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ABSTRACT 

A. In this work, LNA-dG was incorporated into d(CG)6 sequence in a site-specific manner 

through the phosphoramidite chemistry-based solid phase synthesis to investigate the 

impact of this modification on the B→Z-DNA transition. Circular dichroism study showed 

that the incorporation of a single LNA-dG unit into d(CG)6 at internal positions virtually 

suppressed Z-DNA formation at 4 M NaCl concentration, whereas the presence of single 

LNA-dG unit towards the terminal ends showed only partially inhibition of B→Z-DNA 

transition. To further understand the influence of chemical modification on B→Z-DNA 

transition, modification at C8-position on LNA-dG residue was explored. Towards this goal, 

compounds such as 8-bromo-5′-dimethoxytrityl-N-dimethylformamidine-(2′-O,4′-C-

methylene)-guanosine-3′-O-(2-cyanoethyl)-N,N-diisopropy phosphoramidite and 8-bromo-

2′-deoxy-5′-O-dimethoxy-N-[(dimethylamino)methylene]-2′-fluoroguanosine-3′-O-(2-

cyanoethyl)-N,N-diisopropyl phosphoramidite were synthesized. 

B. In this study, N,N,N-trimethyl-2-(4,4-difluoro-2,6-diiodo-4-bora-3a,4a-diaza-s-indacen-8-yl) 

ethylammonium iodide 111 was successfully synthesized. Singlet oxygen generation 

experiments suggested that BODIPY 111 is ~2.5 times more efficient with respect to Rose 

Bengal (RB) in generating singlet oxygen. However, based on the cell-culture experiment, 

BODIPY 111 treated culture plates showed only slight reduction in CFUs compared to Rose 

Bengal and control plates. BODIPY compounds 107 (iodinated-fluoro-BODIPY), 130 

(brominated-fluoro-BODIPY) and 110 (brominated-meso-dimethylamine-fluoro-BODIPY) 

showed excellent stability both in dark and in light conditions and were found to be very 

efficient in generating singlet oxygen when compared to RB. 
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Chapter 1 – Z-DNA and Locked Nucleic 

Acids



   
 

1 
 

1.1 Introduction to nucleic acids 

Nucleic acids are biopolymers essential for all known forms of living organisms, first isolated by 

Fredrich Miescher in 1869.1 Nucleic acids are structurally composed of a nitrogenous heterocyclic 

base (purine or pyrimidines), a pentose sugar and a phosphate group (Figure 1.1). 

 
 
 
Figure 1.1: Nucleic acids components. 
 
A nucleoside is formed when a nucleobase is attached to the sugar moiety at the anomeric 

carbon. If a phosphate group is attached to a nucleoside at the 5′- or 3′-OH, it is called a 

nucleotide. The nucleotides are connected to each other through phosphodiester linkages 

between 5′- and 3′-OH on two neighboring nucleotides (Figure 1.2). 

 



   
 

2 
 

 
 
Figure 1.2: Chemical structures of a) DNA and b) RNA. 
 
Nucleic acids are mainly found in two types, deoxyribonucleic acid (DNA) and ribonucleic acid 

(RNA) (Figure 1.2). DNA is made up of deoxyribose sugar, and RNA consist of ribose sugar. DNA 

is double stranded whereas RNA is usually single stranded and thymine in DNA is replaced with 

uracil in RNA. 

Two single complimentary strands of DNA at physiological conditions will hybridize to form a B-

DNA double helix. The two strands in DNA duplex run anti-parallel to each other, i.e., one strand 

runs in the 5′→3′ direction, while the other strand runs in the 3′→5′ direction (Figure 1.3). The 

DNA duplex is stabilized through hydrogen bonding between nucleobases. Nucleobases are 

paired in a classical Watson-Crick fashion, where adenine form two sets of hydrogen bonds with 

thymine and guanine forms three sets of hydrogen bonding with cytosine. The DNA duplex is 

further stabilized by base-stacking interactions between adjacent nucleobases Figure 1.3.  
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Figure 1.3: Pattern of base pairing in DNA. 
 
DNA exists in different conformations, of which B-DNA is the most common form. In this form, 

the phosphodiester backbone of DNA is twisted around its long axis to form a right-handed 

double helix. Two distinct grooves, the major and the minor, are formed and run along the side 

of the helix. The major groove is wide and deep, while the minor groove is narrow and deep 

(Figure 1.3). 

Nucleic acids are involved in the storage and transfer of genetic information through processes 

such as replication, transcription, and translation. In replication, an exact copy of DNA is 

generated. The genetic information stored in DNA is then transcribed into RNA to produce 

messenger RNA (mRNA), ribosomal RNA (rRNA), transfer RNA (tRNA), small nuclear RNA (snRNA), 

micro-RNA (miRNA) and antisense RNA (aRNA) by RNA polymerases.2 The encoded genetic 

information is used to construct diverse proteins in cytoplasm through a process called 

translation. Proteins are essential parts of organisms involved virtually in all biological processes 

within cells such as metabolism, cell signalling and immune responses.  
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1.2 Characterization of Z-DNA 
 
DNA has the ability to assume secondary structures that are not typical right-handed B-DNA 

double helix. The evidence of non-B-form DNA such as Z-DNA was first suggested in 1972 by Fritz 

Pohl and Thomas Jovin.3 They demonstrated that alternating 2’-deoxyguanosine and 2’-

deoxycytidine residues in poly[d(CG)] produced a nearly inverted circular dichroism spectrum 

under high salt concentration (Figure 1.4 a, dashed spectrum). The salt concentrations required 

for midpoint transition for poly[d(CG)] to adopt Z-DNA were determined as 2.56 M NaCl, 1.67 M 

NaClO4 and 0.66 M MgCl2 (Figure 1.4 b). Interestingly this transition was found to be dependent 

on chain length of the oligonucleotide. Thus, the longer the chain length, the lower salt 

concentration is needed for transition.3 

 

 

 
Figure 1.4: a) Circular dichroism of poly[d(GC)], and b) degree of B-/Z-DNA transition of 

poly[d(CG)n] as a function of salt concentration at 25 oC. : MgCl2; O: NaClO4; Δ: NaCl. Image 

reproduced from Pohl et al., 19723 with permission. 

a b 
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Later in 1979, Rich and coworkers reported the crystal structure of d(CG)3 confirming the 

existence of left-handed form of DNA which was later called Z-DNA.4 In this structure, the two 

strands of Z-DNA are antiparallel and joined by Watson-Crick base pairing. In Z-DNA, 2′-

deoxycytidine (dC) residues assume C2′-endo sugar pucker and the anti-conformation around the 

glycosidic linkage as usually found in B-DNA, however, 2′-deoxyguanosine (dG) residues acquires 

the C3′-endo sugar pucker and take syn-, instead of anti-, conformation (Figure 1.5).  

 

Figure 1.5: Sugar puckers and conformation around the glycosidic linkage. 

This dinucleotide repeat causes the backbone to follow a zigzag path, giving rise to the name Z-

DNA. The left-handed Z-DNA structure was also subsequently confirmed by NMR spectroscopy.5 

Structurally, left-handed Z-DNA duplexes are slimmer but more extended when compared with 

the right-handed A- and B-DNA helices (Table 1.0). In Z-DNA, the phosphate groups in opposite 

strands are considerably closer (7.7 Å for dG) than both A- (11.5–11.9 Å) and B-DNA (8.8–14 Å) 

(Table 1.0),6,7 giving rise to more severe electrostatic repulsions in the duplex. 
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Table 1.0: Key structural features of A-, B- and Z-DNA7, 8 

 

 A- B- Z- 

Sugar pucker C3′-endo C2′-endo C2′-endo for dC 
C3′-endo for dG 

Glycosidic bond dihedral angle anti anti syn 

Handedness Right-handed Right-handed Left-handed 

Groove width (Å) Major 2.7 11.7 8.8 

Minor 11.0 5.7 2.0 

Groove depth (Å) Major 13.5 8.8 3.7 

                                Minor 2.8 7.5 13.8 

Diameter of helix (Å) 24 20 18 

Base tilting (º) 20 -6 -7 

Average number of residues per 
helical turn 

11 10 12 

Rise per base pair (Å) 2.56 3.3-3.4 3.7 

Mean helical pitch (Å) 28 34 45 

Distance between adjacent 
intrachain phosphate (Å) 

5.4 6.7 dC: 7.0 
dG: 5.9 

Distance between adjacent 
interchain phosphate (Å) 

11.5-11.9 8.8-14 dC: 13.7 
dG: 7.7 

 
The width and depth of both major and minor grooves of the three forms of DNA duplexes are 

quite different (Figure 1.6), where the major groove of Z-DNA is nearly flat, and the minor groove 

is very narrow but very deep. 

   
 
Figure 1.6: 3D side-view of A-, B- and Z-DNA. 
 



   
 

7 
 

Sequences with alternating purines and pyrimidines, especially guanine and cytosine residues 

followed by d(TA)n
9 repeats have shown to readily undergo transition from B- to Z-DNA because 

of improved base stacking in the Z-form, although d(TA) repeats are prone to adopt hairpin 

structure more readily than Z-DNA structure. Additionally, non-purine and pyrimidines repeating 

sequences such as d(GGGC)n have also been shown to adopt a Z-DNA conformation.10,11 

Alternating pyrimidine/purine sequences favor Z-DNA formation with the following preferences: 

m5CG>CG>TG = CA>TA, where m5C refers to 5-methyl dC.12 

1.3 B-/Z-DNA transition 
 
Z-DNAs are highly unstable forms of DNA, compared with A- and B-form DNAs, due to the close 

proximity of the phosphate groups in the opposing strands. Z-DNA formation from suitable 

sequences can be triggered and stabilized by high concentrations of salts, Z-DNA-binding 

proteins, and negative supercoiling. 

In 1981, a study conducted by Klysic, and coworkers showed successful incorporation of synthetic 

d(CG) oligomers within DNA restriction fragments of a recombinant plasmid. Circular dichroism 

and 31P-NMR studies showed salt-induced transition to Z-DNA in a small d(CG) segment of a 

recombinant plasmid. Interestingly, presence of B-DNA form was also inferred in close proximity 

to the Z-form in the same duplex.13 This observation resulted in ‟Chain Sense Paradox”,14 where 

the handedness of DNA duplexes is forced to undergo right- to left-transition in the B–Z junction. 

Over the years, several theoretic models have attempted to address this transition,15 however, 

substantial experimental evidence is required to validate these hypotheses. The major difference 

that divides these models is whether base pairings are disrupted or not during this transition. 

Presence of B-Z junction was first observed by Peticolas and co-workers in 1988.14 Raman 
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spectroscopic study of a heptadecamer d(CGCGCGCGCGCGAAAAA) showed that at 5.5 M NaCl, 

d(CGCGCGCGC) and d(AAAAA) exist in the Z- and B-forms, respectively. Interestingly the 

trinucleotide d(GCG) segment in between exists as single-stranded junction giving arise to the B–

Z junction (Figure 1.7).14  

 

Figure 1.7: Structure of a heptadecamer featuring segments of B- and Z-DNA and a 3-base B–Z 

junction. 

A double-stranded RNA adenosine deaminase (ADAR1) enzyme has been shown to interact with 

DNA duplexes containing both B- and Z- helices through the Z-DNA binding domain (Zα) by X-

ray16 and NMR studies.17 This work provided first concrete evidence for the presence of unpaired 

nucleotides in the B-Z junctions.  

As shown in Figure 1.8, a 15-nucleotide DNA duplex with a 2-nucleotide overhang at the 5′-

termini of each strand upon interaction with ADAR1 was shown to undergo a partial B-Z DNA 

transition, while the other region (the portion in the blue box) remains in the B-form.16 The Z𝛼 

domain of ADAR1 binds to C1 to C8 and G1′ to G8′ (the portion in the red box) of the DNA duplex, 

respectively, leading to the formation of a Z-DNA segment. The junction between the B- and Z-

segments features a one-nucleotide extrusion from the duplex. This base extrusion pattern in B–

Z junctions is also found in RNA A–Z junctions.18 
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Figure 1.8: Z-DNA in complex with the Z𝛼 domain of ADAR1 deaminase. (A) A DNA duplex with 

two nucleotide-overhangs at 5′-termini. (B) Crystal structure (pdb: 2ACJ) of the duplex with B-

DNA (top) and Z-DNA (bottom) separated by a one-nucleotide extrusion (colored in blue). Image 

reproduced from Ha et al.;16 2005 with permission. 
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1.4 B-/Z-DNA transition measurement 

B- to Z-DNA transition is extensively studied using circular dichroism spectroscopy (CD).19, 20 CD 

is a technique that detects interaction of right-handed and left-handed circularly polarized light 

with chiral molecules. DNA is a chiral molecule, therefore changes in the conformation of the 

DNA can be detected by CD. Although CD spectroscopy does not give detailed structural 

information, rather low concentrations of DNA samples, for example, 10 μM DNA in a 1 cm 

cuvette, is typically sufficient to give reasonable signal/noise ratios. CD has been commonly used 

to monitor conformational changes for A-, B- and Z-form of DNA (Figure 1.9 and Table 1.1). As 

can be seen from Figure 1.9, Z-DNA shows a characteristic negative band at 290 nm, contrary to 

the positive band at around 260 and 280 nm for A- and B-form DNA, respectively. Table 1.1 

summarizes the characteristic bands for A-, B- and Z-DNA duplexes.  

 

Figure 1.9: Typical CD profiles of A-, B- and Z-DNA. Image reproduced from Kypr et al., 200920 

with permission.  
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Table 1.1: Characteristic bands in the CD profiles of A-, B- and Z-DNA 
 

 Characteristic bands 

A-DNA A dominant positive band (260 nm) and a negative band (210 nm) 

B-DNA A positive band (or bands) (260–280 nm) and a negative band (c. 245 nm) 

Z-DNA 
                                       

A negative band (290 nm), a positive band (c. 260 nm) and a deep negative 
band (c. 205 nm)   

  
Although CD spectroscopy is a straightforward technique to study conformational changes in 

DNA duplexes, the presence of more than one form of DNA duplex and other biomolecules such 

as proteins presents significant challenges in the interpretation of CD profiles due to coalescence 

of CD bands in the UV region. In 1983, Tomasz and coworkers reported the synthesis of 

poly[d(CG)] sequences covalently conjugated to reductively activated mitomycin C. The CD 

spectra of the conjugate resembles to that of Z-DNA, however further analysis showed no 

evidence of Z-DNA formation.21 

In order to address this challenge, several chiral ligands were introduced that selectively bind to 

the DNA duplexes, leading to the appearance of induced CD bands. These probes were found to 

be quite simple and sensitive, allowing for monitoring the dynamic B–Z transition. For example, 

a left-handed phenanthroline ruthenium (II) complex 1 (Figure 1.10) was shown to bind to left-

handed Z-DNA but not right-handed B-DNA,22 as interaction of this complex with DNA duplexes 

is only possible through intercalation when both species are left-handed. This metallocomplex 

also allows for the detection of Z-DNA through enhanced luminescence due to the metal-to-

ligand charge-transfer.22 
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Figure 1.10: Structure of left-handed phenanthroline ruthenium (II) complex 1. 
 
Tanaka and coworkers demonstrated that the (M)-enantiomer of helicene (Figure 1.11) non-

selectively binds to B- and Z-DNA with similar affinity, on the other hand, the (P)-enantiomer 

binds to Z-DNA with approximately five times higher affinity than B-DNA and is able to convert 

B-DNA to Z-DNA upon binding.23 

 
 

Figure 1.11: Structure of (M)-helicene and (P)-helicene enantiomer. 
 
An interesting platform used in monitoring changes in B-Z DNA transitions are porphyrins and 

metalloporphyrins. Porphyrins detect Z-DNA motifs through formation of self-assembly 

structures that give rise to induced CD bands in the Soret region, which is well beyond (>400 nm) 



   
 

13 
 

that of DNA and proteins.24, 25 The appearance of unique CD signals is related to how porphyrins 

bind to DNA. It has been suggested that porphyrins bind to DNA in three different modes, 

intercalation, outside groove binding, and outside stacking (interaction of the ligand molecules 

stacked along the external surface of the DNA), leading to induced negative, positive, and 

bisignate bands, respectively, in CD spectroscopy.25, 26 Of particular interest, it was found that N-

7 of 2′-deoxyguanosine exists in the syn-conformation, and it is involved in coordination with 

metal ligands in metalloporphyrins,26 resulting in a red shift in the induced CD band and a blue 

shift in the emission of porphyrin. Other techniques, such as Raman spectroscopy,27,28 UV 

spectroscopy with respect to the A260/A290 ratio,3 and NMR Nuclear Overhauser Effect,29 have 

been used to reveal B–Z DNA conformational changes with varying degrees of sensitivity and 

scopes. 

1.5 Chemical probes for Z-DNA motifs detection 
 
Chemical reagents that particularly bind to Z-DNA motifs under controlled conditions allow for 

selective probing and manipulation of this non-B-form DNA duplex. For example, hydroxylamine 

and osmium tetroxide were found to react with cytosine and thymine with higher reactivity than 

other nucleobases, in supercoiled plasmids containing d(CG) and d(TG) repeats, respectively, 

near B–Z DNA junctions. In contrast, diethyl pyrocarbonate showed enhanced reactivity with 

purines of syn-conformation in Z-DNA regions. In addition, dimethyl- and diethylsulfate are 

involved in alkylating guanines in Z-DNA that are out of phase with the usual alternating 

purine/pyrimidine pattern.30 It is also very important to understand that these ‟Z-DNA” 

modifying conditions are not highly specific. For example, diethyl pyrocarbonate was also found 

to bind cruciform loops.31, 32 Transition of DNA from B- to Z-form is also monitored by exploiting 
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difference in reactivity of B- and Z-form with other DNA-modifying reagents. For example, 4,5′, 

8-trimethylpsoralen 2 (Figure 1.12, left), a potent photo-crosslinking agent, exhibited reduced 

reactivity toward Z-DNA in supercoils.33 4-Acetoxyaminoquinoline-1-oxide 3 (Figure 1.12, 

middle), a carcinogenic metabolite from 4-nitroquinoline-1-oxide 4 (Figure 1.12, right), reacts 

with dG at B-Z junctions, but does not react to Z-duplexes formed from a d(CG)16 insert in 

plasmids.34 Interestingly, oxidizing agents such as potassium permanganate were found to react 

preferentially with B–Z junctions in supercoiled plasmids, but not B-DNA, under well-controlled 

conditions, allowing for profiling relative portions of B- and Z-DNA in plasmids.35 

 
 

Figure 1.12: Structure of DNA-modifying reagents. 
 
Recently, Andrei and coworkers developed 5-fluoro-2′-deoxycytidine (FdC, 5)36 (Figure 1.13) as a 

probe to study B/Z-DNA transition using 19F NMR spectroscopy. 5-Fluoro-2′-deoxycytidine was 

incorporated into d(CG)6 sequences through the phosphoramidite chemistry-based solid-phase 

synthesis.  

 

Figure 1.13: Structure of 5-fluoro-2′-deoxycytidine.  
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19F NMR spectroscopy showed that the d(CG)6 sequence containing 5-fluoro-2′-deoxycytidine 

either at the terminal ends (11th position from 5′-terminal-11F: 5′-d(CGCGCGCGCGFCG)-3′) or in 

the middle (7th position from 5′-terminal, 7F: 5′-d(CGCGCGFCGCGCG)-3′) demonstrated a clear 

trend of chemical shifts for B-/Z-DNA transition induced by sodium chloride. At 20 mM sodium 

chloride concentration, DNA duplex was found to adopt B-form DNA as evident from CD 

spectrum, two close 19F signals at -164.1 ppm were observed (Figure 1.14f andf′). Increase in 

concentration of sodium chloride to 4 M, at which d(CG)6 exists in Z-DNA form as established by 

the CD spectrum, showed an up-field shift in 19F NMR signal (-166 ppm) (Figure 1.14a and a′). A 

gradual shift in 19F NMR signal from -164 to -166 ppm validated the B-/Z-DNA transition with the 

increase in sodium chloride concentration from 20 mM to 4 M (Figure 1.14).36  

  

Figure 1.14: 19F NMR spectra of d(CG)6 containing FdC [(a-f): d(CG)6-11F: d(CGCGCGCGCGFCG); 

(a'-f'): d(CG)6-7F: d(CGCGCGFCGCGCG)] in the presence of varying concentration of sodium 

chloride. (a and a′). 4.0 M; (b and b′). 3.0 M; (c and c′). 2.5 M; (d and d′). 2.0 M; (e and e′). 1 M; (f 

and f′). 20 mM. The color-coded models correspond to DNA duplexes. The bold blue arrows in 

the cartoons indicate unwinding of duplexes and the ‟bubbles” correspond to unpaired regions. 
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Concentrations of the modified d(CG)6 were between 0.23 and 0.58 mM.36 Image reproduced 

from Solodinin et al.,36 with permission. 

In 2019, Kim and coworkers37 developed an assay system to identify compounds that induce B/Z-

transition using SYBR green 1 (intercalator) as a DNA conformation sensor. Using this assay 

system, a natural compound, aklavin 6 (Figure 1.15) was identified as a novel Z-DNA inducer. 

Upon binding of aklavin to the double-stranded oligonucleotide, the transition from B- to Z-form 

was monitored as a percentage reduction (>60.0%) in fluorescence of SYBR green 1 intensity 

compared to the untreated DNA control sample. 

 

Figure 1.15: Chemical structure of Aklavin. 

1.6 Stabilization of Z-DNA  
 
Z-DNA is thermodynamically unstable compared with B-DNA, partly due to the close proximity 

between negatively charged phosphate groups in opposing strands (Table 1.0), leading to 

destabilization. Z-DNA can be externally stabilized by noncovalent inducers or chemical 

modifications.   
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1.6.1 Z-DNA stabilization by non-covalent inducers 

Naturally, Z-DNA are usually stabilized by increasing ionic strength. For example, Pohl and Jovin 

demonstrated the stabilization of poly[d(GC)] from B- to Z-form with the increase in sodium 

chloride concentration.3 The midpoint concentration of monovalent and divalent salts required 

to trigger B→Z transition was found to be around 2.5 M NaCl, 1.8 M NaClO4, or 0.7 M MgCl2 for 

poly[d(GC)] sequences.3 In addition, metal complexes containing ions such as Co3+,38 Ni2+,39 

Zn2+,40 Pt2+,41 Cu2+,40 and Ru2+ 42 have also been shown to be effective in inducing B→Z transition.  

Polyamines, such as spermine and spermidine (Figure 1.16) have been shown to play crucial roles 

in gene regulation, cell proliferation, and cell signaling.43 In physiological conditions polyamines 

exist in protonated form, thus bind to DNA favorably, leading to effective stabilization and 

packaging of DNA. 

 
 

Figure 1.16: Structure of polyamines: spermidine and spermine. 
 
