aq. EDTA (2 x 100 ml). After extraction of the water phase with CH2Cl2 (100 ml), the 

combined organic layers were dried with (MgSO4), filtered and concentrated under reduced 

pressure to afford 13 as yellow solid. Yield 0.76 g (78 %); m.p. 210-212 ºC. Compound 13 was 

also synthesized from by coupling of the compounds 11 and 12. (S)-4-(4-Iodophenoxy)butane-

1,2-diol (12; 0.17 g, 0.56 mmol), Pd(PPh3)Cl2 (28 mg, 0.04 mmol), CuI (13 mg, 0.07 mmol) and 
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powdered PPh3 (29 mg, 0.11 mmol) were dissolved in dry NEt3 (25 ml) and 1 ml DMF. The 

mixture was flushed with argon for 20 minutes before N-(3-(9-ethynyl-6H-indolo[2,3-

b]quinoxalin-6-yl)propyl)-2,2,2-trifluoroacetamide (11; 0.15 g, 0.37 mmol) was added The 

reaction mixture was stirred for 24 hours. The solvent was removed under reduced pressure and 

the residue was dissolved in CH2Cl2 (50 ml) which was washed with 0.3 M aq. EDTA (2 x 50 

ml). After extraction of the water phase with CH2Cl2 (50 ml), the combined organic layers were 

dried with (MgSO4), filtered and concentrated under reduced pressure to afford 13 as yellow 

solid. m.p. 210-212 ºC; Yield 0.22 g (85%); 
1
H NMR (400 MHz, DMSO-d6): δ 1.63-1.71 (m, 

1H; OCH2CHH), 1.92-2.00 (m, 1H; OCH2CHH), 2.12-2.19 (m, 2H; NCH2CH2CH2NH), 3.28-

3.31 (m, 2H; NCH2CH2CH2NH), 3.36-3.41 (m, 2H; CHCH2OH), 3.64-3.69 (m, 1H; CHCH2OH), 

4.12-4.15 (m, 2H; OCH2CH2), 4.53-4.60 (m, 3H; NCH2CH2CH2NH, CHCH2OH), 4.66 (d, J = 8 

Hz, 1H; CH2CHOH), 7.01 (d, J = 8 Hz, 2H; Ar-H), 7.54 (d, J = 8 Hz, 2H; Ar-H), 7.73-7.77 (m, 

1H; Ar-H), 7.82-7.91 (m, 3H; Ar-H), 8.09 (d, J = 8 Hz, 1H; Ar-H), 8.27 (d, J = 8 Hz, 1H; Ar-H), 

8.46 (s, 1H; Ar-H), 9.45 (br s, 1H; NH); 
13

C NMR (101 MHz, DMSO-d6): δ= 27.1 

(NCH2CH2CH2NH), 33.0 (OCH2CH2), 37.1 (NCH2CH2CH2NH), 38.8 (NCH2CH2CH2NH), 64.8 

(OCH2CH2), 66.0 (CH2CHOH), 68.0 (CH2OH), 88.1 (C≡C-Ph), 88.8 (C≡C-Ph), 115.3 (q, J(C,F) 

= 288 Hz, CF3), 110.9, 114.3, 114.8, , 119.0, 124.7, 126.4, 129.2, 129.3, 132.9, 134.1, 138.8, 

138.9, 140.0, 143.5, 145.3, 158.9  (Ar), 156.2 (q, J(C,F) = 36 Hz, COCF3); HRMS (ESI) m/z 

calcd for C31H28F3N4O4+: 577.2063 [M + H]
+
; found 577.2050. 

(S)-N-(3-(9-((4-(4-(Bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutoxy)phenyl) 

ethynyl)-6H-indolo[2,3-b]quinoxalin-6-yl)propyl)-2,2,2-trifluoroacetamide 14. 

(S)-N-(3-(9-((4-(3,4-Dihydroxybutoxy)phenyl)ethynyl)-6H-indolo[2,3-b]quinoxalin-6-

yl)propyl)-2,2,2-trifluoroacetamide (13; 0.52 g, 0.90 mmol) was dissolved in anhydrous pyridine 
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(25 ml) and 4,4´-dimethoxytrityl chloride (0.37 g, 1.1 mmol) was added under nitrogen. The 

reaction was stirred at room temperature overnight before it was quenched with MeOH (2 ml). 