Behe and Felsenfeld44 first reported that spermine and spermidine with a midpoint concentration 

as low as 0.002 M and 0.05 M, respectively, effectively triggered Z-DNA formation in poly(dG-

m5dC) sequence. On the other hand, at very low concentration, e.g., 1 mM spermidine or 0.05 

mM spermine, poly[d(GC)] sequence remains in the B-form, then aggregates. Polyamine 

conjugates, such as spermine–bisaryl conjugates, were found to induce Z-DNA formation in 

d(CG)3 under micromolar concentrations in the presence of 100 mM NaCl.45 Further, the (P)- and 
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(M)-helicene isomers (Figure 1.17) of this bisaryl–spermine system were found to bind 

preferentially to the B- and Z-DNA, respectively.46  

 

 

Figure 1.17: Selective binding of (P)-helicene to B-DNA and (M)-helicene to Z-DNA. 
 
Studies have also revealed that B-Z DNA transitions can be triggered by peptides. For example, 

an early study demonstrated that B-DNA is transformed into Z-DNA by polyarginine at low NaCl 

concentration (0.17 M).47 Similarly, lysine-alanine-lysine repeats trigger Z-DNA formation in 

poly(dG-m5dC) sequences very effectively, at a peptide/DNA molar ratio of 1.6 in 10 mM NaCl.48 

The findings with peptide-induced B–Z transition are potentially important, as proteins that bind 
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to nucleic acids are extremely prevalent and serve diverse regulatory functions; yet, the 

implication with Z-DNA has not been established. 

Among porphyrin analogs that are used to detect Z-DNA motifs in DNA duplexes, some have 

shown effectiveness in inducing Z-DNA formation. For example, trans-bis(N-methylpyrimidium-

4-yl)diphenyl porphyrin 7 (Figure 1.18) was found to induce the formation of Z-DNA in 

poly[d(AT)], but not poly[d(GC)], poly(dG)poly(dC), or poly(dA)poly(T), likely due to the stacking 

of trans-porphyrin along the DNA stem.49 

 
 
Figure 1.18: Structure of trans-bis(N-methylpyrimidium-4-yl)diphenyl porphyrin 7. 
 
While most research in this area is concentrated towards identifying and developing compounds 

that induce Z-DNA, interestingly, a few compounds have been reported in the literature that 

induce reverse transition, i.e., from Z- to B-DNA. For example, poly[d(GC)] sequence in presence 

of NaCl exists in Z-DNA, however addition of netropsin, resulted in reversal of Z- to B-DNA.50 It is 

hypothesized that netropsin binds to the minor groove of B-DNA more strongly thus favoring the 

reverse transition.  Similarly, drugs such as doxorubicin51 and chloroquine52 were found to inhibit 

B–Z transition of poly[d(GC)] sequences under high-salt concentrations, likely by stabilizing B-

DNA through intercalation as well. 
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1.6.2 Stabilization of Z-DNA by chemical modification 
 
Chemical modifications have been exploited quite extensively towards stabilizing Z-DNA; some 

allow for Z-DNA to form at biologically relevant salt concentrations.  

1.6.2.1 Modification of guanine 

As described previously, Z-DNA is unstable due to the unfavored electrostatic repulsion between 

negatively charged phosphate groups that are in close proximity, introduction of positive charges 

into base residues will effectively stabilize the negatively charged phosphate groups in Z-DNA 

duplexes (Table 1.0). In this respect, Rich, and coworkers53 demonstrated that alkylation at N-7 

of guanine was found to be very effective in stabilizing Z-DNA formation. Increasing the 

percentage of guanine methylated at N-7 in poly[d(CG)]poly[d(GC)] duplexes has shown to 

decrease the salt concentration required for B- to Z-DNA transition. Interestingly, if all the 

guanines are methylated, the Z-DNA duplexes were shown to exists under salt concentrations 

that are biologically relevant, that is, 150 mM NaCl or 7.5 mM MgCl2. 

One of the most popular approaches to stabilize Z-DNA is through modification of guanine at            

C-8 position. It is proposed that, substitution at C-8 of guanine with a sterically bulky group forces 

the glycosidic linkage to rotate from anti- to syn-conformation, promoting Z-DNA formation. In 

this respect, methylation of guanine at C-8 (8-methyl-2′-deoxyguanosine 8, Figure 1.19) proves 

to be very effective in stabilizing duplexes in the Z-form. For example, a hexamer d(CGCm8GCG) 

with incorporation of a single methylated deoxyguanosine facilitated Z-DNA formation with a 

midpoint transition in the presence of 50 mM NaCl.54 

Interestingly, incorporation of a single 8-methylguanosine 9 (Figure 1.19) into the hexamer 

d(CGCm8rGCG)2 triggered the formation of exclusively Z-DNA duplex without assistance of NaCl 
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at 10 oC.55 On the contrary, the corresponding hexamer containing an unmodified guanosine, 

that is, d(CGCrGCG)2 remains in the B-form even at 5 M NaCl. The stabilization is presumably the 

result of a reduced entropic penalty, gained from the 2′-hydroxyl group in solvent-exposed 

regions. 

Similarly, aryl substitutions at C-8 of guanine were found to effectively stabilize Z-DNA 

formation,56 however, to a much lesser extent compared with 8-methyl modification. 

Introduction of a single 8-phenyl-2′-deoxyguanosine 10 (Figure 1.19) to a decamer 

d(CGCGCPh8GCGCG) resulted in the formation of B- and Z-DNA in nearly equal ratio under 

physiological conditions. 8-Aryl guanine adducts are formed in the body upon exposure of nucleic 

acids to carcinogenic aryl hydrazines,57 however, the significance of 8-aryl guanine adducts to 

form Z-DNA in the context of toxicology remain unclear at this time. 

 

Figure 1.19: Structures of 8-methyl-2′-deoxyguanosine 8, 8-methylguanosine 9, and 8-phenyl-

2′-deoxyguanosine 10.  

1.6.2.2 Modification of cytosine 
 
Methylation of cytosine at C-5, particularly in a d(CG) island usually leads to suppression of 

transcription.58 Behe and Felsenfeld demonstrated that poly(dG-m5dC)∙poly(dG-m5dC) duplexes, 

where cytosine is methylated at C-5, undergo B-Z transition more readily compared with 
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unmethylated duplexes,44 at midpoint concentrations as low as 0.6 mM MgCl2. It is also revealed 

that, methylated deoxycytidine stabilizes Z-DNA formation in supercoiled d(CG) plasmid inserts 

in bacteria Escherichia coli.59 

It was postulated that methylation of cytosine at C-5 facilitates stabilization of Z-DNA,60 possibly 

through hydrophobic interactions. Crystal structures have revealed perturbation of helical twist 

angles between adjacent base pairs due to the presence of methyl group. This data corroborates 

with the difference in hydration energy calculated for B-form d(CG)3 and Z-form d(m5CG)3 

duplexes with cytosine methylated at C-5, where the water accessible surface is decreased in 

methylated Z-DNA.61 Molecular dynamics simulation proposed that the methylation of cytosine 

at C-5 lowers the free energy difference between B- and Z-DNA.62 

Effect of C5-modified deoxycytidine on Z-DNA formation was investigated by Wang and co-

workers.63 It was demonstrated that incorporation of 5-hydroxymethyl-2′-deoxycytidine 12  

(Figure 1.20) did not favor Z-DNA formation, whereas 5-methyl- 11, 5-formyl- 13, and 5-carboxyl-

2′-deoxycytidine 14 (Figure 1.20) lead to stabilization of Z-DNA to different degrees at elevated 

NaCl concentrations.63 Surprisingly, incorporation of 5-formyl 2′-deoxycytidine (5fC) 13 into a 

dodecamer d(CTA5fCG5fCG5fCGTAG) induced formation of a right-handed duplex which is 

underwound as compared with B-DNA.64 Because of its distinctive structural features, double-

stranded DNA consisting of 5fC residue is named as F-DNA. F-DNA is speculated to participate in 

transcriptional regulation.  
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Figure 1.20: Structure of 5-methyl-2′-deoxycytidine 11, 5-hydroxymethyl-2′-deoxycytidine 12, 5-

formyl-2′-deoxycytidine 13, and 5-carboxyl-2′-deoxycytidine 14. 

1.6.2.3 Bromination of guanine and cytosine residues 

Rich and coworkers65 demonstrated that when poly[d(GC)] polymers were brominated with 

elemental bromine, the obtained products favored Z-DNA formation under low salt 

concentrations. This study also revealed that the bromination of these duplexes was more 

favored at C-8 of guanine 15 (38%) compared to C-5 of cytosine 16 (18%) (Figure 1.21) and the 

resulting polymers were stable as Z-DNA under physiological conditions. 

 

Figure 1.21: Structure of 8-bromo-2′-deoxyguanosine 15 and 5-bromo-2′-deoxycytidine 16. 

Interestingly, treatment of poly[r(GC)] with bromine also led to the stabilization of RNA duplexes 

in the Z-form at low salt concentrations.66 Although bromination presents an efficient mode to 

trigger B–Z transitions, brominated DNAs are not chemically and photochemically stable.54 
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1.7 Roles of the phosphate backbone in the B–Z equilibrium 

It was predicated from work by Rich and coworkers4 that when the glycosidic linkage was in syn-

conformation, exocyclic amino of guanine is more likely to form a water bridge with one of the 

nonbridging oxygen atoms of the phosphate backbone. These speculated interactions were 

studied using hexamer, d(CG)3 containing two isomers (Rp and Sp) of methylphosphonate 

linkage.  In this study, hydrogen bonds between 2-NH2 of guanine and phosphate backbone, and 

water molecules that bridge 2-NH2 of guanine with phosphate backbone were investigated. CD 

data revealed that the d(Cp(Me)GCGCG) or d(CGp(Me)CGCG) hexamer containing 

methylphosphonates linkage in Rp configuration underwent B–Z DNA transition to an extent that 

is comparable with unmodified d(CG)3 in 4 M NaCl.67 However, the hexamer containing 

methylphosphonates linkage in Sp configuration showed a drop to 35% in B-Z transition 

compared to the Rp isomer. In the Rp isomer, formation of hydrogen bond between the 5'-

methylphosphate P=O and 2-NH2 of guanine (Figure 1.22 A) and interaction of a molecule of 

water that bridges 2-NH2 of guanine and 3'-methylphosphonate P=O (Figure 1.22 B) lead to 

stabilization of Z-DNA. The outcome of this study hinted towards regulation of B-Z transition 

thermodynamically and kinetically through hydrogen-bond interactions between phosphate 

oxygen and exocyclic amino of guanine.  
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Figure 1.22: Interaction of exocyclic amino group of guanine with phosphate backbone in 

methylphosphonates (indicated in red). (A) Hydrogen bonding between one of the nonbridging 

oxygen atoms and 2-NH2 of guanine; and (B) water bridging one of the nonbridging oxygen atoms 

and 2-NH2 of guanine. 

1.8 Roles of temperature in the B-/Z- DNA transition 

It is suggested that elevated temperatures promote B-Z transition. For example, poly[d(GC)] in 

20 mM MgCl2, the B-/Z-DNA equilibrium shifts towards the formation of Z-DNA as the 

temperature is increased above ca. 75 oC, as evident from the change in the absorbance at 290 

nm. On the other hand, at elevated salt concentrations such as 2.35 M NaCl, formation of Z-DNA 

was more favored at lower temperature (40 oC), whereas the equilibrium shifts towards that of 

the B-DNA as the temperature is elevated.68 It is important to note that the absorption at 290 nm 

is not unique to Z-DNA. In addition, elevated temperatures can also lead to DNA melting and DNA 

aggregation. Therefore, one must be cautious while interpreting these results. Addition of 

polyamines such as spermine, spermidine and cobalt hexamine to poly[d(GC)] containing no or 

low NaCl (10 mM) resulted in Z-DNA formation at elevated temperatures (>70 oC).69 
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1.9 Biological roles of Z-DNA and B-/Z- DNA transition 

Experimental evidence from research on Z-DNA in past four decades have undoubtedly 

suggested copious roles the Z-form DNA is engaged in diverse biological processes and its 

implications in the manifestation of certain human diseases as well. 

1.9.1 Z-DNA in dynamic regulation of replication and transcription 

Several studies suggested involvement of negative supercoiling in stabilization of Z-DNA in 

potential Z-DNA-forming sequences which corroborates with the twin-domain model of 

transcription-induced supercoiling.70 During transcription, the enzyme polymerase generates 

negative supercoiling behind the transcription site, which could then promote Z-DNA formation 

for suitable sequences upstream of genes that are being actively transcribed (Figure. 1.23).  

 

 
 
Figure. 1.23: Formation of Z-DNA in the region behind the transcription site, induced by negative 

supercoiling.71 Image reproduced from Champ et al., 200471 with permission. 

Computational studies have suggested that the presence of potential Z-DNA-forming sequence 

in the human genome is quite widespread, especially their occurrence in the flanking regions of 

genes, promoter regions, origin of replication and within exons is very high.72, 73  
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It is believed that Z-DNA formation is related to prognosis in diseases such as cancers. For 

example, the expression of proteins such as disintegrin and a metalloprotease domain-containing 

protein 12 (ADAM 12) is suppressed by Z-DNA-forming negative regulatory element (NRE) in 

several human cancers.74 However more research is required in this area to understand the 

implications of Z-DNA in diseases such as cancer. 

1.10 Anti-Z-DNA antibodies and autoimmune diseases 

Anti-Z-DNA antibodies have been isolated from the sera of patients with the autoimmune 

syndrome systematic lupus erythematosus (SLE).75 Z-form of DNA, but usually not the B-form 

DNA, has shown potential to elicit production of homologous anti-DNA-antibodies, depending on 

the way these DNA forms are presented in the immune system. These antibodies cross-react with 

both forms of DNA duplexes in SLE patients. An interesting work from Thomas and coworkers76 

reported that, hydralazine, an antihypertensive drug, led to stabilization of Z-DNA formation in 

poly(dG-m5dC). Furthermore, anti-Z-DNA antibodies were found in 82% of 65 serum samples 

taken from 25 hypertensive patients on hydralazine treatment.76 The origin of the difference in 

immunogenicity between B- and Z-DNA is still very ambiguous and unsettled, further research is 

required in this area to derive any conclusion. Current interest in SLE rests with the production 

of anti-DNA antibodies that target B-DNA, however, knowledge of the origin of these antibodies, 

and the target specificity of these antibodies toward different forms of DNA will facilitate the 

understanding of the development in these autoimmune diseases. 

1.11 Z-DNA binding proteins 

Rich and coworkers77 first reported isolation of a protein from chicken that resembles dsRNA 

adenosine deaminase in activity and possesses similar affinity towards Z-DNA. Subsequent work 
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from Rich’s group78 described the binding event of Z𝛼 domain of human double stranded RNA 

adenosine deaminase (ADAR1) to Z-DNA, with a dissociation constant of 4 nM. ADAR1 consists 

of multiple domains (Figure 1.24), including Z𝛼 that binds to Z-DNA, Z𝛽 that lacks Z-DNA affinity, 

dsRNA binding motifs (DRBM 1–3), and the deaminase catalytic domain. Interestingly, the Z𝛼 

domain of the human ADAR1 also binds to left-handed Z-RNA duplexes and can elicit transition 

of RNA helices in the A-form to the Z-form.79 

 
 
Figure 1.24: Domain organization of ADAR1.78 Image reproduced from Herbert et al., 199778 
with permission. 
 
In addition to ADAR1, other Z-DNA-binding proteins such as Z-DNA-binding protein 1 (ZBP-1),80 

fish PKZ protein kinase,81 and the virulence factor E3L of vaccinia poxvirus82 have been found to 

bind Z-DNA. These proteins have shown ability to trigger B-Z transition in potential Z-DNA 

forming sequences.83 The literature suggests that Z-DNA binding protein ZBP1 acts as a sensor 

for cytosolic DNA and is involved in modulation of innate immune response.84 Similarly, Z-DNA 

binding protein E3L from vaccinia virus has shown involvement in gene transactivation and 

antiapoptotic activity in cancer cells such as HeLa cells.85 This Z-DNA-binding protein is also 

implicated in viral pathogenesis, where the binding of E3L is required for the pathogenicity of 

vaccinia virus.86 It was hypothesized that compounds that prevent the binding of E3L with Z-DNA 

could find useful therapeutic applications as anti-vaccinia antiviral agents.82 

While the biological implications of Z-DNA binding proteins are still not clear, significant amount 

of research has attempted to elucidate whether the binding of proteins actively trigger Z-DNA 
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formation, or passively trap transiently formed Z-DNA. Recent work from Oh and coworkers 

revealed that Z-DNAs are intrinsic and dynamically formed and stabilized by Z-DNA binding 

proteins, rather than being induced by them.87 

1.12 Z-DNA formation in halobacterium 

In organisms living in high salt concentration environment such as the Dead Sea where the salt 

concentration is ~34%, or 5.8 M, Z-DNA could naturally exist. For example, Halobacterium 

halobium, an archaea species with ca. 67% GC content, grows in the presence of 3–5 M sodium 

chloride, with a cytoplasmic salt concentration of nearly 5 M.88 DasSarma and coworkers89 

identified a large number of potential Z-DNA forming sequences in the H. halobium genome using 

Z-DNA specific antibody. In 2000, complete genome sequencing of Halobacterium species NRC-

190 was reported by DasSarma and co-workers. With the availability of the complete genome 

sequence of NRC-1, much more will be revealed in terms of the impact of Z-DNA in halophilic 

species.  

1.13 Z-DNA and genetic instability 

In the last few years, non-B-form DNAs were found to play a significant role in genetic instability 

and mutagenesis.91 Wells and coworkers92 reported that plasmids containing d(CG)n portions 

longer than 50 base pairs are potentially unstable and undergo deletion during replication more 

frequently than other sequences. Further work from Wells’ lab in 200493 established a strong 

relationship between non-B-DNA structure and genetic instability, where non-B-DNA motifs, 

including Z-DNA, were identified as correction sites for genetic deletions and translocations. 

Work from Vasquez and coworkers further extended this observation and reported that Z-DNA 

forming sequences in bacteria and mammalian cells are prone to genetic instability.94 The authors 
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further demonstrated that the double-strand break pattern induced by Z-DNA-forming 

sequences is consistent with that of chromosomal breakpoints that occur in certain diseases such 

as leukemia and lymphomas. 

1.14 Connection between Z-DNA formation and neurodegenerative diseases 

The presence of Z-DNA forming sequences at specific portions of genome suggested their 

involvement in diseases such as cancers and neurodegenerative conditions. Suram and 

coworkers in 2002 reported for the first-time the presence of non-B-form DNA in the brain of 

patients suffering from Alzheimer’s diseases. In their work, CD spectra showed that tissue 

samples collected from hippocampus of patients with Alzheimer’s disease adopted Z-duplex, 

while those from normal brain tissues were found to exist in the B-form (Figure 1.25).95 Research 

in this respect is very limited to date, concrete experimental evidence to support the association 

between Z-DNA formation and neurodegenerative diseases remain elusive.96 

 

Figure 1.25: CD spectra of DNA samples from brain tissues; a) normal young brain, b) normal aged 

brain, c) brain moderately, and d) severely affected by Alzheimer’s disease. Image reproduced 

from Suram et al., 200295 with permission. 
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1.15 Locked Nucleic Acids 
 
1.15.1 Introduction to locked nucleic acids 

Nucleic acid hybridization has proven to play crucial roles in many fields of life science such as 

biotechnology and medical applications including diagnosis. Unmodified oligonucleotides are not 

suitable for several applications because of poor stability and low affinity toward complementary 

sequences.97 To improve affinity and specificity, diverse nucleic acids analogs have been 

synthesized, for instance, as in locked nucleic acid (LNA) with modified sugar moiety that restricts 

backbone and ribose conformational flexibility.97  

In 1998 Wengel98 and Imanishi’s99 laboratories reported the synthesis and hybridization 

properties of LNA (Figure 1.26).  

  

Figure 1.26: Chemical structure of locked nucleic acid (LNA). 

Locked nucleic acid is a ribonucleotide analogue that possess a methylene group bridging the 2′-

oxygen and 4′-carbon of the ribose ring. The constraint on the sugar residue gives rise to a locked 

C3′-endo or north conformation in LNA residues (Figure 1.27a), increasing the local organization 

of the phosphate backbone,97, 100compared to unmodified oligonucleotides that exist typically in 



   
 

32 
 

the C2′-endo  (south conformation)101 or the C3′-endo (north conformation) (Figure 1.27b), that 

positions the base for high affinity binding towards the target RNA. Peterson and coworkers 

reported in 2002102 that in LNA/DNA hybrids, introduction of LNA led to the shift in the 

conformation of neighboring DNA monomers into north-type conformations. 

LNA bases are linked by the same phosphate backbone as in DNA and RNA, so they can be 

incorporated into oligonucleotides through the phosphoramidite chemistry-based solid phase 

synthesis, allowing access to fully modified and LNA chimeric oligonucleotides such as LNA/DNA 

and LNA/RNA hybrids.100 LNA oligomers possess similar solubility properties as DNA or RNA which 

readily facilitates handling and synthesis. In addition, LNAs possess phosphate backbone, thus, 

the standard transfection protocols for DNA that uses cationic lipid can be exploited to deliver 

LNA oligomers into cells.100  

 

Figure 1.27: Sugar conformation in (A) LNA and (B) DNA.   

Over the years, numerous structural analogues of LNA have been synthesized (Figure 1.28)103, 104 

and investigated for various applications. Among these, 𝛽-D-LNA (parent LNA, Figure 1.28; top 

left) was found to possess the highest binding affinity towards RNA. Studies have shown that LNA 

derivatives containing the 2′-heteroatom to 4′-C linkage (Figure 1.28) possess excellent antisense 
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properties in vivo.103 Interestingly, each of these LNA analogues exhibit different pharmacokinetic 

profiles, thereby, opening new pathways towards the choice of LNA chemistry to suit the desired 

application. 

 

Figure 1.28: Structure of LNA derivatives.104 

1.15.2 Synthesis of LNA monomers 

Synthesis of LNA monomers can be achieved by two strategies: linear strategy105 using 

nucleosides as starting material and convergent strategy106 which involves coupling of an 

appropriately modified glycosyl donor with the nucleobase to produce the modified nucleoside.  

The linear approach has been successfully employed to synthesize LNA-U105 and LNA-A107 

nucleosides. Although the linear strategy starts from relatively inexpensive RNA nucleosides and 

requires a relatively short sequence of chemical transformations, it has its limitations.  

Two key reactions are involved in the linear strategy, the introduction of the additional 

hydroxymethyl moiety at the C4′-position of the corresponding protected RNA nucleoside 18 
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(Scheme 1.1: step a) and the regioselective tosylation (or mesylation) of the C4′-hydroxymethyl 

group of 19 (Scheme 1.1: step b).104  

 

Scheme 1.1: General scheme for the synthesis of LNA nucleosides using the linear approach. 

LNA nucleosides containing all the natural nucleobases have been synthesized using the 

convergent strategy.108 Thus, LNA modified thymine,109 4-N-acetyl and 4-N-benzoyl cytosine,109 

6-N-benzoyl adenine109 and 2-N-isobutyryl guanine109 nucleobases were synthesized (Scheme 

1.2). In the convergent synthesis, 1,2,5,6-di-O-isopropylidene-𝛼-D-allofuranose 21 is used as the 

starting material to prepare the key intermediate 22 in a three-step procedure.110 Selective 

removal of the 5,6-isopropylidene protecting group in 21 was achieved by treatment with 80% 

aqueous acetic acid. The resulting 5,6-glycol was oxidatively cleaved by periodate to produce the 

5-aldehyde derivate which was then subjected to an in situ Cannizzaro reaction with excess of 

formaldehyde to yield the desired product 4-C-hydroxymethyl derivative 22. Permesylation and 

subsequent acetolysis followed by acetylation of the diol 22 gave the anomeric mixture 23 in 67% 

yield based on 21.111 The resulting anomeric mixture was commonly used as a glycosyl donor in 

the coupling reactions with different nucleobases. Using Vorbrüggen’s conditions112 the 

protected nucleobases are stereoselectively coupled with 23 to produce the corresponding 4′-C-
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nucleosides 24a-d. Subsequent 2′-O-deacetylation followed by intramolecular cyclization under 

alkaline conditions gave the protected LNA nucleosides 25a-d. The 5′-O-mesyl group was 

displaced with the benzoyl group using sodium benzoate and subsequent saponification of the 

5′-benzoates and catalytic removal of the 3′-O-benzyl group afforded the free LNA diols 27a-d. 

To prevent removal of base-labile 2-N-isobutryl group in 27d, formic acid was employed as the 

hydrogen donor for debenzylation.106 The 5′-hydroxyl of LNA diols was selectively protected with 

the DMTr (4,4′-dimethoxytrityl) group and the product was subsequently converted into their 

corresponding phosphoramidite derivatives 29 by reaction with 2-cyanoethyl-N,N,N′,N′-

tetraisopropylphosphoramidite in the presence of 4,5-dicyanoimidazole as an activator for 

automated incorporation into oligonucleotides.113 
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Scheme 1.2: Synthesis of LNA nucleosides using the convergent synthetic approach. Reagents 

and conditions: (i) (a) BnBr, NaH, THF; (b) 80% aq. AcOH; (c) NaIO4, THF, H2O; (d) HCHO, aq. NaOH, 

dioxane; (ii) (a) MsCl, pyridine (py), CH2Cl2; (b) Ac2O, AcOH, concd H2SO4; (iii) nucleobase, N,O-

bis(trimethylsilyl)acetamide, TMS-triflate, CH3CN or 1,2-dichloroethane; (iv) aq. NaOH, THF or 

dioxane (+ NH4OH for 25c); (v) NaOBz, DMF; (vi) (a) aq. NaOH, THF; (b) 20% Pd(OH)2/C, HCO2NH4, 

MeOH or (a) 20% Pd(OH)2/C, HCO2NH4, MeOH; (b) NH4OH; (c) Bz2O, pyridine; (d) aq. NaOH, EtOH 

or (a) 20% Pd(OH)2/C, HCO2NH4, MeOH, dioxane; (b) BzCl, pyridine; (c) aq. NaOH, pyridine, EtOH 

or (a) aq. NaOH, EtOH, pyridine; (b) 10% Pd/C, HCO2H, MeOH; (vii) DMTrCl, pyridine, (viii) 2-

cyanoethyl N,N,N′,N′-tetraisopropylphosphoramidite, 4,5-dicyanoimidazole (1 M solution in 

CH3CN), CH2Cl2 (≥ 95%);37 T = thymin-1-yl, CAc = 4-N-acetylcytosin-1-yl, CBz = 4-N-benzoylcytosin-

1-yl, ABz = 6-N-benzoyladenin-9-yl, Gibu = 2-N-isobutyrylguanin-9-yl, Bn = benzyl, Ms = 

methanesulphonyl, DMTrCl = 4,4′-dimethoxytrityl chloride. 
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Interestingly, glycosylation of 2-N-isobutryl guanine yielded an isomeric mixture of the N-9/N-7 

nucleosides in a ratio of about 9:1.109 The mixture was subjected to ring closure to give 

isomerically pure compound 24d after column chromatography. To increase the regio-selectivity 

of the glycosylation reaction, 2-N-isobutryl guanine was replaced with 2-amino-6-chloropurine 

which upon treatment with glycosyl donor 23 resulted in the formation of only the N-9 

regioisomer 30 (Scheme 1.3). Reaction of nucleoside 30 with 3-hydroxypropionitrile in the 

presence of sodium hydride led to the ring closure to form the bicyclic LNA skeleton with 

simultaneous transformation of the 2-amino-6-chloropurine nucleobase into a guanine 

nucleobase 31. Displacement of 5′-O-mesyl group with benzoyl and subsequent deprotection 

yielded fully unprotected LNA guanine 33. This product was subsequently protected at the 

exocyclic amine with the formamidine group, and 5′-OH with a DMTr group, followed by the 

transformation to the corresponding phosphoramidite 36.  
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Scheme 1.3: Synthesis of LNA-dG phosphoramidite by regiospecific Vorbrüggen’s coupling 

reactions. Reagents and conditions: (i) 2-amino-6-chloropurine, N,O-bis(trimethylsilyl)acetamide, 

TMS-triflate, 1,2-dichloroethane; (ii) HOCH2CH2CN, NaH, THF; (iii) NaOBz, DMSO; (iv) (a) MsOH, 

CH2Cl2; (b) Amberlyst A-26 (OH− (aq), EtOH); (c) aq. NaOH, EtOH; (v) (a) (CH3O)2CHN(CH3)2, DMF; 

(vi) DMTrCl, pyridine; (vii) 2-cyanoethyl N,N,N′,N′-tetraisopropyl- phosphoramidite, 4,5-

dicyanoimidazole (1 M solution in CH3CN), CH2Cl2, DMF. 

Using convergent synthetic strategy principles, second generation LNA purine nucleotides 

containing hypoxanthine (LNA-I),114 2,6-diaminopurine (LNA-D),114 and 2-aminopurine (LNA-

2AP)114 as nucleobases were synthesized. Introduction of LNA-D monomer in place of an internal 

LNA-A monomer led to further stabilization of the duplex by 6.2 oC due to formation of three 

hydrogen bonds with DNA (T).104 Similarly, incorporation of LNA-2AP monomer into an LNA 

strand demonstrated a strong affinity for a DNA-T nucleotide, due to formation of stable 
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bidentate hydrogen bonding in LNA-DNA duplexes. Interestingly, LNA-I containing hypoxanthine 

as a nucleobase behaves like LNA-G nucleotide and prefers to bind DNA-C nucleotide with high 

affinity.104 

1.15.3 Properties of LNA 

1.15.3.1 Effect of LNAs on hybridization 

Over the years, several studies have demonstrated that LNAs have enhanced affinities towards 

complimentary DNA and RNA sequences. In modified sequences consisting of LNAs, the increase 

in melting temperature was found to be as large as 41 oC relative to DNA:DNA complexes, where 

addition of a single LNA monomer increased the Tm value by as much as 9.6 oC (Figure 1.29).100 

Interesting, as the number of LNAs incorporation increases, the increase in Tm value declines per 

LNA base. In the case of longer oligomers with high Tm values, incorporation of LNA monomers 

had minimum effects on thermal stability. These observations suggest that addition of LNA has 

the greatest effect on oligomers less than 10 nucleotides in length.100  

 

Figure 1.29: Melting curves for an LNA oligonucleotide bound to complementary DNA compared 

with the melting curve for the analogous all-DNA duplex. The sequence of the LNA is 5′-

AGGATm5CTAGG-3′. Image reproduced from Brassch et al., 2001100 with permission. 
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Experimental data indicate that the increase in thermal stability of DNA/RNA duplexes consisting 

of LNA monomer is due to the reduction of unfavorable entropy of duplex formation and 

increased base stacking interactions.115 Stability of LNA oligomers was further enhanced by local 

reorganization of the phosphate backbone which increases the strength of base stacking 

interactions.100 This change is associated with LNA-mediated structural changes in the helical 

geometry from the B-form to the A-form conformation that possesses a higher charge density 

and is less hydrated than the B-form conformation of the unmodified duplexes.115  

A recent study by Wengel et al.116 reported that the incorporation of LNA-thymidine and LNA-

guanosine in DNA and RNA led to increased duplex stability. In this study LNA-thymidine (TL) and 

LNA-guanosine (GL) phosphoramidite monomer (Scheme 1.4) were synthesized by regioselective 

O-benzylation, acetylation and acetolysis on 37, followed by another acetylation yielded furanose 

residue 38, which is a key intermediate for the coupling with silylated nucleobases. 

Stereoselective reaction of 38 with silylated thymidine produced nucleoside 39T, which was 

subsequently deacetylated to give the corresponding diol 40T. Tosylation of 40T followed by base-

induced ring closure yielded the 2′-O, 4′-C-linked bicyclic nucleoside derivative 41T. 41T was 

subsequently debenzylated using Pearlman’s catalyst (Pd(OH)2/C) to afford nucleoside diol 42T, 

followed by protection of 5′-OH group with dimethoxytrityl chloride to produce 5′-O-4,4′-

dimethoxytrityl protected analogue and subsequently transformed into corresponding 

phosphoramidite derivative 43T. Similar synthetic strategy was employed to prepare guanine 

derivatives 39G-43G.  
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Scheme 1.4: Synthesis of modified TL and GL monomers. Reagents and conditions: i) (a) NaH, 

BnBr, DMF, (b) Ac2O, Py, (c) 80% AcOH, (d) Ac2O, Py; ii) thymine, N,O-bis(trimethylsilyl)acetamide, 

TMS triflate, acetonitrile [for 39G: 2-N-isobutyrylguanine, N,O-bis(trimethylsilyl)acetamide, TMS 

triflate, dichloroethane]; iii) NaOMe, NaOH; iv) (a) TsCl, Py, (b) NaH, DMF; v) 20% Pd(OH)2/C, 

EtOH, H2; vi) (a) DMTrCl, Pyridine, (b) N,N-diisopropylethylamine, 2-cyanoethyl-N,N-

diisopropylphosphoramidochloridite, CH2Cl2. 

Increase in Tm was found to be 4.9 oC per TL incorporated for DNA and 4.0-6.0 oC for RNA. For 

LNA:DNA duplexes an increase in Tm of 5.3 oC per LNA incorporated and for LNA:RNA duplexes 

an increase in Tm of 7.3 oC (TL) and 8.3 oC (GL) per LNA incorporated was observed.116 

1.15.3.2 Structure of LNA hybrids 

Structural examination of LNA-DNA chimeras in solution bound to DNA or RNA by nuclear 

magnetic resonance have revealed that the DNA and RNA hybrids preserve characteristics 

common to native nucleic acid duplexes such as Watson and Crick base pairing, nucleobases in 
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anti-orientation, base stacking, and a right-handed helical conformation. Structural 

characterization of three 9-mer LNA/DNARNA hybrids, containing one, three, and nine LNA 

monomers showed increasing A-like conformation in the hybrid as the LNA content in the 

modified strand increased.117 In general, the S-type and N-type sugar pucker exists in equilibrium 

in the native DNARNA duplex (Figure 1.30), however an increase in LNA content leads to 

structural perturbation of the DNA nucleotides in the LNA strand shifting the equilibrium towards 

the N-type sugar pucker.104 This observation sheds light on the structural influence of LNA bases 

on DNA conformation that further affects its ability to activate the RNase H cleavage when bound 

to mRNA, which is an important consideration for antisense applications.100 

 
 
Figure 1.30: (a) Equilibrium of S- and N-type sugar conformation present in nucleic acids. (b) The 

structure of locked nucleic acid (LNA) showing C3′-endo sugar conformation.  
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1.15.3.3 Nuclease stability of LNA oligomers 
 
Unmodified oligonucleotides are highly sensitive towards nuclease enzymes in biological media, 

limiting their in vitro and in vivo uses. Chemical modification of oligonucleotides to increase their 

resistance to nuclease degradation therefore becomes a promising tool for therapeutic 

applications.104 In this respect, locked nucleic acids are preferred over many other modified 

oligonucleotides because of their high stability against nucleases and low toxicity.104,118,119 A 

study investigating serum and nuclease stability of LNA oligomers reported that the position of 

LNA modification in an oligonucleotide directly affects its stability against different types of 

nucleases. For example, a single incorporation of LNA monomer at the 3′-end of an 

oligonucleotide resulted in ~40% gain in stability against exonucleolytic attack, whereas 

incorporation of one at the 3′-penultimate position or two LNA monomers at the 3′-end showed 

significant increases (~65%) in nuclease stability against several exonucleases.120, 121, 122  

1.15.3.4 In vivo toxicity of LNA oligomers 
 
Phosphorothioate (PS) oligonucleotides are widely used for antisense studies because of their 

resistance towards deoxyribonucleases, however they are known to elicit nonspecific 

interactions with proteins, through interaction of the anionic sulfur of the phosphorothioate 

linkage with hydrophobic and cationic amino acids, thus limiting their application in vivo.123 On 

the other hand, LNA-modified oligonucleotides are well tolerated in biological systems. LNA-

mediated toxicity has been examined for LNA chimeras (LNA/2′-O-methyl chimeric 

oligonucleotide)124 and fully modified LNAs.125 A murine model system was used to monitor the 

serum levels of aspartate aminotransferase (ASAT) and alanine aminotransferase as indicators 

for LNA-mediated toxicity. Results from this study demonstrated that the LNA-modified 
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oligonucleotides were well-tolerated, and minor toxic effects were seen only above the optimum 

dose.125 The low toxicity profile exhibited by LNA-modified oligonucleotides is attributed to their 

high affinity and specificity towards their complimentary counterpart.104 Interestingly, the length 

of LNA-modified oligonucleotides used in antisense studies can be reduced to a length shorter 

than required by conventional DNA, without hampering their biological effect. The shorter LNA 

oligomer exhibits low degree of binding to serum proteins, thus does not induce toxic 

manifestations that arise from the longer polyanionic backbone of the classical antisense 

oligonucleotides.104   

Biological systems readily recognize foreign species entering the body, triggering 

immunostimulatory effects. Several oligonucleotides employed in antisense therapy are 

recognized by the body as a foreign entity, eliciting immunostimulatory effects. Experiments have 

shown that two nucleotide base motif, CpG (deoxycytidine-phosphate-deoxyguanosine) when in 

unmethylated form and present in correct sequence contexts in an oligonucleotide, can mediate 

immunostimulatory effects.104 Since unmethylated DNA is a common feature in bacteria, unlike 

in mammals, oligonucleotide sequences consisting of unmethylated CpG nucleotide are 

recognized as foreign DNA and are attacked by immune cells.126 In this context, some 

phosphorothioate antisense oligonucleotides containing the CpG motif were also shown to 

trigger an immune response.127 In this respect, substitution of 2’-deoxycytosine with 5-methyl-

2’-deoxycytosine (m5C) has shown to reduce the immune stimulation in CpG oligonucleotides. In 

a study by Vollmer et al,128 the effect of LNA substitutions on immune response mediated by an 

antisense oligonucleotide containing CpG in LNA/PS/LNA gapmers was investigated. It was found 

that an increase in the number of LNA monomers at the end of the oligomer or introduction of 
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LNA moieties such as guanosine-LNA, cytosine-LNA and 5-methyl-cytosine-LNA, in place of CpG 

nucleobases reduced or eliminated immunostimulatory effects of CpG-containing 

phosphorothioate oligonucleotide.128 

1.16 Resolving d(CG)6 oligonucleotide sequences using denaturing conditions 

Characterization and purification of oligonucleotides by high performance liquid chromatography 

(HPLC) are of great importance to ensure the purity of these biomolecules for their intended 

applications. Among the HPLC approaches, reverse-phase, ion pair, size exclusion, and anion-

exchange chromatography have found extensive utilities. While these chromatographic 

techniques have become routine applications, HPLC analysis of oligonucleotide sequences that 

are prone to form secondary structures is often complicated, leading to misinterpretation and 

difficulty in purification.129 During our investigation of self-complementary sequences, it became 

necessary to identify HPLC conditions for the resolution of single stranded oligonucleotides by 

anion-exchange chromatography under denaturing conditions.  

Anion exchange chromatography is a well-established HPLC purification technique used for the 

separation of oligonucleotides. Electrostatic affinities between the negatively charged 

oligonucleotide and positively charged column matrix drive the separation of oligonucleotides in 

anion-exchange chromatography. By selecting appropriate column matrix and optimization of 

eluting conditions, resolution of oligonucleotides by single nucleotide, diastereomers, or 

different internucleotide phosphate linkages, i.e., 3′-5′ versus 2′-5′, can be achieved by using 

anion exchange chromatography.130 Furthermore, solid phase synthesis products can be purified 

by anion-exchange chromatography to remove truncated sequences, followed by desalting 

procedure to obtain pure full-length products.131   
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A challenge in anion exchange chromatography is encountered when oligonucleotide sequences 

are self-complementary, or analytes contain sequences that can hybridize either partially or in 

whole. Modified reverse phase chromatographic methods have been shown to resolve some of 

these sequences, typically through the inclusion of denaturation agents such as formamide or 

urea.132, 133 In this manner, denaturing anion exchange chromatography will allow for significantly 

improved resolution of these oligonucleotide samples.134  

Among the commercial anion exchange HPLC columns, Dionex DNAPac series have shown 

outstanding resolution for oligonucleotides. Thayer and coworkers demonstrated that DNAPac 

columns, especially DNAPac 200, are capable of resolving oligonucleotide sequences that are 

prone to form secondary structures.135 The present work complements the literature with 

examples of oligonucleotides that are well resolved under denaturing anion exchange conditions, 

which are otherwise difficult to characterize or can lead to misinterpretation of results. 

1.17 General perspectives and objectives of the project  

Chemically modified oligonucleotides such as 5-methyl-2′-deoxycytosine63 and 8-bromo-2′-

deoxyguanosine65 were used successfully to trigger B-to Z-DNA transition under physiological salt 

concentration. However, modification on furanose ring as seen in LNAs where C4′ carbon is 

covalently locked to 2′-oxygen of C2′ carbon has not been explored for B/Z-DNA transition. We 

propose that, in LNA, the sugar pucker is forced to exist in C3′-endo position, however the 

presence of methyl bridge between C4′ and 2′-OH will prevent the transition of B-DNA to Z-DNA 

even at elevated salt concentration due to the conformational rigidity of the sugar pucker in LNA.  
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In this thesis, the following approaches were taken to study the influence of LNA on B/Z-DNA 

transition. 

i. LNA-guanosine was incorporated in d(CG) repeat sequences in a site-specific manner by the 

phosphoramidite chemistry based solid phase synthesis. The ability of these modified sequences 

to adopt Z-DNA at elevated salt concentrations was studied.  

ii. LNA-guanosine analogs containing further modifications at C-8 position were synthesized.  

iii. The versatility of anion exchange chromatography under denaturing conditions was 

investigated for the analysis of self-complementary sequences and analytes containing 

complementary sequences. 
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Chapter 2- Photodynamic therapy and 

photosensitizer BODIPY analogues 
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2.1 Introduction to photodynamic therapy 

Photodynamic therapy (PDT) is a technique that involves application of photosensitizing 

compounds to the target site followed by local irradiation with visible light.136, 137 A 

photosensitizer is a chemical compound that produces singlet oxygen species when exposed to 

light. These singlet oxygen species can cause damages to the target cells, leading to necrosis and 

apoptosis. PDT has shown potential as an effective regime for the treatment of skin cancers, 

topical skin disorders and age-related macular degeneration.136 PDT has several advantages over 

conventional treatment approaches that include minimal invasiveness, improved selectivity, 

repetition of treatment of the affected area, low probability of inducing resistance because of 

non-specific inactivation via oxidation and an improved efficiency against bacterial drug 

resistance.138  The basic principle of PDT can be explained through the Jablonski energy diagram 

(Figure 2.1).139 

 

Figure 2.1: Jablonski energy diagram depicting generation of singlet oxygen species. Image 

reproduced from Abrahamse et al., 2016139 with permission.  
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A photosensitizer (PS) in the ground state (S0) exists in the singlet state with two electrons paired 

as opposite spins (Figure 2.1). Upon illumination with light of appropriate energy, the PS is excited 

from the ground state to the excited singlet state. This singlet excited state PS has very short 

lifetime (nano seconds), is very unstable and loses its energy either through emission of light 

(fluorescence) or via production of heat (internal conversion).139 PS in the excited singlet state 

can also undergo a process called ‟intersystem crossing” to form a more stable excited triplet 

state with parallel spins (Figure 2.1). This triplet excited state PS has longer lifetime 

(microseconds) which allows it to transfer its energy by colliding with molecular oxygen (3O2, 

triplet in its ground state) to generate singlet oxygen (1O2), while the PS relaxes to its ground 

state. The singlet oxygen generated in this process interacts with biomolecules such as DNA, RNA, 

proteins, enzymes, and lipids, causing damages to cells and cell death through necrosis and 

apoptosis. This pathway is referred to as a Type II photochemical process (Figure 2.2).140  

In addition, a Type I photochemical process can also occur (Figure 2.2), where the triplet excited 

state PS is involved in either donation or acquisition of an electron through interaction with 

biomolecules to form radical cations or radical anions. These radicals can further react with 

molecular oxygen to produce reactive oxygen species (ROS) such as superoxide radical anion O2
¯ 

and hydroxyl radical HO (Figure 2.2).141 In most PSs used in photodynamic therapy to treat 

cancers, ROS is generated through the Type II photochemical process rather than the Type I 

photochemical process. 141 In some cases, the Type III photochemical process can also occur, 

where triplet excited PS directly causes damages to biomolecules in the absence of oxygen 

(Figure 2.2).141 
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Figure 2.2: Three photochemical processes involving excited photosensitizer.141 

2.2 Key elements of photodynamic therapy 

PDT is composed of three key components: light, PS, and oxygen. Once a PS is administered to 

the target site (e.g., tumor), the target site is exposed to light to generate reactive oxygen species, 

especially singlet oxygen from molecular oxygen, leading to damages to diseased tissues as in the 

case of Type II photochemical process, or superoxide, hydroxyl radicals and hydrogen peroxide 

in the case Type I process, or direct toxicity as in the case of Type III process (Figure 2.2).142, 143 

2.2.1 Light 

In the early days of the development of PDT, photosensitization was achieved by conventional 

gas discharge lamps.137 Recent development in the field of optical technology has introduced new 

means of photosensitization such as lasers equipped with optical fibers enabling its application 

in medicine.137 Light used for PDT can be classified into laser and non-laser light sources. For 

treating dermatology-related diseases, non-laser light sources, such as metal halogen lamp, 

which emits 600 to 800 nm radiation at high power density and short-arc xenon lamp, which can 

be tuned over a bandwidth between 400 to 1200 nm are particularly useful. The incoherent light 

produced by these lamps are beneficial for the treatment of large lesions. On the other hand, 

lasers provide precise application of light to the target site, and selection of specific wavelength, 

are monochromatic in nature and has no thermal effect.136 To minimize the photodegradation of 

PS, pulsed laser systems such as gold vapor laser (GVL) and copper vapor laser-pumped dye laser 
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(GVDL) were employed that produce light pulses of millisecond to nanosecond duration.144 These 

laser systems are often expensive, relatively immobile and demands high maintenance. These 

disadvantages were circumvented by the development of semiconductor diode lasers such as 

gallium-aluminum-arsenide laser, which produces light in the range from 770-850 nm that 

corresponds to the absorption peaks of many new photosensitizers.136 Over the years PDT has 

gained more popularity and accessibility due to advances in light sources that produce good 

quality light with high power at low cost, together with customizable light delivery systems using 

optical fibers. It is also very important to mention that the success of PDT depends on light 

wavelengths with excitability commonly known as ‟therapeutic window” (650 - 800 nm) for deep 

tissue penetration (2 – 3 cm) especially for non-invasive PDT treatment.136 

2.2.2 Singlet oxygen - cytotoxic species 

Oxygen concentration in water at atmospheric pressure is about 160 mm Hg (21%).136, 145 Each 

tissue possesses different oxygen concentration, for example, in blood oxygen pressure is 

between 40-100 mm Hg (5.3 – 9.5%)  and 4-20 mm Hg (0.5 – 2.7%) in tissues such as inflamed 

and cancer tissues.146 Interestingly, solid tumors are known to thrive under a hypoxic condition, 

therefore increases in oxygen concentration are detrimental to solid tumors.147 In PDT, singlet 

oxygen has proven to be the main cytotoxic agent to elicit biological effects among reactive 

oxygen species.142, 148 The energy (>158 kJ mol-1) from the lowest electronically excited singlet 

state (S1) of PS is transferred to triplet (T1) excited state of PS via intersystem crossing.149,150 

Because the lifetime of T1 is much longer than S1, the energy from the T1 state is transferred to 

molecular oxygen which exists in triplet at the ground state, producing singlet oxygen.136 In PDT, 

three aspects of singlet oxygen are most important. First, the concentration of oxygen, for 
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example, 50% reduction in PDT effect is observed when oxygen concentration is reduced from 

5% (38 mm Hg) to 1% (8 mm Hg).151 Second, the lifetime of singlet oxygen in cells was found to 

be short (~10-320 ns)152 with a limited diffusion distance (10-100 nm).152, 153 Because of this 

limited diffusion, photodynamic damage is more likely to occur very close to the intracellular 

location of the PS. Third, the amount of singlet oxygen generated by a photosensitizer, which is 

usually expressed as the singlet oxygen quantum yield, is one of the important parameters in 

assessing the potential of a photosensitizer for PDT.154  

In PDT, majority of incident light is attenuated by tissue, thus light has become one of the major 

limiting factors for PDT in vivo.155 This problem can be addressed by estimating the potential of 

a PS in vivo in terms of singlet oxygen generation quantum yield (ФΔ) in combination with the 

extinction coefficient (𝜀) of the PS at the irradiation wavelength in a term called ‟phototoxic 

power” (PP), expressed as PP = ФΔ × ε,136 where ФΔ  stands for quantum yield of the PS and ε 

stands for molar absorption coefficient of the PS. However, it should be born in mind that a higher 

PP does not guarantee better PDT efficacy as many other factors are involved.  