The mixture was diluted with EtOAc (150 ml) before washing with saturated aq. NaHCO3 (2 × 

40 ml). After back extraction with EtOAc (2 × 50 ml), the combined organic phase was dried 

(Na2SO4), filtered and concentrated under reduced pressure. The residue was coevaporated with 

toluene/EtOH ( 2 × 25 ml, 1:1, v/v) before it was purified by column chromatography (silica gel; 

0.5% Et3N  v/v, 30-50% EtOAc in cyclohexane) to afford 14 as a yellow foam. Yield  0.74 g (87 

%); 
1
H NMR (400 MHz, CDCl3): δ 1.92-1.96 (m, 2H; OCH2CH2), 2.20 (br s, 1H; CHOH), 2.93-

2.98 (m, 2H; NCH2CH2CH2NH), 3.14-3.18 (m, 2H; CH2ODMT), 3.25-3.29 (m, 2H; 

NCH2CH2CH2NH), 3.81 (s, 6H; 2 × OCH3), 4.06-4.16 (m, 3H; OCH2CH2, CH2CHCH2), 4.55-

4.58 (m, 2H; NCH2CH2CH2NH), 6.85 (d, J = 8 Hz, 5H; DMT), 7.23-7.36 (m, 7H; Ar-H), 7.44-

7.55 (m, 5H; Ar-H), 7.71-7.78 (m, 2H; Ar-H), 7.81-7.88 (m, 2H; Ar-H), 8.07 (d, J = 8 Hz, 1H; 

Ar-H), 8.35 (d, J = 8 Hz, 1H; Ar-H), 8.65 (s, 1H; Ar-H), 9.09 (br s, 1H; NH); 
13

C NMR (101 

MHz, CDCl3): δ= 27.6 (NCH2CH2CH2NH), 33.1 (OCH2CH2), 35.6 (NCH2CH2CH2NH), 38.1 

(NCH2CH2CH2NH), 55.2 (2 × OCH3), 64.9 (OCH2CH2), 67.4 (CH2CHCH2), 68.4 (CH2ODMT), 

86.2 (CPh3), 87.7 (C≡C-Ph), 89.3 (C≡C-Ph), 115.3 (q, J(C,F) = 288 Hz, CF3), 109.3, 113.2, 

114.7, 117.3, 119.9, 126.1, 126.8, 126.9, 127.9, 128.1, 128.8, 129.9, 130.1, 133.0, 134.5, 136.0, 

139.8, 143.0, 144.8, 146.3, 158.9 (Ar), 158.6 (q, J(C,F) = 36 Hz, COCF3); HRMS (ESI) m/z 

calcd for C52H46F3N4O6+: 879.3369 [M + H]
+
; found 879.3322. 

(S)-1-(Bis(4-methoxyphenyl)(phenyl)methoxy)-4-(4-((6-(3-(2,2,2-trifluoroacetamido)propyl) 

-6H-indolo[2,3-b]quinoxalin-9-yl)ethynyl)phenoxy)butan-2-yl2-cyanoethyl diisopropylphos 

-phoramidite 15. 
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(S)-N-(3-(9-((4-(4-(Bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutoxy)phenyl)ethynyl)-

6H-indolo[2,3-b]quinoxalin-6-yl)propyl)-2,2,2-trifluoroacetamide (14; 0.3 g, 0.33 mmol) and  N, 

N´-diisopropyl ammonium tetrazolide (0.09 g, 0.5 mmol) were dissolved under an argon in dry 

CH2Cl2 (15 ml), followed by dropwise addition of 2-cyanoethyl N, N, N´, N´-

tetraisopropylphosphordiamidite (0.3 g, 0.99 mmol) under external cooling with an ice-water 

bath. The reaction mixture was stirred at room temperature under argon overnight. After 16 h, 

analytical TLC showed no more starting material. The reaction was quenched with H2O (30 ml). 

The organic layer was separated and washed with H2O (30 ml). The combined water layers were 

extracted with CH2Cl2 (25 ml). The combined organic phase was dried (Na2SO4), filtered and 

concentrated under reduced pressure. The residue was purified by column chromatography 

(silica gel; 0.5% Et3N v/v, 30-50% EtOAc in cyclohexane) to afford 15 as a yellow foam. Yield 

0.5 g (91 %); 
1
H NMR (400 MHz, CDCl3): δ 1.15-1.21 (m, 12H; 2 × CH(CH3)2), 2.03 (m, 1H; 

CHHCH2O), 2.19-2.24 (m, 3H; CHHCH2O, NCH2CH2CH2NH), 2.39–2.46 (m, 2H; CH2CN), 

3.24-3.29 (m, 4H; 2 × CH(CH3)2, NCH2CH2CH2NH), 3.79 (s, 6H; 2 × OCH3), 4.09-4.15 (m, 7H; 

OCH2CH2, CH2CHCH2 CHCH2ODMT, OCH2CH2CN), 4.55-4.58 (m, 2H; NCH2CH2CH2NH), 

6.81 (m, 5H; DMT), 7.21-7.31 (m, 4H; Ar-H), 7.33-7.37 (m, 4H; Ar-H), 7.45-7.50 (m, 5H; Ar-

H), 7.73-7.88 (m, 3H; Ar-H), 8.07 (d, J = 8 Hz, 1H; Ar-H), 8.34 (d, J = 8 Hz, 1H; Ar-H), 8.65 (s, 