2.2.3 Photosensitizers 

Photosensitizers play very important roles in PDT in that it is the drug (photosensitizer) that 

generates reactive oxygen species that causes cell damages upon illumination with light of 

suitable wavelength.136 Application of chemical compounds as photosensitizers date backs to 

1000 BC where plants containing psoralens were used for the treatment of skin related disorders 

by ancient Greek, Indian and Egyptians.136 In 1903, Jesionek and von Tappeiner reported for the 

first-time treatment of topical cancers with eosin upon exposure to white light. This study is 

marked as one of the important milestones in photodynamic events.156 The application of PDT 
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for the treatment of various cancers were further extended by the inclusion of porphyrins as 

photosensitizers by Polycard in 1924.157 In 1960, Richard Lipson and co-workers synthesized the 

‟hematoporphyrin derivative” (HPD 44) (Figure 2.3), which emitted fluorescence upon 

localization in tumors,158 subsequently used for the treatment of mammary tumors in vivo by 

Dougherty and his colleagues which led to a major transformation in the photodynamic 

treatment approach.159  

 

Figure 2.3: Chemical structure of HpD (Photofrin®). 

With the support of several preclinical and clinical trial data, HpD 44 was approved under the 

trade name Photofrin® for PDT treatment of Barrett’s oesophagus, cervical cancer, 

endobronchial cancer, oesophageal cancer, gastric cancer and papillary bladder cancer in a 

number of countries.136 The phototoxicity of Photofrin occurs through its cellular uptake 

mechanism, which in turn depends upon intracellular oxygen levels.136 To overcome the 

shortcoming of Photofrin, such as chemical complexity, skin photosensitization and short tissue 

penetration due to absorption at 630 nm with a small molar extinction coefficient, second-
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generation PSs were developed.136 The search for more ideal PSs has opened the door to several 

porphyrin as well as non-porphyrins-based PSs.160 Second-generation PSs addressed some of the 

aspects such as well-defined chemical structure, efficient in singlet oxygen generation, 

absorption at photodynamic window (650-800 nm), low dark- but high phototoxicity, good 

photostability and low skin photosensitization in vivo.136  

2.2.3.1 First generation photosensitizers 

Photofrin® 44 (Figure 2.3) are porphyrin-based first generation photosensitizers that mainly exist 

as a complex mixture of monomeric, dimeric, and oligomeric structures.161 Photofrin absorbs 

light weakly at 630 nm with extinction coefficient εmax ~3000 M-1 cm-1. In PDT, the higher the 

εmax value the greater the photodynamic effect. Low absorption wavelength (630 nm) of 

Photofrin limits the effective tissue penetration of light (2 - 3 mm), confining the application of 

Photofrin to surface tumors. Despite these drawbacks, Photofrin has a high singlet oxygen 

quantum yield (ФΔ = 0.89) suggesting efficient production of 1O2 per photon absorbed.161                         

2.2.3.2 Second generation photosensitizers  

2.2.3.2.1 Porphyrin-based photosensitizers 

Unfavorable properties such as skin phototoxicity, low absorption in the red region of the visible 

spectrum, and complex synthetic procedures were targeted for improvement with second 

generation photosensitizers, which mainly include porphyrins, expanded porphyrins, chlorophyll 

derivatives and dyes with high absorption properties in the therapeutic window and low toxic 

side effects. 

Among various classes of photosensitizers used in PDT, tetrapyrrole moieties comprise largest 

group of PSs that have been used for anti-cancer applications. The tetrapyrrole residue is present 
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naturally in several biomolecules such as haem, chlorophyll, and bacteriochlorophyll.139                            

Photosensitizers consisting of tetrapyrrole backbone (except bacteriochlorins) predominately 

produce Type II singlet oxygen, compared with the Type I ROS (such as hydroxyl radicals) that are 

often produced by PSs with other core structures.139  

2.2.3.2.1.1 Chlorins 

This class of photosensitizer includes several clinically approved PSs (Figure 2.4) namely m-

tetrahydroxyphenylchlorin (m-THPC, Temporfrin or Foscan®, 45),162 benzoporphyrin derivative 

(Verteporfrin, Visudyne®, 46),163 and N-aspartyl chlorin e6 (NPe6, Talaporfrin, Ls11, 47) 164 which 

is obtained from naturally occurring chlorophyll and used as the trisodium salt known as 

photodithazine or as polyvinylpyrrolidone solution.165 Other PSs such as pyrophaeophorbide 

derivative HPPH166 and tin(II) etiopurpurin (SnET2, Rostaporfrin, Purlytin™, 48)161  are among few 

to advance into clinical trials. Structurally, chlorins consists of two extra hydrogens in one pyrrole 

ring compared to porphyrins. This change results in a bathochromic shift in the absorption band 

(650 to 700 nm) and produces εmax ~40,000 M-1 cm-1. 
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Figure 2.4: Structure of chlorins-based photosensitizers. 

2.2.3.2.1.2 Bacteriochlorins 

Reduction of both cross-conjugated double bonds in the porphyrin ring gives rise to 

bacteriochlorins (Figure 2.5) that led to changes in the symmetry and bathochromic shift of 

absorption to 740-800 nm with εmax ~50,000 M-1cm-1.161 Several candidates from 

bacteriochlorins class have entered clinical trials. For example, metal-containing bacteriochlorins 

called palladium bacteriopheophorbide derivative (WST09 49, padaporfin, TOOKAD®) has been 

evaluated for treating prostate cancer in Phase II clinical trials167 and its water-soluble derivative 

(WST11 50, Stakel®) developed by Steba Biotech completed Phase I and II clinical trials involving 

prostate cancer.168 The deeper tissue penetration of TOOKAD derivatives puts them ahead of 
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other photosensitizers to date for clinical applications. The new bacteriochlorin candidate 

LUZ11169 recently entered clinical trials for head and neck cancer.  

                   

Figure 2.5: Structures of bacteriochlorins photosensitizers. 

2.2.3.2.1.3 Phthalocyanines  

Phthalocyanines (Pc) are intensely blue-green-colored macrocyclic compounds widely used in the 

dyeing industry. Like bacteriochlorins, phthalocyanines also require metal complex formation to 

exhibit PDT to accomplish intersystem crossing.170 Phthalocyanines exhibit λmax at 670-700 nm, 

with εmax ~200,000 M-1 cm-1. Pc derivative, aluminum phthalocyanine tetrasulfonate (AlPcS4 51, 

Photosens, Figure 2.6), with λmax at 676 nm, has been used in Russia to treat stomach, skin, lip 

oral, and breast cancer.171 Silicon phthalocyanine 4 (Pc4 52, Figure 2.6), with λmax at 675 nm, has 

cleared Phase I clinical trials for treating actinic keratosis, Bowen’s disease, skin cancer, and State 

I or II mycosis fungoides. 172  
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Figure 2.6: Structures of phthalocyanines photosensitizers. 

2.2.3.2.2 Non-porphyrin-based photosensitizers 

Although porphyrin-based structures comprise most of the photosensitizers, several non-

porphyrin-based structures are also known to exhibit photodynamic activities, for example, 

anthraquinones, phenothiazines, xanthenes, cyanines, curcuminiods and BODIPY. 

2.2.3.2.2.1 Anthraquinones 

A naturally occurring anthraquinone derivative, Hypericin (53, Figure 2.7) extracted from St. 

John’s wort is known to produce reactive oxygen species that target cancer cells. Hypericin 

absorbs at 590 nm with εmax ~44,000 M-1 cm-1. Hypericin is currently under clinical trials for the 

treatment of squamous cell carcinoma and basal cell carcinoma,173 however, the results were 

unsatisfactory to date. Further studies are undertaken to optimize the dosage of drug and light.174  
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Figure 2.7: Structure of hypericin. 

2.2.3.2.2.2 Phenothiazines 

In this class, methylene blue (MB), a member of the phenothiazinium family photosensitizers (54, 

Figure 2.8) has shown positive phototoxicity against melanoma cell cultures.175 Methylene blue 

absorbs light at 666 nm with εmax ~82,000 M-1 cm-1. In clinical PDT, methylene blue is used for 

the treatment of basal cell carcinoma and Kaposi’s sarcoma, in vitro testing of adenocarcinoma, 

bladder carcinoma and HeLa cervical tumor cells.176 Another phenothiazinium derivative used in 

PDT is toluidine blue 55 (Figure 2.8), currently under phase 2 clinical trials for treating chronic 

periodontitis.161 Toluidine blue absorbs light at 630 nm with εmax ~51,441 M-1 cm-1.177 

 

Figure 2.8: Structures of methylene blue and toluidine blue. 

2.2.3.2.2.3 Xanthenes 

Rose Bengal (RB 56, Figure 2.9) is a water-soluble photosensitizer that belongs to the xanthene 

class of fluorescent dyes. This photosensitizer absorbs light at 549 nm with εmax ~100,000 M-1 
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cm-1.161 Addition of heavy atoms such as bromine and iodine to the xanthene ring assisted in 

increasing the triplet quantum yield of the molecule by facilitating intersystem crossing.161 Rose 

Bengal has been extensively explored for antimicrobial applications,178 tissue bonding 

application,179 and anti-cancer applications.180 4,5-Dibromorhodamine methyl ester of RB 57 

(TH9409) absorbs light at 514 nm with εmax ~100,000 M-1 cm-1. This compound has been 

investigated for PDT treatment for graft-versus-host disease and it destroys lymphocytes via 

apoptosis.181 Clinical trials involving 57 in allogeneic stem cell transplantation is currently 

underway.171  

 

Figure 2.9: Structures of Rose Bengal and TH9409. 

2.2.3.2.2.4 Cyanines 

This class consists of Merocyanine 540 (58, Figure 2.10) that absorbs light at 556 nm with εmax 

~110,000 M-1cm-1 that targets leukemia and lymphoma cells.182 This cyanine-based 

photosensitizer was investigated for PDT in preclinical and as in vitro models for the treatment 

of leukemia and neuroblastoma where it was found to cause extensive cellular damage.183  
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Figure 2.10: Structure of merocyanine 540. 

2.2.5.2.5 Curcuminoids  

Curcumin 59 (Figure 2.11) is a new addition to the PDT family, even though curcumin has been 

used as a spice and known to possess medicinal properties for centuries.184 Curcumin is a natural 

colorant extracted from roots of Curcuma Longa L. Curcumin absorbs light at 420 nm with εmax 

~55,000 M-1 cm-1.161 Curcumin has been investigated as a disinfectant in oral surgery via 

photodynamic action because of its bactericidal action against bacteria.161  

 

Figure 2.11: Chemical structure of Curcumin. 

2.3 Ideal properties of PSs 

Most of the photosensitizers used in cancer therapy are structural derivatives of protoporphyrin 

prosthetic group present in haemoglobin. The effectiveness of photosensitizers is dependent on 

its precise structure and its ability to generate reactive oxygen species. Since the tissue 

penetration depth of light increases with wavelength, photosensitizers with strong absorbance 

in the deep-red spectral region such as chlorins, bacteriochlorins, and phthalocyanines are much 
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more efficient photosensitizers although many other factors are also important. Some of the 

ideal properties are listed below:161 

1. available in pure form, of known chemical composition; 

2. easily synthesized from available precursor; 

3. high singlet oxygen quantum yield ФΔ; 

4. strong absorbance in the red to near-infrared spectral region (between 650-800 nm) with 

a high extinction coefficient (εmax), e.g., 50,000-100,000 M-1 cm-1; 

5. adequate accumulation in tumor tissues and retain low dark toxicity for both 

photosensitizer and its metabolites; 

6. stable and soluble in the body’s tissue fluids, easy delivery to the body via injection or other 

methods; 

7. excreted from the body upon completion of treatment. 

Photosensitizers undergo light-mediated degradation (known as photobleaching), which is one 

of the undesirable limitations for PDT applications. Interestingly, some reports suggest that this 

phenomenon would benefit the PDT since over-treatment is avoided when the remaining PS is 

destroyed during the illumination.185  

2.4 PS localization in tumors 

Hydrophobic photosensitizers are rapidly diffused into tumor cells and localized in intracellular 

membrane structures such as mitochondria and endoplasmic reticulum (ER).139 On the other 

hand, polar photosensitizers tend to diffuse through active mechanism via adsorptive or fluid 

phase endocytosis, and this process is observed to be slower than passive diffusion. Presence of 

leaky and tortuous tumor blood vessels, which are typical of the neovascularization process 
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occurring in tumor angiogenesis, together with absence of lymphatic drainage in tumors 

collectively enhance localization and retention of photosensitizers in tumor cells.139, 186 Studies 

have also reported that photosensitizers preferentially bind to low-density lipoprotein (LDL) 

among other serum proteins. Among other receptors, low-density lipoprotein receptors are 

found to be over-expressed on tumor cells thus assisting in localization of photosensitizer in 

tumor cells.187   

2.5 Mechanisms of PDT-mediated cytotoxicity 

Cell death via PDT occurs through three main pathways: apoptotic, necrotic, and autophagy-

associated cell death (Figure 2.12). In PDT it is well accepted that the primary mode of cell death 

in vitro is through apoptosis.139  

 

Figure 2.12: PDT-mediated cell death mechanisms.139 Image reproduced from Abrahamse et al., 

2016,139 with permission. 

For a successful PDT, internalization, and localization of PS in different organelles such as 

mitochondria, lysosomes, endoplasmic reticulum, and plasma membrane play very crucial roles 

in the type of cell death process that dominates. For example, if photosensitizer is internalized in 
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mitochondria or in lysosome, cell death occurs through apoptosis (Figure 2.12 far left image), 

whereas if the PS is located in endoplasmic reticulum, cell death happens through autophagic 

process (Figure 2.12 centre image). Cell death occurs through necrosis if the photosensitizer is 

internalized in plasma membrane (Figure 2.12, far right image). In addition, other factors such as 

PDT dose (PS concentration x light fluence) and DLI (drug-light interval) also play very important 

roles.139  

2.6 BODIPY-based photosensitizers 

BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) derivatives are versatile chromophores 

used in a wide range of applications such as diagnostic imaging, DNA and protein labeling, 

chemical sensing, and photovoltaics.188 The BODIPY-based fluorophores are known to exhibit 

exceptional photophysical properties such as high molar extinction coefficient, high fluorescent 

quantum yields, and sharp excitation and emission peaks.136 The BODIPY framework is known to 

be relatively stable thermally, chemically and photo-chemically and are also relatively insensitive 

to solvent polarity and pH and are resistant to photobleaching.189 Due to these intriguing 

photophysical and photochemical properties, BODIPYs are extensively used for biological labeling 

as fluorescent conjugates of proteins, nucleotides, fatty acids and other biological units to 

understand biological systems and pathways.136 Photochemical properties of BODIPY core can be 

fine-tuned from wavelengths (excitation and emission) of about ~500 nm to NIR by appropriate 

structural modification.136 Due to the flexibility in the synthesis, photophysical properties, such 

as singlet-triplet state characters and electrochemical properties, can be modulated as desired 

for PDT. These transformations have enabled the conversion of a fluorescent dye with a negligible 

triplet state to a photosensitizer.  
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BODIPY and its aza analogue (Figure 2.13) are a relatively new class of photosensitizers with 

characteristics of fluorescent BODIPY dyes such as excellent optical properties and synthetic 

versatility.188 The BODIPY-based photosensitizers possess dipyrrole units connected by a methine 

(i.e., carbon atom at the meso position) or an aza-methine unit (i.e., nitrogen atom at the meso 

position) in a tricyclic fusion: a six membered ring with a boron center to constrain the structure 

flanked by two five-membered pyrrole units.136  

 

Figure 2.13: Chemical structures of BODIPY and aza-BODIPY. 

The aza-BODIPY was first synthesized by Rogers in 1943 as a coloring agent,190 whereas BODIPY 

was discovered by Treibs and Kreuzer in the late 1960s.191 In 2002, O’Shea and co-workers 

published their work on a structurally constrained aza-BODIPY and its application in PDT.192 Their 

work led to the development of a novel class of photosensitizers that are non-porphyrin-based 

for PDT.  

2.7 Strategies for the synthesis of BODIPY 

Due to its unique chemical and photophysical properties BODIPY has attracted a lot of interest 

among synthetic chemists, leading to the development of several approaches for the synthesis 

of numerous BODIPY derivatives. The majority of BODIPY compounds reported in the literature 

are fully substituted, owing to the instability of dipyrromethene, the precursor for unsubstituted 

BODIPY. In 2009, three independent groups reported the synthesis of fully unsubstituted 

BODIPY.193, 194, 195  
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The most common approach for the synthesis of substituted BODIPY derivatives involves the 

treatment of acid chloride 61 with pyrroles 60, generating an unstable dipyrromethene 

hydrochloride salt 62, which upon reaction with BF3•OEt2 in the presence of a base such as 

Hünig’s base, triethylamine or 1,8-diazacyclo[5.4.0]undec-7-ene (DBU) yields the desired BODIPY 

derivative 63 (Scheme 2.1).196 This method is best suited for the synthesis of symmetrical 

BODIPYs. Besides acid chlorides, other electrophiles such as acid anhydrides and aldehydes have 

also been used toward the synthesis of BODIPY.197  

 

Scheme 2.1: Synthetic scheme for fully subsituted BODIPY derivatives. Reagents and conditions: 

i). NEt3, i-Pr2EtN or DBU; ii). BF3•Et2O, toluene or CH2Cl2. 

Isolation of the unstable intermediate 62 is very challenging; however, dipyrromethene can be 

stabilized by increasing the number of C-substituents. Nevertheless, isolation of these 

intermediates is not required as the intermediates readily complexes with BF3•OEt2. 

Synthesis of unsymmetrically substituted BODIPYs can be achieved by different approaches. For 

instance, pyrrole carboxaldehyde 64 is condensed with another pyrrole 65 consisting of an 

unsubstituted α-position to give the corresponding dipyrromethane 66. Oxidation of 

dipyrromethane with DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone) gives the corresponding 
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dipyrrolmethene derivative 67 which complexes with BF3•OEt2 in the presence of a base to give 

the desired BODIPY 68 (Scheme 2.2).198 

  

Scheme 2.2: Synthetic strategy for unsymmetrical BODIPY derivatives. Reagents and conditions: 

i). H+, CH2Cl2, ii) DDQ, iii). NEt3, BF3•Et2O. 

2.8 Structural modifications of BODIPY for PDT applications 

With the flexibility in synthesis, high absorption coefficients and photostability, BODIPY has 

attracted interest for the development of photosensitizers and applications in PDT.199 BODIPY 

compounds also have a few limitations in the context of PDT, which includes low singlet oxygen 

generation, absorption in the short wavelength of the visible spectrum and high lipophilicity.200 

The low absorbance λmax (500 nm) of BODIPY raises concerns as it is too low to be used for the PS 

activation in the deeper tissues. This can be improved by the modification of BODIPY framework 

with substituents such as aryl or styryl moieties as well as fused-ring systems that shift the 

absorption of light to the red and NIR regions.136, 199, 201, 202 Other approaches include extending 

the conjugation of π system at 3,5 positions of BODIPY via Knoevenagel condensation to further 
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extend the absorption in the visible spectrum (630-700 nm) or by increasing the rigidity of BODIPY 

core via 2,6-heteroatom bridged 3,5-arylsubstituted diaza-s-indacene.203 

The water solubility of BODIPYs can be improved by the introduction of functionalities such as 

oligo- or polyethylene glycol chains, sulfonates, phosphonates, or sulfonated peptide chains.204  

Generation of singlet-oxygen species depends on the energy of the system being used for 

intersystem crossing to T1-state which is an important step for the singlet oxygen formation.200 

In BODIPY, the absorbed energy is used to perform transition from the ground state to excited 

singlet states, followed by the release of energy by fluorescence instead of intersystem crossing 

which results in low production of singlet oxygen species. As the ability to generate singlet oxygen 

species is an important requirement for PDT, structural modifications of BODIPY derivatives such 

as introduction of heavy atoms (I and Br), usually at 2 and 6 positions, have been investigated to 

improve 1O2 production.200  

2.8.1 Halogenation and the heavy atom effect 

Several chemical modifications have been introduced into the BODIPY framework through 

electrophilic substitution reactions. The mesomeric structures of BODIPY show that its 2- and 6- 

positions carry the least positive charges, thus more prone to electrophilic attack, as described 

by Treibs and Kreuzer in the use of chlorosulfonic acid for sulfonation.191 This electron-rich 

character of BODIPY core is very well exploited especially for the electrophilic aromatic 

substitution with halogens (Br, I), which transforms the highly fluorescent or low triplet transition 

molecule into a potent photosensitizer with facile intersystem crossing capacity due to spin-

orbital coupling induced by the heavy atom effect.136 The presence of heavy atoms assists in the 

transition of energy from S1 state to T1 state via intersystem crossing. The heavy atom effect can 
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be described as the increase of a spin-forbidden process achieved by the presence of an atom of 

a high atomic number, either internal or external to the excited molecule.136  

2.8.1.1 Bromination 

Electrophilic bromination of 1,3,5,7-tetraalkyl substituted and 1,3,5,7,8-pentaalkyl substituted 

BODIPY was achieved through the free radical-type halogenation method using N-

bromosuccinamide (NBS) and AIBN [2,2′-azobis(2-methylpropionitrile)] in carbon tetrachloride 

(Scheme 2.3 a).205 Interestingly, Shinokubo et al. demonstrated that mono- and di-brominated 

BODIPYs can be prepared regioselectivity by using 1.2 and 2.4 equivalents of NBS in CH2Cl2 at 

room temperature (Scheme 2.3 b).206 Di-brominated products can also be prepared by using 

molecular bromine in benzene or dichloromethane (Scheme 2.3 c).207  
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Scheme 2.3: Bromination of BODIPY derivatives using NBS (a and b) or molecular bromine (c). 