1H; Ar-H), 9.08 (br s, 1H; NH); 
13

C NMR (101 MHz, CDCl3): δ= 21.1 (CH2CN), 24.4, 24.5, 

24.6, 24.7 (2 × CH(CH3)2), 26.9 (NCH2CH2CH2NH), 33.2 (OCH2CH2), 35.6 

(NCH2CH2CH2NH), 38.1 (NCH2CH2CH2NH), 43.1, 43.2 (2 × CH(CH3)2),  55.2 (2 × OCH3), 

60.4 (OCH2CH2CN), 64.4 (OCH2CH2), 66.5 (CHOP(NPr2)2), 71.3 (CH2ODMT), 85.4 (OCPh3), 

87.7 (C≡C-Ph), 88.5 (C≡C-Ph), 116.6 (q, J(C,F) = 288 Hz, CF3),  109.3, 113.1, 114.7, , 117.5, 

119.5, 126.1, 127.8, 128.3, 128.4, 130.2, 133.0, 134.6, 136.2, 139.7, 140.2, 143.0,  144.4, 146.3, 
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158.5 (Ar), 158.1 (q, J(C,F) = 36 Hz, COCF3); 
31

P NMR (162 MHz, CDCl3): δ 148.7, 149.1; 

HRMS (ESI) m/z calcd for C61H63F3N6O7P+: 1079.4448 [M + H]
+
; found 1079.4405. 

Oligonucleotide synthesis, purification, and melting temperature determination 

DMT-on oligodeoxynucleotide syntheses were carried out at 0.2 μmol scales on 500 Å CPG 

supports with an Expedite 
TM

 Nucleic Acid Synthesis System Model 8909 from Applied 

Biosystems with 1H-tetrazole as an activator for coupling reaction. The appropriate amidite 15 

was dissolved in dry DCM and inserted into the growing oligonucleotides chain using an 

extended coupling time (15 min). DMT-on oligonucleotides bound to CPG supports were treated 

with aqueous ammonia (32%, 1 ml) at room temperature for 20 min and then at 55 
º
C overnight. 

The trifluoroacetyl group was also removed in this step. Purification of DMT-on ONs was 

accomplished by reversed-phase semipreparative HPLC on a Waters Xterra MS C18 5 μm, 

7.8×150 mm column with a Waters Xterra MS C18 5 μm, 7.8×10 mm Chromatography System 

(Buffer A [0.05 M triethylammonium acetate (pH 7.4)] and Buffer B (75% MeCN/25% Buffer 

A)). Flow 2.5 ml/min. Gradients: 2 min 100% A, linear gradient to 70% B in 38 min, linear 

gradient to 100% B in 7 min and then 100% A in 10 min). 80% Acetic acid were added to ODNs 

over 20 min, afterwards 100 μL double filtered water, aqueous AcONa (3 M, 15μL) and aqueous 

sodium perchlorate (5 M, 15 μL) were then added and the ONs were precipitated from pure 

acetone. All modified ODNs were confirmed by MALDI-TOF analysis on a Ultraflex II 

TOF/TOF system from Bruker (a MALDI-LIFT system) with HPA-matrix (10 mg 3-

hydroxypicolinic acid, in 50 mM ammoniumcitrate/70% acetonitril) matrix. ODN Found m/z 

(Calculated m/z): ON2 4664.7 (4663.4), ON9 5205.6 (5204.9), ON13 5206.0 (5204.9), ON14 

5584.7 (5585.9), ON15 5876.3 (5875.9), ON16 4676.1 (4676.4), ON26 4962.5 (4963.4), ON27 

4938.6 (4938.4), ON28 4963.7 (4963.4). The purity of the final TFOs was found to be over 95%,  
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checked by ion-exchange chromatography using La-Chrom system from Merck Hitachi on 

Dionex DNAPac Pa-100, 4 × 250 mm analytical column. Melting temperature measurements 

were performed on a Perkin-Elmer UV-VIS spectrometer Lambda 35 fitted with a PTP-6 

temperature programmer. The triplexes were formed by first mixing the two strands of the 

Watson-Crick duplex, at a concentration of 1.0 µM for the purine strand and 1.5 μM for the 

pyrimidine strand as mentioned  above in the thermal stability studies part, followed by addition 

of the third strand (TFO) at a concentration of 1.5 µM in a buffer consisting of sodium 

cacodylate (20 mM), NaCl (100 mM), and MgCl2 (10 mM) at pH 6.0 or 7.2. TWJs were formed 

by mixing the two strands each at a concentration of 1.0 μM in sodium phosphate buffer (15 

mM) containing NaCl (100 mM) and EDTA (0.1 mM) at pH 7.0. To furnish G-quadruplex 

forming oligonucleotides, the synthesized oligonucleotides (3μM) were mixed with potassium 

buffer (100 mM KCl, 20 mM K2HPO4 and 1 mM K2EDTA adjusted at pH 7.2). The solutions 

were heated to 80 ºC then cooled down to 10 ºC and were then kept at this temperature for 30 

min. The melting temperature (Tm, ºC) was determined as the maximum of the first derivative 

plots of the melting curves obtained by absorbance at 260 nm against increasing temperature (1.0 

ºC /min). If needed experiments were also done at 295 nm. All melting temperatures are within 

the uncertainly ± 0.5 ºC as determined by repetitive experiments. 
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