Bromination using elemental bromine is extensively used to prepare brominated aza-BODIPY 

analogues.189 In 1,3,5,7 unsubstituted BODIPY, regioselective electrophilic bromination was 

achieved by using molecular bromine in a step-wise fashion to produce mono-to-hexa bromo 

BODIPY in good yields (Scheme 2.4 a). Most recently Hu et al. also demonstrated that stepwise 

bromination of BODPY can be achieved by using benzyl triethyl ammonium perbromide (Scheme 

2.4 b).208 Bromine-containing BODIPY derivatives are relatively less stable compared to iodo-

BODIPY compounds.  
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Scheme 2.4: Bromination of BODIPY derivatives: a) regioselective bromination of 1,3,5,7 

unsubstituted BODIPY by Br2, b) step-wise bromination bromination of BODIPY using benzyl 

triethyl ammonium perbromide.  

2.8.1.2 Iodination 

Introduction of iodine, a heavier atom than bromine, which also exerts the heavy atom effect at 

2- and 6-positions of substituted BODIPY lead to an effective transition from singlet to triplet 

state.189 Nagano et al. reported the use of molecular iodine to synthesize 2,6-diiodo-tetramethyl 

BODIPY 70 (Scheme 2.5a). Addition of iodine to the BODIPY framework resulted in significant 

bathochromic shift of the absorption maxima by ~30 nm. Iodination of meso-substituted BODIPY 

with molecular iodine (Scheme 2.5 b) leads to the production of tetra-iodinated BODIPY 72 that 
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exhibited 87% of singlet oxygen quantum yield compared to Rose Bengal (71%).136 In addition to 

molecular iodine, N-iodosuccinimide has also been used to prepare 2,6-diiodo-substituted 

BODIPY derivatives.209 

 

Scheme 2.5: Iodination of BODIPY derivatives using molecular iodine. a) Iodination of 1,3,5,7 

substituted BODIPY using elemental iodine and iodic acid; b) iodination of 1,3,5,7 unsusbtituted 

BODIPY by elemenetal iodine and iodic acid. 

In vitro photosensitization experiments were performed by incubating HeLa cells with 1 µM 70 

(2I-BDP) for 30 min and illuminating with green light (535 ± 25 nm, 5 mW/cm2) for 1 min.189 The 

cell viability was tested by fluorescence microscopy using esterase and nucleic acid intercalating 

dyes, calcein-AM and ethidium homodimer-1 (EthD-1). The combination of 70 with light 

illumination led to phototoxicity (Figure 2.14 B and Figure 2.14 C), whereas 70 alone did not yield 

any toxic effects on the cells (Figure 2.14 E and Figure 2.14 F). This study suggested that 70 could 

be a useful PDT reagent for cell photosensitization.189  
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Figure 2.14: Cell photosensitization by 2I-BDP 70. (A-C) Differential interference contrast (DIC) 

and fluorescence images of HeLa cells loaded with calcein-AM (living cell marker) and EthD-1 

(dead cell marker) after photosensitization with 2I-BDP 70. (D-F) Loading with 2I-BDP alone had 

no toxic effect in this assay. Scale bar indicates 5 µM.189 Images were reproduced from Yogo et 

al.,189 with permission. 

In addition to halogenation, introduction of cyano groups on the boron centre has shown to 

improve solubility and stability of BODIPY derivatives. Recently Vicente et al. functionalized 

BODIPY dyes with cyano groups from the corresponding BF2 derivatives using SnCl4/TMSCN as 

cyanation agent at room temperature for 10 min (Scheme 2.6).210 Replacement of the fluorine 

atoms with cyano groups reduces the B-N bond lengths, decreases the charge on boron, and 

causes characteristic 11B NMR chemical shifts. In addition, introduction of cyano groups led to 

the stabilization of BODIPYs under acidic conditions (e.g., excess trifluoroacetic acid) and 

enhanced fluorescence quantum yields. X-Ray crystal structures revealed that the B-N bond 

lengths in the B(CN)2-BODIPYs has a mean value of 1.536 Å, which is slightly shorter than 1.548 Å 

for the BF2 BODIPY derivative.210 Furthermore, the replacement of fluorine atoms with cyano 

groups led to a decrease in the charge density on the boron atom from 1.293 a.u. in 73 to 0.952 

a.u. in 74 and 0.511 a.u. in 75. Boron does not participate in the delocalization of electron system, 
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however, substitution on boron most likely influences the charge distribution through the 

BODIPY core and further affects its photochemical stability. Replacement of fluorine atoms with 

cyano groups also led to changes in 11B NMR spectroscopy, where the characteristic triplet at ca. 

0.65 ppm for the 73 was replaced with a doublet at -5.34 ppm in the case of mono-substituted 

74 or a singlet at ca. -16.9 ppm due to di-substitution in 75.  

 

Scheme 2.6: Selective introduction of cyano groups to BODIPY framework using tin (IV) 

tetrachloride and trimethylsilylcyanide.210 

Furthermore, dark and photo-cytotoxicity was investigated with a light dose ~1.5 J/cm2 for the 

B(CN)2-BODIPY 75 and the BF2-BODIPY 73 in human carcinoma HEp2 cells using the Cell Titer Blue 

Assay. It was demonstrated that none of the BODIPY derivatives was toxic in the dark (IC50 >100 

µM) or upon exposure to light (IC50 >50 µM at ~1.5 J/cm2). The cyano BODIPY derivatives did not 

induce cytotoxicity.210  
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2.9 Cationic BODIPY photosensitizers 

PDT has been used for killing microorganisms for over 100 years.140 Because of the rise in multi-

drug resistance among pathogenic microbes, PDT has become popular again as antimicrobial 

agents. The ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter strains) pose 

major concerns as infections caused by these drug-resistant pathogens worldwide are on the rise, 

often with limited therapeutic options.200 In addition, mortality from drug-resistant strains has 

also increased over the past few years. To address this problem there is an urgent need for the 

development of alternative strategies for the treatment of antibiotic resistant microorganisms. 

In this context, BODIPY core can be exploited as a potential modality to treat microbial-induced 

pathologies (photodynamic antimicrobial chemotherapy, PACT). Introduction of cationic 

functionality to the BODIPY derivatives promotes electrostatic interaction between positively 

charged photosensitizer and negatively charged bacterial cell envelope. In addition, positive 

charges on BODIPYs have also shown to elicit PDT effects in cancer therapy. 

In 2012, Banfi et al.203 reported the synthesis of two novel photosensitizer BODIPYs 80 and 81 

(Scheme 2.7) that consist of cationic functionality for photodynamic application against 

prokaryotes. These BODIPYs contain one pyridinium cationic group at the meso position and two 

iodine atoms at 2, 6-positions of the dipyrrolmethene structure. Both cationic BODIPYs were 

tested against two bacterial model strains, the Gram-positive Staphylococcus xylosus and the 

Gram-negative Escherichia coli. 
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Scheme 2.7: Synthesis of BODIPY derivatives 80 and 81. 

Preliminary testing revealed that BODIPY 81 bearing a methyl substituent on the pyridinium 

nitrogen possesses greater antimicrobial efficacy toward both bacteria with respect to the benzyl 

substituted BODIPY 80. Photoinactivation assay of 81 showed a high degree of photo-toxicity (>6 

log compared with in the dark) around 0.5 µM against S. xylosus and 5.0 µM against more tolerant 
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E. coli (Figure 2.15 A and B), after 5 min of illumination with a green LED light (light dose 1.38 

J/cm2).  

  

Figure 2.15: Phototoxicity of 81 against (A) S. xylosus and (B) E. coli. Images were reproduced 

from Banfi et al.,203 with permission. 

Recently in 2021, Kucinska et al.200 reported the synthesis (Scheme 2.8) and photochemical 

characterization of non-iodinated 87 and iodinated 88 cationic BODIPY derivatives consisting of 

N,N-dimethylaminopropoxyphenyl substituents. 
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Scheme 2.8: Synthesis of non-iodinated 87 and iodinated 88 BODIPY derivatives.200 Reagents and 

conditions: i) 1. CF3COOH, CH2Cl2, 1 h; 2. DDQ CH2Cl2, 1 h; 3. DIPEA, BF3•Et2O, rt, overnight; ii) 3-

chloro-1-(N,N-dimethyl)propylamine, K2CO3, acetone, reflux, 6 h; iii) I2, HIO3, C2H5OH, 70 oC, 45 

min; iv) CH3I, chloroform, reflux, 27 h; v) I2, HIO3, C2H5OH, 70 oC, 45 min. 

It was demonstrated from the results that the presence of iodine atoms at 2 and 6 positions of 

the BODIPY core led to substantial heavy atom effect, resulting in a bathochromic shift of the 

absorption band by about 30 nm and reduction in fluorescence intensity by about 30-35 folds 

compared to the non-iodinated BODIPY derivatives. The photoinactivation activity of 87 and 88 

was investigated on S. aureus and E. coli bacteria as well as on human androgen-sensitive 

prostate adenocarcinoma cell line (LNCaP). The results showed that iodinated cationic BODIPY 

88 exhibited the highest activity towards all cells studied (Figure 2.16). Furthermore, BODIPY 88 

demonstrated an IC50 value of 19.3 nM against LNCaP cells (Figure 2.16 B). The viability of S. 
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aureus was reduced by >5.6 log10 at 0.25 μM concentration and by >5.3 log10 for E. coli at 5 μM 

in cell cultures containing compound 79. Since heavy atoms are more important for 

photodynamic activity than the presence of positive charges, non-iodinated BODIPY 87 was 

found to be less active against LNCaP cell line (Figure 2.16 A.) 

 

Figure 2.16: Photoinactivation activity of BODIPY derivatives 87 and 88 against LNCaP cell line; A) 

toxicity of 87 at a concentration of 0.15 to 10 μM; B) toxicity of 88 at a concentration range of 

0.9-60 nM under normoxic conditions. Images were reproduced from Kucinska et al.,200 with 

permission. 

2.10 Photosensitizer BODIPY analogues as antiviral agents 

In the current COVID-19 crisis, the entire Canadian social-economic system is facing 

unprecedented challenges. At the beginning of the pandemic, severe shortages of personal 

protective equipment (PPE) often left healthcare workers with no choice but to wear PPE such as 

masks for extensive period of time, raising the concerns for cross-contamination through 

touching masks. It is well recognized that microorganisms reside well on fabric surfaces.211, 212, 213 

As an example, it was determined that SARS-CoV-2 viruses can reside on surfaces such as copper, 

cardboard, stainless steel and plastic, for ca. 8, 24, 28 and 72 hours, with half-lives of viability of 
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ca. 0.3, 3.3, 5.5 and 6.8 hours, respectively.214 This finding signifies the importance of reduction 

of viral loading on the surface of masks, as a necessary step to reduce the risk of SARS-CoV-2 

infections through touching potentially contaminated masks. 

To diminish microbial transmission from disposable masks and other PPE, antimicrobial fabric 

materials have been explored. While incorporation of antiviral compounds directly into fabric 

provides a means to reduce viral loads on these surfaces,215 constant selection pressure runs the 

risk of viral mutations. Photosensitizers represent an excellent alternative to disinfect PPE 

surfaces, as the mode of action of photosensitization does not target specific biological processes 

of microorganisms, thus mutations are unlikely to evolve as a result of applying these agents. In 

this respect, introduction of inorganic nano-materials has attracted significant attention to 

produce antibacterial and antiviral fabric.213 The activity of many of these inorganic material, 

however, depends on the exposure to UV lights, which tend to have limited efficiency while used 

indoor. Although organic photosensitizers were first shown to be able to inactivate cells in 

1900,216 use of these agents to deactivate viruses only received attention in the 1980s when 

Acquired Immunodeficiency Syndrome (AIDS) became epidemic. It was found that enveloped 

viruses are a few orders of magnitude more sensitive to photoinactivation than non-enveloped 

viruses. To date, a few classes of photosensitizers, such as psoralen, hypericin, phthalocyanine, 

merocyanine, and porphyrin, have been shown to be virucidal.217 Many of these derivatives are 

limited by the lipid solubility, photophysical stability, or the requirement for UV, instead of visible 

light for their activity. BODIPY-class compounds, on the other hands, are highly photostable218 

and can be readily modified to optimize its lipophilicity to target enveloped viruses, such as SARS-

CoV-2. Previous work has demonstrated the antibacterial and antiviral efficiency of BODIPY-
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based photosensitizers.203, 219, 220 Most interestingly, BODIPY photosensitizers have been recently 

shown to effectively deactivate mustard agents, in timescales as short as a few minutes in 

ambient light, when impregnated into military uniform fabric.221   

The objectives of the research in this thesis are: 

(1). to synthesize BODIPY photosensitizers and characterize their photophysical and photo- 

chemical properties, 

(2). to characterize the antibacterial activity against Gram-negative and Gram-positive bacteria. 

(3). to characterize the cytotoxicity of the desired BODIPY photosensitizer in cancer cells SK-MEL-

28: ATCC HTB-72. 

(4). to characterize anti-Sarc-Cov-2 viricidal activity both in solution and on fabric surfaces. 
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Chapter 3- Results and Discussion 
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(I) Synthesis and incorporation of LNA-G phosphoramidite analogues into 

oligonucleotides 

Incorporation of locked nucleic acids into oligonucleotides have been shown to stabilize the DNA 

duplex. Oligonucleotides consisting of LNA residues showed stronger affinity towards the 

complementary sequence compared to native oligonucleotides. LNA-incorporated 

oligonucleotides are well explored in antisense oligonucleotide therapy. It is well documented in 

the literature that DNA sequences consisting of CG repeats undergoes B-DNA to Z-DNA transition 

under specific conditions such as high salt concentration and negative supercoiling which occurs 

during the transcription process when DNA unwinds. Specific chemical environment and 

chemical agents that prompts B- to Z-DNA transition are also well explored and studied 

(discussed in Chapter 1). The objective of the current project was to incorporate LNA-G monomer 

into oligonucleotides using the phosphoramidite chemistry-based solid phase synthesis to 

investigate B- to Z-DNA transition at various salt (NaCl) concentrations. It was hypothesized that 

B- to Z-DNA transition is not a single step process, instead multiple steps are involved. As such, 

B-DNA must possess some degree of structural flexibility to allow this type of transition to take 

place. During this transition, sugar pucker in 2’-deoxyguanine changes from C2′-endo to C3′-endo. 

As LNAs can only adopt C3′-endo sugar pucker due to the ring constraint, this thesis will examine 

the influence of LNA on the ability of oligonucleotides to adopt Z-DNA under elevated salt 

concentrations.  
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3.1 Synthesis of 5ʹ-dimethoxytrityl-N-dimethylformamidine-2ʹ-O,4ʹ-C-methyleneguanosine-3ʹ-

O-(2-cyanoethyl)-N,N-diisopropylphosphoramidite 

5′-Dimethoxytrityl-N-dimethylformamidine-2′-O,4′-C-methyleneguanosine,3′-O-(2-cyanoethyl)-

N,N-diisopropylphosphoramidite 90 was synthesized by treating the commercially available 5′-

dimethoxytrityl-N-dimethylformamidine-2′-O,4′-C-methyleneguanosine building block 89 with 

the phosphitylating reagent 2-cyanoethyl-N,N-diisopropylphosphorochloridite in the presence of 

N,N-diisopropylethylamine (DIPEA) (Scheme 3.1).  

 

Scheme 3.1: Synthesis of 5′-dimethoxytrityl-N-dimethylformamidine-2′-O,4′-C-methylene 

guanosine-3′-O-(2-cyanoethyl)-N,N-diisopropyl phosphoramidite 90. Reagents and conditions: i) 

2-cyanoethyl-N,N-diisopropylphosphorochloridite, DIPEA, anhydrous DCM, rt, 4 h.  

3.2 Oligonucleotide synthesis 

The LNA-dG amidite solid 90 was co-evaporated with anhydrous benzene (3 x 10 mL) and dried 

overnight under vacuum. The residue was dissolved in anhydrous acetonitrile to make a final 

concentration of 0.1 M for solid-phase synthesis. All the commercially available unmodified 

amidites (dA, dG, dC, and T) were dissolved in anhydrous acetonitrile to make a final 

concentration of 0.1 M. These phosphoramidite solutions were used for the assembly of 

oligonucleotides through solid-phase oligonucleotide synthesis (Scheme 3.2). 
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Phosphoramidite-based DNA synthesis involves 4 steps. The first step is the detritylation of 

nucleosides using an acid, such as tri- or dichloroacetic acid to free the 5′-OH for the coupling 

step. The second step involves coupling of free 5′-OH with the incoming 5′-DMTr-protected 

phosphoramidite followed by the capping step where unreacted 5′-OH groups are treated with 

acetic anhydride to prevent undesired coupling reactions in subsequent steps. In the last step, 

the phosphite triesters are converted to phosphate triesters to enhance the stability of the 

phosphodiester bond. This cycle continues until the desired sequence is synthesized.  

 

Scheme 3.2: Standard synthetic cycles in the phosphoramidite chemistry-base solid phase DNA 

oligonucleotide synthesis. 
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Nine d(CG)6 sequences (Table 3.1) containing single and multiple LNA-dG modifications were 

incorporated at different positions by solid phase synthesis on an ABI 3400 DNA synthesizer using 

the modified 1 mol cycle conditions. For modified sequences the coupling time was increased 

from 20 s to 300 s and oxidation step time was increased from 20 s to 60 s. The products were 

deprotected and cleaved from solid support by incubation with aqueous ammonium hydroxide 

solution (1 mL) at 55 oC for 12 h. 

At the end of the oligonucleotide synthesis, 5′-O-DMTr group on the last base was not cleaved to 

help in the purification of oligonucleotides by reverse phase HPLC. Fully formed sequences and 

truncated sequences can be resolved by reverse phase HPLC depending on the solvent condition 

used. Oligonucleotides consisting of truncated sequences were purified by FPLC and gel 

electrophoresis followed by purity analysis by reverse phase HPLC. The products were 

characterized by anion exchange HPLC and mass spectroscopy (Table 3.1). 
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Table 3.1: Unmodified and modified oligonucleotide sequences and mass spectroscopic (ESI, 

detected for anions) characterization of oligonucleotides sequences. 

Sequence name Sequence (5′-3′) Mass (Da) ESI (-ve mode) 

Expected Found 

d(CG)6 d(CGCGCGCGCGCG) 3648.39 3648.40 

d(CG)6-LNA-1 d(CGCGCGCGCGCG) 3676.40 3676.40 

d(CG)6-LNA-3 d(CGCGCGCGCGCG) 3676.40 3676.40 

d(CG)6-LNA-5 d(CGCGCGCGCGCG) 3676.40 3676.40 

d(CG)6-LNA-7 d(CGCGCGCGCGCG) 3676.40 3676.40 

d(CG)6-LNA-9 d(CGCGCGCGCGCG) 3676.40 3676.40 

d(CG)6-LNA-11 d(CGCGCGCGCGCG) 3676.40 3676.40 

d(CG)6-LNA-5,7 d(CGCGCGCGCGCG) 3704.41 3704.40 

d(CG)6-LNA-1,11 d(CGCGCGCGCGCG) 3704.41 3704.41 

d(CG)6-LNA-3,5,7,9 d(CGCGCGCGCGCG) 3760.43 3760.40 

 

3.2.1 Calculating OD values and concentration of oligonucleotides 

To quantify the amount of oligonucleotide products, optical density (OD) values were 

determined. Thus, the dried oligonucleotide was dissolved in 1 mL autoclaved MQ H2O, and 

subsequently diluted so that the absorbance value at 260 nm (A260) was under 1 using a UV-Vis 

spectrophotometer. 
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3.3 Analysis of self-complementary sequences by HPLC 

Working with self-complementary sequences such as d(CG)6 is challenging in terms of its 

characterization and purification because of the tendency of these sequences to form secondary 

structures. In order to develop better understanding of the nature of self-complimentary 

sequences, we examined the separation of self-complementary oligonucleotide sequences, both 

natural and modified, by reverse-phase, non-denaturing, and denaturing anion exchange HPLC. 

It became clear that characterization of these nucleic acids by reverse-phase and typical non-

denaturing anion exchange HPLC is unreliable and often leads to misinterpretation. Denaturing 

anion exchange HPLC, however, leads to the separation of oligonucleotides independent of 

secondary structures. 

Our interest in d(CG)6 originates from the ability of the purine/pyrimidine sequences to adopt 

left-handed Z-DNA under elevated salt concentrations.222, 223, 224 Keeping DMTr group on at the 

end of solid phase synthesis is a common practice as it enables purification of full-length 

oligonucleotides from truncated sequences by reverse phase HPLC, owning to the hydrophobicity 

of the DMTr group. Thus, the DMTr-d(CG)6 products from solid phase synthesis were analyzed by 

reverse phase HPLC on a C18 column, eluting with a mixture of triethylammonium acetate buffer 

and acetonitrile. Figure 3.1a shows that multiple species were eluted for DMTr-d(CG)6, making 

proper interpretation difficult. When DMTr-d(CG)6 is eluted off DNAPac 200 using Tris-HCl (pH 

7.5, 10 mM)–NaCl–water system, i.e., non-denaturing condition, the HPLC profile is also 

compounded by peaks that are difficult to interpret (Figure 3.1b). Elution of DMTr-d(CG)6 off 

DNAPac 200 using urea (5 M urea containing 10 mM NaOH)–NaCl–water, i.e., denaturing 

condition, on the other hand, leads to clear resolution of products (Figure 3.1c). After removal of 

https://www.tandfonline.com/doi/full/10.1080/15257770.2019.1706096#F0001
https://www.tandfonline.com/doi/full/10.1080/15257770.2019.1706096#F0001
https://www.tandfonline.com/doi/full/10.1080/15257770.2019.1706096#F0001
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DMTr group by incubation with 80% aqueous acetic acid, the products were lyophilized and 

analyzed again with reverse phase (Figure 3.1a′), non-denaturing anion exchange (Figure 3.1b′) 

and denaturing anion exchange (Figure 3.1c′) HPLC. Elution under denaturing anion exchange 

conditions gave clear resolution of products. 

 

Figure 3.1: HPLC profiles of d(CG)6 monitored at 260 nm under different conditions.  

(a–c): d(CG)6 with DMTr group at the 5′-end; (a′–c′): d(CG)6 without DMTr group at the 5′-end. 

a/a′). C18-RP (Program A); b/b′). DNAPac 200 anion exchange (Program B); c/c′). DNAPac 200 

anion exchange (Program C). 

When d(CG)6 is modified with LNA-dG, better resolution was achieved under denaturing anion 

exchange chromatography off the DNAPac 200 column as well (Figure 3.2b and b′) when DMTr is 

removed, although very little difference in elution profiles was seen when DMTr group is kept on 

(Figure 3.2a and a′).  

https://www.tandfonline.com/doi/full/10.1080/15257770.2019.1706096#F0001
https://www.tandfonline.com/doi/full/10.1080/15257770.2019.1706096#F0001
https://www.tandfonline.com/doi/full/10.1080/15257770.2019.1706096#F0001
https://www.tandfonline.com/doi/full/10.1080/15257770.2019.1706096#F0002
https://www.tandfonline.com/doi/full/10.1080/15257770.2019.1706096#F0002
https://www.tandfonline.com/doi/full/10.1080/15257770.2019.1706096#F0002
https://www.tandfonline.com/doi/full/10.1080/15257770.2019.1706096#F0002
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Figure 3.2: HPLC profiles of d(CG)6 containing an LNA-dG (5′-d(CGCGCGCGCGCG) monitored at 

260 nm, where G is LNA-dG. a). DMTR-ON, non-denaturing (Program D); a′). DMTR-ON, 

denaturing (Program E); b). DMTR-OFF, non-denaturing (Program B); b′). DMTR-OFF, denaturing 

(Program C).  

HPLC profiles of other d(CG)6 containing LNA-dG residue, under denaturing ion-exchange 

chromatography are shown in Figure 3.3a-h, which confirmed the purity of these LNA-dG-

modified sequences.  
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a) d(CG)6-LNAG-1; b) d(CG)6-LNAG-3; c) d(CG)6-LNAG-7; d) d(CG)6-LNAG-9, e) d(CG)6-LNAG-11; f) 

d(CG)6-LNAG-1,11; g) d(CG)6-LNAG-5,7; h) d(CG)6-LNAG-3,5,7,9. 

Figure 3.3: HPLC profiles of d(CG)6 containing LNA-dG residues monitored at 260 nm, where G is 

LNA-dG. a). d(CG)6-LNAG-1 (5′-d(CGCGCGCGCGCG) DMTr-off (Program C); b). d(CG)6-LNAG-3 (5′-

d(CGCGCGCGCGCG) DMTR-off (Program C); d). d(CG)6-LNAG-7 (5′-d(CGCGCGCGCGCG) DMTR-off 

(Program C); d) d(CG)6-LNAG-9 (5′-d(CGCGCGCGCGCG) DMTr-off (Program C); e) d(CG)6-LNAG-11 

(5′-d(CGCGCGCGCGCG) DMTr-off (Program C); f). d(CG)6-LNAG-1,11 (5′-d(CGCGCGCGCGCG) DMTr-

off (Program C); g) d(CG)6-LNAG-5,7 (5′-d(CGCGCGCGCGCG)DMTr-off (Program C); h) d(CG)6-LNAG-

3,5,7,9 (5′-d(CGCGCGCGCGCG) DMTr-off (Program C). 
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Table 3.2: HPLC Elution programs used in this work. 

Program Figure Column Flow rate 
(ml/min) 

Mobile phase gradient (%) 
(linear gradient 5) 

A Figure 3.1a/a′ C18 0.5 ACN: (0-15 min: 10→45);  
(15-20 min: 45→10) 

B Figure 3.1b/b′ 
Figure 3.2b 

DNAPac200 0.7 TRIS-HCla: 10;  
NaCl: (0-15 min: 10→50) 

C Figure 3.1c/c′ 
Figure 3.2b′ 
Figure 3.3a, b, 
c, d ,e, f 

DNAPac200 0.7 Urea-NaOH-NaClb: 10; 
NaClc: (0-15 min: 10→50) 

D Figure 3.2a DNAPac200 0.5 TRIS-HCl: 10;  
NaCl: (0-15 min: 10→50) 

E Figure 3.2a′ DNAPac200 0.5 Urea-NaOH-NaCl: 10; 
NaCl: (0-15 min: 10→50) 

 
a Tris-HCl – 100 mM; pH 7.5;  
 
b Urea – 5M; NaOH – 10 mM; NaCl -  20 mM; pH – 13.5 
 
c NaCl – 1 M 
 
3.4 Thermal stability of modified and unmodified oligonucleotides 

Modified and unmodified d(CG)6 oligos were heated to 90 oC and annealed by slow cooling at 

different NaCl concentrations (0.02 and 4 M) to study the thermal stability of B- and Z-DNA.  

As shown in Table 3.3, all sequences showed a lower thermal stability in 4 M NaCl, as compared 

with that in 0.02 M NaCl. While there does not appear to be a clear trend in the impact of LNA 

on the thermal stability in the same salt concentration, probably with the exception of d(CG)6-

LNAG-11, LNA introduction into d(CG)6 appears to maintain or lead to minimal increases in Tm in 

both series of experiments, as compared with unmodified d(CG)6. As shown in Table 3.3, all the 

modified sequences showed a lower thermal stability in 4 M NaCl, as compared to that in 0.02 M 

NaCl. In the case of d(CG)6-LNAG-11, a clear drop in Tm was seen both in 0.02 and 4 M NaCl. 
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At 0.02 M NaCl concentration, d(CG)6-LNAG-9 (86 oC), d(CG)6-LNAG-3 (84 oC) and d(CG)6-LNAG-1 (86 

oC) showed a slight increase in Tm when compared with d(CG)6 (82 oC) (Table 3.3). Introduction 

of single LNAG modification at 5′-end did result in slight destabilization of the duplex by ~3 oC as 

seen in the case of d(CG)6-LNAG-11, however introduction of two LNAG modifications, one at 5′-

end and another at 3′-end, as in case of d(CG)6-LNAG-1,11 (82 oC) doesn’t seem to affect the 

thermal stability.  

Interestingly, at 4 M NaCl concentration Tm of d(CG)6-LNAG-9 (82 oC) and d(CG)6-LNAG-3 (82 oC) 

was increased by 6 oC with respect to d(CG)6 (Tm = 76 oC). Presence of two LNAG residues in the 

centre as in the case of d(CG)6-LNAG-5,7 showed a very slight drop in Tm by ~1 oC (75 oC) both at 

0.02 and 4 M NaCl. Incorporation of four LNAG moieties, as in the case of d(CG)6-LNAG-3,5,7,9 did 

show drop in Tm by ~1 oC at 0.02 M NaCl and increase in Tm by ~3 oC at 4 M NaCl. While there 

does not appear to be a clear trend in the impact of LNA on the thermal stability in the same salt 

concentration, probably with the exception of d(CG)6-LNAG-11, LNA introduction appears to 

maintain or lead to minimal increases in Tm in both series of experiments, as compared with 

unmodified d(CG)6. The reason for this difference in unclear at this time. Sequences such as 

d(CG)6 are self-complementary, thus prone to form non-duplex forms such as hairpins. As shown 

in the literature and previous work in Yan’s lab,129 self-complementary sequences, such as d(CG) 

repeats, predominately adopt duplexes as opposed to hairpins, when rehydrated in the presence 

of salt, especially when the sequences are subjected to annealing. In this regard, the Tm data 

shown in Table 3.3 reflects the thermal stability of duplexes in both high and low salt 

concentrations. 
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Table 3.3: Melting temperature of unmodified and modified oligonucleotides. 

Sequence name Sequence (5′-3′) Tm (oC)  

20 mM (NaCl) 4 M (NaCl) 

d(CG)6 d(CGCGCGCGCGCG) 82 76 

d(CG)6-LNAG-1 d(CGCGCGCGCGCG) 86 78 

d(CG)6-LNAG-3 d(CGCGCGCGCGCG) 84 82 

d(CG)6-LNAG-5 d(CGCGCGCGCGCG) 87 75 

d(CG)6-LNAG-7 d(CGCGCGCGCGCG) 81 79 

d(CG)6-LNAG-9 d(CGCGCGCGCGCG) 86 82 

d(CG)6-LNAG-11 d(CGCGCGCGCGCG) 79 73 

d(CG)6-LNAG-5,7 d(CGCGCGCGCGCG) 81 75 

d(CG)6-LNAG-1,11 d(CGCGCGCGCGCG) 82 76 

d(CG)6-LNAG-3,5,7,9 d(CGCGCGCGCGCG) 81 79 

 

3.5 Characterization of B/Z-DNA transition using circular dichroism (CD) 

B/Z-DNA transition in d(CG)6 oligonucleotides was investigated by circular dichroism (CD). As 

expected, the unmodified d(CG)6 exhibited B-form DNA in 0.02 to 2.0 M NaCl. At 2.5 M NaCl 

concentration B-form DNA partially transited into Z-form DNA, with full transition to Z- DNA at 4 

M NaCl. The formation of Z-DNA in d(CG)6 sequence in 4 M NaCl is evident by the negative and 

positive band at ca. 290 and 270 nm, respectively (Figure 3.4).  



   
 

96 
 

 

Figure 3.4: CD spectra of d(CG)6 measured at NaCl concentration ranging from 0.02 to 4 M NaCl.  

Interestingly, while sequences with one LNA-G modification were found in the B-form in 0.02 M 

NaCl, none of them showed clear signs of Z-DNA formation at 4 M NaCl. Thus, d(CG)6-LNAG-3, 

d(CG)6-LNAG-5, d(CG)6-LNAG-7, d(CG)6-LNAG-9 (Figure 3.5b-e) remained in the B-form, as indicated 

by the positive and negative band at 280 and 250 nm, respectively. On the other hand, d(CG)6-

LNAG-1 and d(CG)6-LNAG-11 did show signs of a partial B/Z-DNA transition (Figure 3.5a & f).  
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Figure 3.5: CD spectra of modified d(CG)6 sequences containing single LNA-dG residues from 0.02 

to 4 M NaCl concentration. 

CD spectra of d(CG)6 sequences with two [d(CG)6-LNAG-5,7] and four [d(CG)6-LNAG-3,5,7,9] LNA-dG 

residues (Figure 3.6), showed an A-form conformation, as indicated by a positive and a negative 

band at 270 nm and 230 nm, respectively. It is well established in the literature that the LNA 

nucleobase affects the conformation of B-form DNA.115 Kaur et al.115 demonstrated that the CD 

spectra of modified duplexes such as 5′-d(AGCACCAG)-3′ and 5′-d(TGCTCCTG)-3′ containing LNA 

modification (single, double and triple addition) either on adenine (in the former sequence) or 
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on thymidine (in the latter sequence) showed a positive peak at 270 nm and a negative peak at 

238 nm, compared with unmodified sequence which showed a positive peak at 275 nm and a 

negative peak at 250 nm. This change in the CD spectra of the modified duplexes, in comparison 

with the unmodified duplex suggests that the incorporation of LNA residue led to disruption of 

the B-form conformation of the helix toward the formation of A-type conformation. Similar 

observations were made when two or more LNA-G residues were incorporated into d(CG)6 

sequences. As can be seen from Figure 3.6, d(CG)6-LNAG-5,7 (Figure 3.6b) and d(CG)6-LNAG-3,5,7,9 

(Figure 3.6c) sequences containing two and four LNA-G residues, the CD spectra showed 

prominent A-form characteristics with respect to unmodified d(CG)6 sequence, which existed in 

B-form conformation as evident from the CD spectra (Figure 3.4). Interestingly, d(CG)6-LNAG-1,11 

sequence remained in the B-form, even in 4 M NaCl, as evident from the CD spectra (Figure 3.6 

a). A recent paper on probing B/Z-DNA transition using 5-fluoro-2′-deoxycytidine from Yan’s 

research group36 showed that the salt-induced B/Z-DNA transition is mostly likely initiated at 

terminal ends, leading to unwinding of the middle segment of the duplex and eventual transition 

from B to Z-form DNA when sodium chloride concentration reaches a threshold value. It is clear 

from the CD spectra of the modified duplexes that the introduction of LNA-G at internal positions 

suppresses Z-DNA formation, while this inhibitory effect is dampened when LNA-G residue is 

present toward the terminal positions; nevertheless, the B→Z DNA transition is suppressed with 

LNA-G at both terminals of the duplex. 
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Figure 3.6: CD spectra of modified d(CG)6 sequences containing multiple LNA-dG residues: a) 

d(CG)6-LNAG-1,11; b) d(CG)6-LNAG-5,7, and c) d(CG)6-LNAG-3,5,7,9 from 0.02 and 4 M NaCl. 

By plotting the ratio of absorbance of the modified and unmodified sequences at 260 nm and 

290 nm at different NaCl concentrations, B-Z transition can be monitored. The inability of d(CG)6 

containing single LNA-G in the internal positions to form Z-DNA is also evident from the ratio of 

absorbance at 260 and 290 nm (A260/A290) as shown in the Figure 3.7.   
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Figure 3.7: A260/A290 ratio of modified and unmodified (CG)6 sequences. 

As shown in Table 3.4, the A260/A290 ratio decreased by 55% from 0.020 to 4.0 M NaCl in the case 

of d(CG)6, which is often indicative of Z-DNA formation,3 while much smaller differences were 

seen for the other LNA-dG modified sequences except for d(CG)6-LNAG-1 and d(CG)6-LNAG-11. 

These data corroborated with the above presented CD data that introduction of LNA-dG into 

oligonucleotides, especially at internal positions, inhibits the B/Z-DNA transition even at 4 M 

NaCl.  
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Table 3.4: A260/A290 ratio for d(CG)6 and LNA-G modified. 𝐴260
0.020 𝑀, 𝐴290

0.020 𝑀,  𝐴260
4.0 𝑀 and 𝐴290

4.0 𝑀 

refer to the absorbance at 260 and 290 nm at either 0.020 or 4.0 M NaCl concentrations, 

respectively. 

Sequence name Percent decrease in A260/A290 ratio from 0.020 to 4.0 
M NaCl 

(
𝐴260

0.020 𝑀/𝐴290
0.020 𝑀−𝐴260

4.0 𝑀/𝐴290
4.0 𝑀

𝐴260
0.020 𝑀/𝐴290

0.020 𝑀 )x100 

d(CG)6 55 

d(CG)6-LNA-1 29 

d(CG)6-LNA-3 4.8 

d(CG)6-LNA-5 5.2 

d(CG)6-LNA-7 10 

d(CG)6-LNA-9 3.5 

d(CG)6-LNA-11 15  

d(CG)6-LNA-5,7 -13 

d(CG)6-LNA-1,11 11 

d(CG)6-LNA-3,5,7,9 11 

 

3.6 Reasoning behind the inhibition of B-/Z-DNA transition in oligonucleotides containing LNA-

G residues 

Structurally LNA-dG has the sugar in a locked position where 2′-OH group is covalently bonded 

to C-4′ carbon with a methylene group. Presence of this methylene bridge between 2′-OH and C-

4′ carbon locks the sugar pucker in the C3′-endo conformation (similar to sugar pucker in RNAs) 

which is presumed to support the B-/Z-DNA transition, since 2′-deoxyguanosine takes the C3′-

endo conformation in Z-DNA. We hypothesized that the transition of B-/Z-DNA is a dynamic 

process which involves intermediate state(s) where the flexibility of sugar residue plays a very 

crucial role. Even though sugar pucker in LNA is in the C3′-endo conformation, the presence of a 

methylene bridge and overall rigidity of the LNA-G sugar presumably prevent the formation of 
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intermediate structure(s) during B-/Z-DNA transition, thus inhibiting the transition even at high 

salt concentration.  

3.7 Synthesis of 8-bromo-5ʹ-dimethoxytrityl-N-dimethylformamidine-(2ʹ-O,4ʹ-C-methylene)-

guanosine-3ʹ-O-(2-cyanoethyl)-N,N-diisopropyl phosphoramidite 

Chemical modification at C-8 position on 2′-deoxyguanine with bulky entities such as bromine, 

phenyl and methyl have been shown to promote B-Z-DNA.65 To investigate the influence of 

bromine at C8-position on LNA-dG, 5′-dimethoxytrityl-N-dimethylformamidine-(2′-O,4'-C-

methylene)-guanosine  89 was brominated at C-8 position using N-bromosuccinimide to produce 

8-bromo-5′-dimethoxytrityl-N-dimethylformamidine-(2′-O, 4′-C methylene)-guanosine 91 in 

quantitative yield (Scheme 3.3).   

8-Bromo-5′-dimethoxytrityl-N-dimethylformamidine-2′-O,4′-C-methyleneguanosine 91 was 

subsequently treated with the phosphitylating reagent, 2-cyanoethyl-N,N-diisopropyl- 

phosphorochloridite in the presence of the Hünig’s base to produce the desired phosphoramidite 

product 92 in 72% yield (Scheme 3.3).  
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Scheme 3.3: Synthesis of 8-bromo-5′-dimethoxytrityl-N-dimethylformamidine-2′-O,4′-C 

methyleneguanosine-3′-O-(2-cyanoethyl)-N,N-diisopropyl phosphoramidite 92. Reagents and 

conditions: i) NBS, ACN, H2O, rt, 45 mins; ii) 2-cyanoethyl-N,N-diisopropylphosphorochloridite, 

Hünig’s base (N,N-diisopropylamine), anhydrous DCM, rt, 4 h. 

8-Bromo-5′-dimethoxytrityl-N-dimethylformamidine-2′-O,4′-C-methyleneguanosine-3′-O-(2-

cyanoethyl)-N,N-diisopropyl phosphoramidite 93 has not been incorporated into 

oligonucleotides due to technical issues with the DNA synthesizer (ABI 3400 DNA synthesizer). 

Once DNA synthesizer is fixed and fully functional, monomer 93 will be incorporated into 

oligonucleotides. Thermal stability will be investigated through melting temperature and B-/Z-

DNA transition at various salt (NaCl) concentration will be studied by circular dichroism. 
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Recently, Bao et al. 225 reported the synthesis and incorporation of trifluoromethyl (CF3) moiety 

at C8 of 2′-deoxyguanosine which has shown to shift the glycosidic bond from anti- to syn -

conformation and stabilize the Z-DNA under physiological salt concentrations. In this study 19F is 

used as a probe due to the high sensitivity of 19F NMR shifts to changes in its local environment 

and also low background signal from biological samples.225 To exploit this, CF3 is used as a 

potential 19F NMR reporter tag to monitor the conformational changes happening during the B-

/Z-DNA transition. To monitor the conformational changes in d(CG)6 sequence containing LNA-

dG nucleobase during B/Z-DNA transition, introduction of CF3 residue at C8-position of LNA-G 

was attempted. Towards this goal, 5′-dimethoxytrityl-N-dimethylformamidine-2′-O, 4′-C 

methylene-guanosine 89 was treated with sodium triflinate in the presence of tert-butyl 

hydroperoxide (70% aq. solution) (Scheme 3.4). The reactions yielded two purple-colored spots 

on TLC, which were isolated by column chromatography and characterized by NMR, however 

neither of the spots was the desired product 93.  

 

Scheme 3.4: Attempted synthesis of C8-trifluoromethyl-8-bromo-5′-dimethoxytrityl-N-dimethyl-

formamidine-2′-O,4′-C-methyleneguanosine 93. Reagents and conditions: i) CF3SO2Na, 

t(BuOOH), ACN, H2O, rt. 
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3.8 Synthesis of 8-bromo-2ʹ-deoxy-5ʹ-O-dimethoxy-N-[(dimethylamino)methylene]-2ʹ-

fluoroguanosine-3ʹ-O-(2-cyanoethyl)-N,N-diisopropyl phosphoramidite. 

This project was carried out along with an undergraduate student (Ashley Gibbons) as a part of 

her undergraduate thesis project. It is reported in the literature that introduction of bromine at 

C8-position of 2′-deoxy-2′-fluoroguanosine will force the glycosidic bond to rotate towards syn 

conformation because of the steric hindrance exerted by bromine226 as shown in the Figure 3.8.  

 

Figure 3.8: Rotation of glycosidic bond towards syn conformation from anti due to the presence 

of bromine at C8 position of 2′-deoxy-2′-fluoroguanosine.  

In addition, presence of fluorine on the 2′-carbon of the ribose sugar will stabilize the C3′-endo 

sugar pucker due to the gauche effect.227 The gauche effect refers to the phenomenon where an 

isomer favors the gauche over anti conformation, because of hyper-conjugative interactions.227 

As shown in Figure 3.9, in 2′-deoxy-2′-fluorogaunosine, proximity in the C1′-O4′ orbitals favor 

electronic interactions with adjacent anti-bonding orbitals of the C-F sigma bond, resulting in 

increased stability when 2′-deoxy-2′-fluoroguanosine exists in the C3′-endo sugar pucker 

conformation.  
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Figure 3.9: The gauche effect in 2′-deoxy-2′-fluoroguanosine as a result of fluoro substitution 

which stabilizes the sugar pucker in the C3′-endo conformation. 

In a 60 ᴏC gauche conformation, proximity of O-4′ oxygen and 2′-F allows for the favorable orbital 

interactions as a result of high electronegativity of fluorine.227 Anti-bonding orbital of C-F bond 

acts as a better electron acceptor than donor because of the high electronegativity of fluorine. 

The gauche orientation assists in the overlap of the donor and acceptor orbitals, resulting in 

overall stabilization of the sugar pucker in C3′-endo conformation.227 This modification thus 

promotes Z-DNA formation and further stabilizes the Z-DNA.  

To generate the building block, 2′-deoxy-2′-fluoroguanosine 94 was first treated with N-

bromosuccinimide to produce 8-bromo-2′-deoxy-2′-fluoroguanosine 95 in 80 % yield after 

crystallization. The exocyclic amino group on 95 was then protected with the formamidine 

protecting group. Thus, treatment of 95 with N,N-dimethylformamide dimethyl acetal in 

anhydrous methanol produced the desired product 8-bromo-2′-deoxy-N-

[(dimethylamino)methylene]-2′-fluoroguanosine 96 in 85% yield. 

The 5′-OH group of 96 was protected by the treatment with dimethoxytrityl chloride  in pyridine 

to give the desired product 8-bromo-2′-deoxy-5′-O-dimethoxytrityl-N-
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[(dimethylamino)methylene]-2′-fluoroguanosine 97 in 95% yield, which was subsequently 

transformed into the corresponding 3′-O-(2-cyanoethyl)-N,N-diisopropyl phosphoramidite 

analogue 98 in 53% yield upon treatment with 2-cyanoethyl-N,N-diisopropyl phosphorochloridite 

(Scheme 3.5).  

 

Scheme 3.5: Synthesis of 8-bromo-2'-deoxy-2′-fluoroguanosine-3′-O-(2-cyanoethyl)-N,N-

diisopropylphosphoramidite 98. Reagents and conditions: i) NBS, ACN, H2O; ii) (CH3)2NCHO(CH3)2, 

MeOH; iii) DMTrCl, pyridine; N,N-diisopropylethylamine, (NCCH2CH2O)P(Cl)N(i-Pr)2, CH3CN. 

3.9 Conclusion and future work 

In this study, we successfully synthesized the phosphoramidite analogue of LNA-dG 90 and 

incorporated this modified nucleoside into oligonucleotides in a site-specific manner. This study 

found that incorporation of a single LNA-dG monomer unit into d(CG)6 at internal positions 

virtually completely suppresses Z-DNA formation at 4 M NaCl concentration, while modification 

toward the terminal ends only partially inhibit the B→Z-DNA transition. In this respect, LNA-dG 
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modification will be a useful approach to modulate Z-DNA formation and to study processes 

where the B→Z-DNA transition is of significance. The ability to suppress Z-DNA formation will 

therefore complement other modifications that promote Z-DNA formation. While it is unclear at 

this stage why a single LNA-dG residue suppresses Z-DNA formation when present at internal 

positions, future work will be carried out to determine the mechanistic basis of the suppression 

of Z-DNA formation by internal LNA-dG modifications.  

In addition, 8-bromo-5′-dimethoxytrityl-N-dimethylformamidine-(2′-O,4′-C-methylene)-

guanosine-3′-O-(2-cyanoethyl)-N,N-diisopropyl phosphoramidite 92 and 8-bromo-2′-deoxy-5′-O-

dimethoxy-N-[(dimethylamino)methylene]-2′-fluoroguanosine-3′-O-(2-cyanoethyl)-N,N-

diisopropyl phosphoramidite 98 were also synthesized. In future work, these modified 

nucleosides will be incorporated into d(CG)6 repeat sequences to further elaborate the impact of 

these modified nucleosides on the B/Z-DNA transition. Furthermore, 8-trifluoromethyl-LNA-G 

will also be explored for this purpose. In addition, the inhibitory effect of LNA-G on B-/Z-DNA 

transition in longer sequences such as 20- and 30-mer d(CG)6 will be studied at different NaCl 

concentrations. More importantly, LNA-G will be incorporated into promoter regions of genes to 

investigate the significance of Z-DNA forming sequences on gene activation or suppression. 
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(II) Synthesis of photosensitizer BODIPY analogues  

BODIPY fluorophores have found increasing applications in biological and material sciences. 

Synthesis of cationic BODIPY analogues for antimicrobial and anticancer applications is an active 

research topic in the synthetic community (discussed in Chapter 2). There are a number of reports 

in the literature for the synthesis of cationic BODIPY analogues based on quaternary pyridinium 

salt. In this work, we have introduced new cationic BODIPY analogues consisting of quaternary 

ammonium salt.  

3.10. Synthesis of N,N,N-trimethyl-2-(4,4-dicyano-2,6-diiodo-4-bora-3a,4a-diaza-s-indacen-8-

yl) ethylammonium iodide  

The synthesis was initiated via the treatment of 2,4-dimethyl pyrrole 99 with freshly distilled 

acetyl chloride 100 yielding the unstable dipyrromethene hydrochloride salt. The intermediate 

without further purification was treated with triethylamine and boron trifluoride etherate to 

produce meso-methyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 101 in 20% yield. 101 was then 

transformed (Scheme 3.6) into meso-methyl-1,3,5,7-tetramethyl-4,4-dicyano BODIPY 102 using 

tin (IV) chloride and trimethylsilyl cyanide in 82% yield. Electrophilic iodination of 102 was 

achieved through treatment with elemental iodine in the presence of iodic acid to produce meso-

methyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-dicyano BODIPY 103 in 52% yield (Scheme 3.6). To 

introduce dimethylamine moiety at the meso position, Mannich-type reaction conditions228 were 

used. Thus, 103 was treated with dimethylamine in the presence of dichloromethane. This 

reaction, however, did not yield the desired meso-dimethylaminoethyl-1,3,5,7-tetramethyl-2,6-

diiodo-4,4-dicyano BODIPY 104. The reaction produced multiple spots on TLC which were difficult 

to isolate by column chromatography. Since the Mannich reaction requires heating at 40 oC for 
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extensive period of time (4 days), instability of iodo-BODIPY under these conditions might have 

resulted in the degradation of the starting material.  

 

Scheme 3.6: Attempted synthesis of N,N,N-trimethyl-2-(4,4-dicyano-2,6-diiodo-4-bora-3a,4a-

diaza-s-indacen-8-yl) ethylammonium iodide. Reagents and conditions: i. DCM, 45 oC, 3 h, b) TEA, 

BF3•OEt2, DCM, 45 oC, 3 h; ii. SnCl4 (1 M in DCM), TMSCN, DCM, rt, 15 mins; iii. I2, HIO3, EtOH, 60 

oC, 20 mins; iv. (CH3)2NH (2 M in THF), DCM, 40 oC, 4 days.   

Alternatively, when compound 101 was treated with dimethylamine in the presence of 

dibromomethane at 60 oC, meso-dimethylaminoethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 

105 (Scheme 3.7) was obtained in 38% yield. Structure of 105 was confirmed by X-ray 

crystallography as shown in the Figure 3.10. However, cyanation of 105 with tin (IV) chloride and 

trimethylsilyl cyanide did not yield the desired meso-dimethylaminoethyl-1,3,5,7-tetramethyl-

4,4-dicyano BODIPY 106. This reaction produced two spots on the TLC. The lower bottom 

fluorescent spot on the TLC, which was presumed to be the desired product based on the polarity 

of the product and fluorescence, was purified by column chromatography, however 1H NMR did 
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not show any sign of the desired product. Here we speculated that the reaction of tin (IV) chloride 

with tertiary amine229  might have led to the failure of cyanation of 105.  

 

Scheme 3.7: Attempted synthesis of compound 106. Reagents and condition: i. (CH3)2NH (2 M in 

THF), CH2Br2, 60 oC, 12 h; ii. SnCl4 (1 M in DCM), TMSCN, DCM, rt, 15 mins. 

 

Figure 3.10: Crystal structure of 105 with atom labels and 50% probability displacement ellipsoids 

for non-H atoms. 
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Since the meso-dimethylaminoethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 105 failed to 

produce compound 106, the focus was shifted to synthesize N,N,N-trimethyl-2-(4,4-difluoro-4-

bora-3a,4a-diaza-s-indacen-8-yl)ethylammonium iodide. 

3.11. Synthesis of N,N,N-trimethyl-2-(4,4-difluoro-2,6-diiodo-4-bora-3a,4a-diaza-s-indacen-8-

yl)ethylammonium iodide  

meso-Methyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 101 was iodinated via electrophilic 

addition using molecular iodine and iodic acid to produce meso-methyl-2,6-diiodo-1,3,5,7-

tetramethyl-4,4-difluoro BODIPY 107 (Scheme 3.8a) in 62% yield. However, the Mannich reaction 

of 107 with dimethylamine failed to give the desired meso-dimethylaminoethyl-2,6-diiodo-

1,3,5,7-tetramethyl-4,4-difluoro BODIPY 108 (Scheme 3.8a). Since this reaction requires heating 

at 60 oC for 24 hr, it was suspected that instability of iodine group in 107 might have contributed 

to the degradation of starting material.  

Interestingly, electrophilic iodination of 105 with molecular iodine and iodic acid resulted in the 

formation of meso-iodomethyl-2,6-diiodo-4,4-difluoro BODIPY compound 109 in 80% yield 

(Scheme 3.8b), rather than the desired meso-dimethylaminoethyl-2,6-diiodo-4,4-difluoro 

BODIPY 108. The structure of the triiodo BODIPY 109 was confirmed by X-ray crystallography 

(Figure 3.11). 
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Scheme 3.8: a) Synthesis of BODIPY 107 and 109. Reagents and conditions: i. a). I2, HIO3, EtOH, 

60 oC, 20 mins; ii. (CH3)2NH (2 M in THF), CH2Br2, 60 oC, 12 h; b) I2, HIO3, EtOH, 60 oC, 20 mins. 
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Figure 3.11: Crystal structure of 109 with atom labels and 50% probability displacement ellipsoids 

for non-H atoms. 

Since strong iodinating agents such as elemental iodine failed to iodinate BODIPY 105, a milder 

iodinating agents were considered. Interestingly, halogenating agent such as N-

bromosuccinimide (NBS) successfully brominated BODIPY 105 under mild conditions to give the 

meso-dimethylaminoethyl-2,6-dibromo-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 110 in 47% 

yield (Scheme 3.9). Using similar reaction conditions, electrophilic aromatic iodination of 105 

with N-iodosuccinimide (NIS) also gave the desired meso-dimethylaminoethyl-2,6-diiodo-1,3,5,7-

tetramethyl-4,4-difluoro BODIPY 108 in 47% yield (Scheme 3.9). Alkylation of meso-

dimethylaminoethyl-2,6-diiodo-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 108 was carried out 

using methyl iodide in acetone at room temperature to produce N,N,N-trimethyl-2-(4,4-difluoro-

4-bora-3a,4a-diaza-s-indacen-8-yl)ethylammonium iodide 111 in 63% yield (Scheme 3.9).  
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Scheme 3.9: Synthesis of BODIPY 108, 110 and 111. Reagents and conditions: i. NBS, DCM, rt, 20 

mins; ii. NIS, DCM, rt, 20 mins, iii. CH3I, acetone, rt, 2 h. 

3.12 Stability (light and dark) and singlet oxygen generation efficiency of BODIPY 111 

Before investigating the singlet oxygen generation efficiency of 111, stability of 111 was tested 

in dark and in light. DPBF 112 (1,3-diphenylisobenzofuran, Figure 3.12) which is a singlet oxygen 

quencher and Rose Bengal 56, a standard photosensitizer (Figure 3.12), are used in singlet oxygen 

generation experiment. Stability of DPBF and Rose Bengal in dark and in light were also evaluated. 
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Figure 3.12: Chemical structures of DPBF 112 and Rose Bengal (RB) 56. 

For the light experiment and singlet oxygen generation experiment, a strip of LED with bulbs 

(three) was employed. Polycarbonate case was used to cover LED bulbs to filter out UV light. For 

light stability and singlet oxygen generation experiment the light intensity was 0.130 W/m2.  

BODIPY 111, DPBF 112 and Rose Bengal 56 were used at 10, 250 and 10 μM, respectively, in 

stability as well as singlet oxygen generation experiments. To investigate the stability of 111, 

DPBF and Rose Bengal in dark, the solutions were left in dark for a period of 12 h and UV/visible 

spectra were recorded every 30 mins; whereas in case of light experiment, solutions were 

exposed to light for 30 secs and were left in dark for 60 secs before recording UV/Visible spectra. 

Continuous or longer exposure of BODIPY to light was avoided to limit the degradation of BODIPY. 

The UV/visible spectra of DPBF in the dark and light experiment are shown in Figure 3.13. As can 

be seen from the Figure 3.13b, in the presence of light, ~2.8% photodegradation was seen for 

DPBF after 10 minutes of exposure to light, whereas in dark, ~43% degradation was observed 

after 10 hr (Figure 3.13a). 

On the other hand, Rose Bengal was found to be very stable and has shown virtually no 

degradation both in the presence of light and in dark as indicated by the absorption spectra 

(Figure 3.13c and d).  
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Figure 3.13: UV/visible spectra of DPBF and RB in dark (a), DPBF in light (b), RB in dark (c) and RB 

in light (d) over time. All the samples were prepared in DMSO – water (1:99, v/v). 

The stability of 111 in dark and light is shown in Figure 3.14. As can be seen from the UV/visible 

spectra, 111 showed a drop of ~10 and 77% drop in absorbance at 525 nm after 30 mins and 10 

 hr in dark, respectively (Figure 3.14a). When exposed to light, 111 showed ~35% drop in 

absorbance at 525 nm after 10 mins (Figure 3.14b). 

 



   
 

118 
 

 

Figure 3.14: : UV/visible spectra of 111 in dark (a), 111 in light (b) over time. All the samples were 

prepared in DMSO – water (1:99, v/v).  

After establishing dark and light stability, the efficiency of 111 and Rose Bengal 56 (used as a 

positive control) to generate singlet oxygen species was investigated by the decomposition of 

DPBF in mixtures containing both BODIPY and DPBF.  

DPBF is a singlet oxygen quencher and has absorption maxima at 419 nm in water. When DPBF 

112 reacts with ROS (reactive oxygen species) the absorption at 419 nm gradually decreases over 

time (Figure 3.15), leading to the formation of an endoperoxide intermediate 113 before 

decomposing to 1,2-dibenzoylbenzene (DBB) 114.230 Decomposition of DPBF in the presence of 

ROS results in a decrease in absorption of DPBF at 419 nm which can be used as a tool to establish 

the efficiency of photosensitizer in generating singlet oxygen species.  
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Figure 3.15: Reaction of singlet oxygen (1O2) with DPBF. 

Rose Bengal is a reference photosensitizer used in most of the photosensitization 

experiments.189, 200, 203, Thus, solutions containing BODIPY (10 μM) and DPBF (250 μM) and Rose 

Bengal (10 μM) and DPBF (250 μM) in water–DMSO (99:1, v/v) were illuminated with light in the 

fashion described above for stability study of 111, DPBF and Rose Bengal. A solution consisting 

of RB and DPBF was used as the positive control for singlet oxygen generation experiment. As 

can be seen from Figure 3.16b, samples containing RB and DPBF showed ~29% decrease in 

absorbance at 419 nm upon illumination with light over a period of 10 mins, which corresponds 

to the efficiency of RB in generating singlet oxygen species. On the other hand, degradation of 

DPBF at 419 nm in mixture containing compound 111 was found to be ~83% in 10 mins as 

depicted in Figure 3.16a.  
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Figure 3.16: UV-Visible spectra of a mixture of 111 and DPBF in light (a) and a mixture of RB and 

DPBF in light (b) over time. All the samples were prepared in DMSO – water (1:99, v/v). 

The trend in decrease in absorbance of DPBF at 419 nm over time in the presence of compound 

111 and RB shown in Figure 3.17, clearly indicates that DPBF undergoes faster degradation in the 

presence of 111 when compared to RB, suggesting that compound 111 is better at generating 

singlet oxygen than RB.   

 

Figure 3.17: Normalized absorbance of DPBF at 419 nm in presence of (······111) and (-----RB). 

From Figure 3.17, the slope of DPBF absorption at 419 nm in presence of 111 was found to be  

-0.00135, whereas the slope of DPBF absorption in presence of Rose Bengal was found to be  

y = -0.00135x + 0.96502
R² = 0.98555

y = -0.000530x + 1.021256
R² = 0.991048
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-0.000530. The relative efficiency for the generation of singlet oxygen for 111 with respect to 

Rose Bengal was therefore calculated using the formula shown below. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑖𝑛𝑔𝑙𝑒𝑡 𝑜𝑥𝑦𝑔𝑒𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑡 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑧𝑒𝑟 =
𝐾𝑠

𝐾𝑟
 

Where Ks and Kr are the slopes of changes in DPBF absorption at 419 nm in the presence of 111 

and Rose Bengal, respectively.  

𝐾𝑠

𝐾𝑟
=  

− 0.00135

 − 0.000530
= 2.5 

Table 3.5 shows percentage decreases in absorbance of DPBF at 419 nm after light exposure over 

time (10 mins) in samples containing compound 111 and RB. The far-right column shows the 

relative singlet oxygen generation efficiency of 111 with respect to RB. As can be clearly seen 

from the data, singlet oxygen generation efficiency of 111 was found to be ~2.5 times to that of 

RB. 

Table 3.5: Normalized singlet oxygen generation efficiency of compound 111 with respect to RB  

PS + Q + L % Degradation of DPBF at 419 nm after light 
exposure for 10 mins 

Relative singlet oxygen 
generation efficiency = Ks/Kr 

111+Q+L 83% 2.5 

RB+Q+L 29% 1 

 
Q – singlet oxygen quencher (DPBF); L – light; PS – photosensitizer. 

From the above data it is very clear that BODIPY 111 displayed much greater efficiency in 

generating singlet oxygen as compared to RB. However, it was also found that BODIPY 111 

showed some degree of degradation both in dark and light. To further confirm this observation, 

thin layer chromatography was performed on 111, however results were inconclusive as TLC 

showed only one spot. Furthermore, 1H NMR spectra recorded for 111 in DMSO-d6 did not show 

any change after 12 h. Interestingly, low resolution MS of 111 recorded under electrospray (-ve 
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mode) showed the presense of two species with mass 525.93 and 513.9, corresponding to the 

molecular weight of BODIPY 115 and 107, respectively (Figure 3.18). 

 

Figure 3.18: Structures of meso-vinyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro BODIPY 115 

and meso-methyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro BODIPY 107 as degradation 

products from N,N,N-trimethyl-2-(4,4-difluoro-2,6-diiodo-4-bora-3a,4a-diaza-s-indacen-8-yl) 

ethylammonium iodide 111. 

In order to investigate possible roles of iodide as counterions in the decomposition of 111, the 

corresponding bisulfate was generated in 64% yield by the treatment of 108 with dimethyl sulfate 

(Scheme 3.10). The resulting salt 116 was also found to undergo similar degradation as shown by 

111 to form 115 and 107 compounds (Figure 3.18).  
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Scheme 3.10: Synthesis of BODIPY 116. Reagents and conditions. i. (CH3)2SO4, acetone, rt, 2 h.  

3.13 Investigation of antimicrobial activity of BODIPY 111 

Antimicrobial activity of BODIPY 111 was tested against gram-negative bacteria Escherichia coli. 

LB (Luria Broth) agar media was prepared by mixing tryptone (10 g), yeast (5 g), and NaCl (10 g) 

in autoclaved milliQ water and pH was adjusted to 7. To the autoclaved LB agar media was quickly 

added a solution of 111 in DMSO (10 μM and 5 μM) and before the LB agar media solidified. Rose 

Bengal plates were also prepared in similar fashion as described for 111. LB broth was also 

prepared with similar ingredients that were used in the preparation of LB agar media except 

compound 111 and Rose Bengal. E. coli was cultured in LB media at 37 oC until mid-exponential 

phase with OD600 of about 0.8. From this, serial dilutions of 10-5 were prepared and experiment 

was performed in triplicate (Figure 3.19). 
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Figure 3.19: Preparation and incubation of cell culture with BODIPY 111 and Rose Bengal. 

To investigate the antimicrobial activity of BODIPY 111 and Rose Bengal, three sets of agar culture 

plates were prepared (Figure 3.19); three positive control, six culture plates (three for each 

concentration) for 111 and six culture plates (three for each concentration) for Rose Bengal. 

Control cultures were not supplemented with BODIPY 111 and Rose Bengal. To inoculate the 

plates, 50 μL of the diluted E. coli liquid culture was streaked on the LB agar media plates. These 

plates were incubated in a static incubator at 37 ᴏC. A strip of commercial LED light (consist of 10 

LED bulbs) is attached inside the door of the incubator. LED bulbs were covered with a 

polycarbonate case to filter out UV light in order to prevent damage to the cells. The light 

intensity used in this experiment was 0.06 W/m2. Plates were disturbed across the tray to receive 

approximately same light intensity. After incubation for 24 h under light, colony forming units 

(CFUs) were counted in all plates. 
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As can be seen from Table 3.6, culture plates containing 10 and 5 μM of Rose Bengal showed 

virtually no growth of E. coli. On the other hand, culture plates containing 111, both at 10 and 5 

μM concentration showed very slight reduction in CFUs as compared to Rose Bengal and control 

plates. Instability of BODIPY 111 in presence light might have contributed to the lower reduction 

of CFUs. 

Table 3.6: Photosensitization of E. coli by 111 and Rose Bengal.  

Samples Concentration of 111 Preculture dilution (10
-5

) 
of E. coli 

Average CFUs 

1 2 3 

111 + light 10 μM 340 323 339 

 
5 μM 881 330 425 

RB + light 10 μM 0 0 0 

 
5 μM 0 0 0 

Control 
 

446 184 432 

 

3.14 Synthesis of N,N,N-trimethyl-2-(4,4-difluoro-4-bora-3a,4a-diaza-s-indacen-8-yl)methyl- 

ammonium iodide  

As shown above, BODIPY analogs with a C2-modifier at the meso-position were found to undergo 

degradation, subsequent effort was made to introduce C1-modifier at the meso-position to 

improve the stability of the desired BODIPY analogs.  

Toward this goal, phthalimide protected glycine acid chloride 119 was used as the key component 

in BODIPY synthesis. Thus, phthalic anhydride 117 was treated with glycine at 160 oC to give the 
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corresponding acid 118 in 81% yield (Scheme 3.11). This acid 118 was subsequently heated under 

reflux in benzene in the presence of thionyl chloride to generate the acid chloride 119 in situ, 

which was reacted with 2,4-dimethylpyrrole to give an unstable dipyrromethene intermediate. 

Subsequent complexation with boron trifluoride etherate in the presence of trimethylamine gave 

the corresponding meso-phthalimidomethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 120 in 25% 

yield. The phthalimide group on 120 was removed by the treatment with hydrazine hydrate in 

ethanol under reflux to give the meso-aminomethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 121 

in 58% yield. Unfortunately, electrophilic iodination of 121 with NIS did not give the desired 

meso-aminomethyl-2,6-diiodo-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 122 (Scheme 3.11), 

likely due to the cross reactivity of NIS with the primary amine group.231 

 

Scheme 3.11: Attempted synthesis of BODIPY 122. Reagents and conditions: i. 160 oC, 6 h; ii. 

SOCl2, C6H6, 80 oC, 3 h; iii. TEA, BF3•OEt2, DCM, rt, overnight; iv. NH2NH2 (50-60%), EtOH, 80 oC, 

1.5 h; v. NIS, DCM, rt, 20 min.  
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Alternatively, treatment of 120 with NIS led to formation of meso-phthalimidomethyl-2,6-diiodo-

1,3,5,7-tetramethyl-4,4-difluoro BODIPY 123 in 60% yield (Scheme 3.12). However, the treatment 

of 123 with hydrazine hydrate did not result in the desired product 122 (Scheme 3.12). It is 

possible that the iodo compound is unstable under the reflux conditions required for the removal 

of the phthalimide protecting group.   

 

Scheme 3.12: Synthesis of BODIPY of 123. Reagents and conditions: i. NIS, DCM, rt, 20 min; ii. 

NH2NH2 (50-60%), EtOH, 80 oC, 1.5 h. 

In order to prevent side reactions during the iodination reaction, the amino group was 

subsequently protected prior to introduction of iodine. Thus, 121 was treated with di-tert-butyl-

dicarbonate to produce meso-tert-butyloxycarbonylaminomethyl-1,3,5,7-tetramethyl-4,4-

difluoro BODIPY 124 in quantitative yield. 124 was subsequently iodinated with NIS to give the 

corresponding meso-tert-butyloxycarbonylaminomethyl-2,6-diiodo-1,3,5,7-tetramethyl-4,4-

difluoro BODIPY 125 in 60% yield (Scheme 3.13). Deprotection of the Boc-protecting group in 125 

with trifluoroacetic acid (TFA), however, did not lead to BODIPY 122, presumably due to the 

instability of BODIPY under the acidic TFA condition, as documented in the literature.232  
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Scheme 3.13: Synthesis of BODIPY 125. Reagents and conditions: i. Boc2O, THF, rt, 10 min; ii. NIS, 

DCM, rt, 20 mins; iii. TFA, THF, rt.  

Through an extensive literature search, we came across a procedure that uses elemental iodine 

to remove the Boc-protecting group.233 Inspired by this work, compound 125 was treated with 

elemental iodine to give the corresponding meso-aminomethyl-2,6-diiodo-1,3,5,7-tetramethyl-

4,4-difluoro BODIPY 122 in 70% yield (Scheme 3.14a). Since elemental iodine can be directly used 

for iodination of substituted BODIPY, compound 121 was treated with elemental iodine to give 

the desired product 122 in 84% yield (Scheme 3.14b). Alkylation of compound 122 using 

paraformaldehyde, zinc chloride and sodium cyanoborohydride, however, did not lead to the 

formation of meso-dimethylaminomethyl-2,6-diiodo-4,4-difluoro BODIPY 126. In another 

attempt, compound 122 was reacted with formaldehyde (37% aq. solution), zinc and sodium 

dihydrogen phosphate that also failed to yield the desired product 126 (Scheme 3.14c) as evident 

from the 1H NMR.  
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Scheme 3.14: Synthesis of BODIPY 122 and 126. Reagents and conditions. a) i. I2, DCM, rt, 20 min; 

b) i. I2 HIO3 EtOH, 60 oC, 20 min, ii. Paraformaldehyde, ZnCl2, NaBH3CN, MeOH, rt overnight; c) i. 

Formaldehyde (37% aq.), NaH2PO4, Zn, H2O, rt, overnight. 

3.15 Unexpected reaction between 2,4-dimethylpyrrole and bromoacetyl bromide 

One of the most common approaches toward substituted BODIPY synthesis starts with the 

reaction of substituted pyrriole with acid chloride (or bromide), followed by complexation with 

boron trifluoride diethyl etherate in the presence of a base.196, 198 In our effort to improve the 

overall stability of the BODIPY core, modification at the 8-position was carried out. Synthesis of 

8-bromomethyl BODIPY were attempted following the standard chemistry, where substituted 
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pyrrole was treated with bromoacetyl bromide. When 2,4-dimethylpyrrole was reacted with 

undistilled bromoacetyl bromide, followed by treatment with boron trifluoride diethyl etherate 

in the presence of triethylamine, the desired 8-bromomethyl-1,3,5,7-tetramethyl BODIPY was 

not obtained. Surprisingly, 1,3,5,7,8-pentamethyl- and 1,3,5,7-tetramethyl- BODIPY were 

obtained as a mixture in ca. 7:1 ratio as determined by the ratio of H8/H2/6 in the 1H NMR 

spectrum. These two products were virtually inseparable by column chromatography, however, 

collection of the initial and last fractions during column purification gave relatively pure products 

that were characterized by NMR and mass spectrometry. Treatment of 2,4-dimethylpyrrole with 

distilled bromoacetyl bromide also led to the formation of a mixture of the two products, possibly 

due to the presence of hydrolyzed bromoacetyl bromide.  

From mechanistic point of view, it appears that the two BODIPY products 101 and 129 could have 

formed through the following reaction pathways. Reaction of 2,4-dimethylpyrrole 99 at the 

carbonyl carbon of bromoacetyl bromide 127 (pathyway a, Scheme 3.15) would lead to the 

formation of BODIPY 101. On the otherhand, reaction of 2,4-dimethylpyrrole at the carbon α to 

the carbonyl of bromoacetyl bromide 127 would result in the formation of BODIPY 129 (pathway 

b, Scheme 3.15), most likely via decarboxylation on route to the generation of dipyrrolmethene, 

the intermediate for BODIPY synthesis. 
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Scheme 3.15: Reaction of 2,4-dimethylpyrrole with bromoacetyl bromide. Reagents and 

condition: i). CH2Cl2, reflux; ii). BF3•Et2O, NEt3, CH2Cl2, reflux.  

3.16 Investigation of photosensitizer BODIPY analogues as antiviral agents 

In collaboration with Dr. Fiona Hunter’s lab at Brock University, a series of photosensitizer BODIPY 

analogues (Figure 3.20) were synthesized for evaluation of their antiviral properties, especially 

against SARS-CoV-2. 

 

Figure 3.20: Chemical structures of BODIPY compounds used as photosensitizers for antiviral 

applications.  
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Syntheses of compounds 103, 107, 108, 109 and 110 were discussed in Schemes 3.6, 3.8, and 3.9, 

respectively. Syntheses of compounds 130 and 131 are discussed below.  

Eletrophilic bromination of meso-methyl-1,3,5,7,8-pentamethyl-4,4-difluoro BODIPY 101 was 

achieved by reaction with NBS, leading to the formation of the desired product meso-methyl-2,6-

dibromo-1,3,5,7,8-pentamethyl-4,4-difluoro-BODIPY 131 in 61% yield (Scheme 3.16a). Similarly, 

electrophilic bromination of meso-methyl-1,3,5,7,8-pentamethyl-4,4-dicyano-BODIPY 102 was 

performed using NBS as the brominating agent to produce the desired compound meso-methyl-

2,6-dibromo-1,3,5,7,8-pentamethyl-4,4-dicyano-BODIPY 131 in 60% (Scheme 3.16b). 

Bromination of compound 101 and 102 was also achieved by using elemental bromine to give 

BODIPY 130 and 131 in 59% yield. Structures of compound 130 and 131 were further confirmed 

by X-ray crystallography (Figure 3.21). 
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Scheme 3.16: Synthesis of BODIPY 130 and 131. Reagents and conditions. a) i. NBS, DCM, rt, 20 

min or Br2, DCM, rt 20 min; b) i. NBS, DCM, rt, 20 min or Br2, DCM, rt 20 min. 

 

Figure 3.21: Crystal structure of a) 130 and b) 131 with atom labels and 50% probability 

displacement ellipsoids for non-H atoms. 

3.17 Photostability of BODIPY analogs and generation of singlet oxygen by BODIPY 

Similar procedure was employed as described previously (section 3.12) to investigate the stability 

of BODIPY 111 and for the generation of singlet oxygen by BODIPY 111. As can be seen from 

Figure 3.22, BODIPY 107 (Figure 3.22a and b) and 130 (Figure 3.22c and d) showed an excellent 

130 131 

a b 



   
 

134 
 

stability not only in dark but also when exposed to light. Interestingly, mixtures containing 

BODIPY 107 and DPBF (Figure 3.22e) showed a significant decrease (~89.2% in 10 mins) in 

absorbance of DPBF at 419 nm upon illumination with light, whereas a moderate decrease in 

absorbance of DPBF (~39.5% in 10 mins, Figure 3.22f) was seen for mixtures containing BODIPY 

130 and DPBF. The decrease in absorbance in mixture contaning 107 was greater due to the 

presence of iodine, which is more efficient in generating singlet oxygen when compared to 

BODIPY 130 containing bromine.  
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Figure 3.22: UV-Visible spectra of 107 in dark (a), 107 in light (b), 130 in dark (c) 130 in light (d), 

a mixture of 107 and DPBF in light (e) and a mixture of 130 and DPBF in light (f) over time. All 

the samples were prepared in DMSO – water (1:99, v/v). 
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BODIPY compounds 103 and 131 with cyano group, instead of fluorine, at the boron also 

displayed good stability in dark as well as in light (Figure 3.23a, b, c and d). In the dark experiment, 

BODIPY 103 showed a shift in the absorbance maxima towards the longer wavelength (red shift) 

with a prominent shoulder after 30 min into the experiment (Figure 3.23a). It is possible that this 

shift in absorption might be the result of excimer formation which led to red shift in the 

absorption maxima. Similar observations were seen when BODIPY 103 was illuminated with light, 

however the shift in the absorption maxima can be seen as early as 0.5 mins after the illumination 

(Figure 3.23b). BODIPY 131, which consists of bromine at 2 and 6 positions of the BODIPY core, 

showed a slight increase in absorption maxima after 30 mins (Figure 3.23c). Interestingly, 

compound 131 was found to be very stable in light as can be seen from Figure 3.24d. It is evident 

from Figure 3.24e and f that both compounds 103 and 131 displayed very poor efficiency in 

generating singlet oxygen when the samples were exposed to light. Decreases in absorption of 

DPBF at 419 nm for 103 and 131  were found to be 6.1% and 16.6% after 10 mins, respectively.  

These results suggested that BODIPY 103 and 131 are not efficient at generating singlet oxygen.  
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Figure 3.23: UV-Visible spectra of 103 in dark (a), 103 in light (b), 131 in dark (c) 131 in light (d), 

a mixture of 103 and DPBF in light (e) and a mixture of 131 and DPBF in light (f) over time. All 

the samples were prepared in DMSO – water (1:99, v/v). 
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UV/Visible spectra of BODIPY compounds with dimethylamino moiety in the meso-position, such 

as in 108 and 110, are shown in Figure 3.24. Compound 108 displayed a ~24% drop in absorbance 

in dark after 10 hours (Figure 3.24a), whereas the absorbance dropped ~20% upon illumination 

with light for 10 minutes (Figure 3.24b). On the other hand, BODIPY 110 was found to be stable 

both in dark and light as can be seen from the Figure 3.24c and d. Interestingly, Br-BODIPY 110 

was found to be more efficient in the generation of singlet oxygen species than I-BODIPY 108, as  

a ~25% decrease in the absorbance of DPBF at 419 nm was seen in the mixture containing Br-

BODIPY 110 and DPBF, as compared with the 11.4% drop in the mixture containing I-BODIPY 108 

and DPBF. This difference in DPBF degradation in the presence of 108 or 110 was unusual because 

BODIPY with iodine substitution 108 was found to be less efficient than BODIPY 110 with bromine 

substitution in generating singlet oxygen. This lower efficiency in generating singlet oxygen might 

be the result of lower stability of iodine substitution on BODIPY 108.  
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Figure 3.24: UV-Visible spectra of 108 in dark (a), 108 in light (b), 110 in dark (c) 110 in light (d), 

a mixture of 108 and DPBF in light (e) and a mixture of 110 and DPBF in light (f) over time. All the 

samples were prepared in DMSO – water (1:99, v/v). 

Surprisingly, BODIPY with three iodine substitutions as in BODIPY 109 displayed excellent stability 

in light (Figure 3.25b) compared to some degree of decomposition and shift in the absorption 

maxima towards longer wavelength (red shift) when the sample was left in dark (Figure 3.25a). 
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Absorption spectra of mixture containing 109 and DPBF was virtually unchanged upon 

illumination with light, suggesting that BODIPY 109 is poor at generating singlet oxygen species, 

most likely due to its poor solubility in aqueous media.  

 

Figure 3.25: UV-Visible spectra of 109 in dark (a), 109 in light (b) and a mixture of 109 and DPBF 

in light (c) over time. All the samples were prepared in DMSO – water (1:99, v/v). 

The trend in photobleaching of DPBF upon illumination with light in mixtures containing different 

photosensitiers (dashed lines) and RB (positive control, solid line) is illustrated in Figure 3.26. It 

is very clear from these results that BODIPY 107 and 130 are much more efficient in generating 

singlet oxygen than RB.  
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Figure 3.26: Trend in photobleaching of DPBF at 419 nm upon illumination with light in 

presence of different BODIPY compounds. 

Table 3.7 shows normalized percentage decrease in absorbance of DPBF at 419 nm after 

exposure to light for 10 mins in samples containing different BODIPY photosensitizers (Table 3.7 

centre column). The far-right column in Table 3.7 shows the normalized single oxygen generation 

efficiency of different BODIPY photosensitizers against Rose Bengal in the presence of DPBF and 

light. Relative singlet oxygen generation efficiency of BODIPY photosensitizers was calculated in 

a similar fashion as described for the BODIPY 111 (Figure 3.18, pp 120). As can be clearly seen 

from Table 3.7, BODIPY 107 and BODIPY 130 showed a ~3-fold and ~1.4-fold increase in singlet 

oxygen generation efficiency with respect to Rose Bengal. For BODIPY 110, singlet oxygen 

generation efficiency was found to be very similar to that of Rose Bengal. Other BODIPY 

photosensitizers such as 103, 131, 108 and 109 showed smaller decreases in absorbance of DPBF 
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which is also evident from their respective lower singlet oxygen generation efficiency values as 

compared to Rose Bengal as shown in the far-right column of the Table 3.7.  

Table 3.7: Percentage decrease in DPBF absorbance at 419 nm and normalized singlet oxygen 

generation efficiency. 

PS + Q + L % Degradation of DPBF at 419 nm after light 
exposure for 10 mins 

Normalized singlet oxygen 
generation efficiency = Ks/Kr 

107+Q+L 89% 3 

130+Q+L 39.5% 1.4 

103+Q+L 6.1% 0.2 

131+Q+L 16.6% 0.6 

108+Q+L 11.4% 0.4 

110+Q+ L 25.3% 0.8 

109+Q+L 1.4% 0.04 

RB+Q+L 29% 1 

 
PS – Photosensitizer; Q – DPBF (1,3-Diphenylisobenzofuran); L – Light  

Ks – slope of DPBF absorption at 419 nm against illumination time in sample 

Kr – slope of DPBF absorption at 419 nm against illumination time in reference (RB). 

RB (Rose Bengal). 

For applications such as photodynamic therapy, it is very important to consider two key aspects; 

stability of the photosensitizer in the presence of light and singlet oxygen photogeneration 

efficiency. Ideally, a photosensitizer should display significant stability in light, while very efficient 

in generating singlet oxygen species. Even though photosensitizers 109 and 131 were found to 

be very stable in the presence of light, singlet oxygen generation efficiency was found to be quite 

poor compared to the positve control (RB). On the other hand, photosensitizers 107, 110 and 130 
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were not only very stable but were also very efficient at generating reactive oxygen species (Table 

3.7). With these considerations, BODIPY 107, 110 and 130 will be used in future antiviral studies.  

3.18 Conclusion and future work 

In this study, N,N,N-trimethyl-2-(4,4-difluoro-2,6-diiodo-4-bora-3a,4a-diaza-s-indacen-8-yl) 

ethylammonium iodide 111 was successfully synthesized. This compound was found to be 

relatively unstable, with 10% and 35% degradation after 30 min in dark and 10 min in light, 

respectively. This BODIPY analog was found to be ~2.5 times more efficient at generating singlet 

oxygen with respect to RB. Interestingly, in E. coli cultured agar plates, supplementation of agar 

with BODIPY 111 led to slight reduction of CFUs when the plates were exposed to light, as 

compared to Rose Bengal and control plates. Future work will be carried out to investigate the 

antimicrobial activity of BODIPY 111 against B. subtilis (gram positive bacteria). In addition,  

cytotoxicity of N,N,N-trimethyl-2-(4,4-difluoro-2,6-diiodo-4-bora-3a,4a-diaza-s-indacen-8-yl) 

ethylammonium iodide 111 in cancer cells SK-MEL-28: ATCC HTB-72 will also be investigated. 

To prevent degradation of BODIPY 111 that contains a C2 modifier at the meso-position, 

subsequent effort was made to introduce C1 modifier at the meso-position. Towards this goal, 

meso-aminomethyl-2,6-diiodo-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 122 was successfully 

synthesized. Efforts will be invested in the future towards the synthesis of the corresponding 

quaternary amine, N,N,N-trimethyl-2-(4,4-difluoro-4-bora-3a,4a-diaza-s-indacen-8-yl)methyl- 

ammonium iodide and subsequent investigation of antimicrobial activity. In addition, attempts 

to generate C1 derivatives such as 8-bromomethyl-1,3,5,7-tetramethyl 4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene via the reaction between 2,4-dimethylpyrrole with bromoacetyl bromide, 

followed by treatment with boron trifluoride diethyl etherate, failed. Interestingly, this 



   
 

144 
 

commonly used BODIPY chemistry led to the formation of a mixture of 4,4-difluoro-4-bora-9-

bromo-1,3,5,7,8-pentamethyl-3a,4a-diaza-s-indacene 101 and 4,4-difluoro-4-bora-9-bromo-

1,3,5,7-tetramethyl-3a,4a-diaza-s-indacene 129.  

Photostability and singlet oxygen generation experiment of BODIPY analogues showed that 

compounds 107 (Iodinated BODIPY), 130 (Brominated BODIPY) and 110 (Brominated-meso-

dimethylamine BODIPY) were very stable both in dark and in light conditions as well as were very 

efficient at generating singlet oxygen: ~3 times (107); ~1.4 times (130) and ~0.8 times (110) 

with respect to RB.  Compounds 103 (Iodinated-cyano BODIPY), 131 (Brominated-cyano BODIPY), 

108 (Iodinated-meso-dimethylamine BODIPY) and 109 (tri-iodo BODIPY) were found to be less 

efficient in generating singlet oxygen with respect to RB. With these considerations, BODIPY 107, 

130 and 110 will be used in future antiviral studies to characterize anti-Sarc-Cov-2 viricidal activity 

both in solution and on fabric surfaces. 
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4.1 Chemicals and solvents 

All chemicals were purchased from Sigma-Aldrich or TCI America and used without further 

purification unless stated otherwise. Solvents were distilled: i-Pr2EtN, Et3N, DMF and pyridine 

from CaH2; CH2Cl2 from P2O5; MeOH from magnesium turnings/I2; THF, benzene and toluene from 

Na/benzophenone. All distilled solvents were stored over activated 4Å molecular sieves.  

4.2 Instrumentation 

1H, 13C, 11B, 19F, 31P NMR spectra were recorded on a 400 or 600 MHz Bruker Avance instrument 

with a 14.1 and 7.05 Tesla Ultrashield magnet, respectively. The NMR spectra were referenced 

to the residual undeuterated solvent proton signal for 1H spectra, and to the carbon multiplet of 

the deuterated solvent for 13C spectra. Trimethylsilane was used as an internal standard. The 

deuterated NMR solvents used are dimethyl-d6 sulfoxide with 0.05% tetramethylsilane (99.0 

atom % D), deuterated chloroform (99.0 atom % D), and deuterated oxide (99.0 atom % D). The 

spectral data are reported as follows: (multiplicity, number of protons, coupling constant), where 

s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublet, and m = multiplet. 

Chemicals shifts are presented in ppm and J values are reported in Hz. Low- and high-resolution 

mass spectra were acquired with Kratos Concept 1S high resolution mass spectrometer using 

electron impact sources interfaced with DART 32-bit acquisition system through a Sun 

Sparcstation 10 Mach 3 software. UV/Vis spectra were recorded with a Cary 3000 UV 

spectrophotometer. Circular Dichroism (CD) spectra were recorded using Jasco J-600 Circular 

Dichroism Spectrometer and J-815 Circular Dichroism (University of Ontario Institute of 

Technology, Oshawa). 
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4.3 Chromatography 

Desican 230-400 mesh silica gel 60 was used for flash chromatography. Thin layer 

chromatography was conducted on Silicycle SiliaPlate F-254 TLC plates using the following 

solvent system: 

A: hexane-dichloromethane (50:50, v/v) 

B: hexane-acetone, 50:50, v/v) 

C: dichloromethane  

D: dichloromethane-methanol (97.5:2.5, v/v) 

E: dichloromethane-methanol (95: 5, v/v) 

F: dichloromethane-methanol, 94:6, v/v 

G: dichloromethane-methanol (90:10, v/v) 

High performance liquid chromatography was performed on a Dionex 3000 ionic 

chromatography system. Reverse phase Acclaim PA columns (4.6x150 mm, C18 3 µ) were eluted 

with water-acetonitrile mixtures at a flow rate of 0.5 and 0.7 ml/min. Anion-exchange high-

performance liquid chromatography was carried out on a DNAPac 200 column (4x250 mm), at a 

flow rate of 0.5 ml/min. 

4.4 DNA synthesis 

Oligonucleotides were synthesized using an ABI 3400 DNA synthesizer. Modified and unmodified 

oligonucleotides were synthesized using standard 1 μmol PO cycle except in the case of modified 

oligonucleotides the coupling step time was increase from 20s to 300s and oxidation step time 

was increased from 20s to 60s. The products from DNA synthesizer were cleaved and 

deprotected from solid support by incubation with ammonium hydroxide at 55 oC for 12 h. The 
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solvent was removed by lyophilization to obtain the products that were purified by fast protein 

liquid chromatography where necessary.  

4.5 Preparation of 10× TBE (Tris/Borate/EDTA) buffer 

Tris base (54.00 g) and boric acid (27.50 g) were dissolved in milli-Q water (450 mL), followed by 

the addition of a solution of EDTA disodium salt (40 mL, 0.5 M, pH 8.0). The pH was adjusted to 

8.3 with dilute hydrochloric acid, and then diluted to 500 mL with milli-Q water. 

4.6 Gel casting 

To prepare a 20% denaturing polyacrylamide gel, an aqueous solution (6 mL) containing 40% 

acrylamide and 2% bisacrylamide and urea (6.05 g) were mixed in a 15 ml falcon tube and diluted 

with 10× TBE buffer (1.2 mL, pH 8.3) and autoclaved milli-Q water (4.74 mL). A freshly prepared 

solution of ammonium persulfate (APS, 60 µL, prepared by dissolving 100 mg APS in 1 mL 

autoclaved milliQ water) and tetramethylethylenediamine (6 µL) were added and the solution 

was then quickly mixed and poured into the glass cassette (27.5 cm in length and 16 cm in width) 

to make gel of 0.5 mm thickness. 

4.7 Preparation of loading dye solution 

Loading dye is generally used in gel electrophoresis to make the sample denser than the running 

buffer. To prepare the loading dye solution 1 mL of autoclaved milli-Q water was added to 9 mL 

formamide solution. To this solution, EDTA (Ethylenediaminetetraacetic acid) (29 mg, 0.1 mmol) 

and sodium hydroxide (40 mg, 1mmol) was added.  

4.8 Preparative gel electrophoresis 

The gel was first pre-run for 15 min at 250 V and the wells were rinsed with 1× TBE buffer. After 

the gel was cooled for 15 min, oligonucleotides (20 µL, total 0.5 OD in a Tris-HCl buffer (10 mM, 
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pH 7.0) containing 10 mM NaCl) together with a solution of loading dye (30 µL) were loaded. 

After the gel was run at 504 V for 4 hr in 1× TBE (Tris/Borate/EDTA) buffer, the gel was covered 

in plastic wrap and viewed under UV light. Full length oligonucleotides were identified, marked, 

and cut using a blade into a falcon tube. The gel was crushed and incubated in autoclaved milliQ 

water for 12 h. The products were desalted by passing through a Bio-Gel®-P6 (medium, 90-180 

μM, wet, Bio-Rad Laboratories) column (50 cm in length x 1 cm in width), and the purity as 

determined by ion-exchange HPLC. The cation of oligonucleotides was exchanged to sodium ions 

by passing the solution through a column containing sodium form of Amberlite IR120 resin. 

4.9 DNA annealing  

Samples were annealed using a Mastercycler Nexus gradient thermalcycle. The appropriate 

lyophilized oligonucleotides were annealed at 5 µM in a Tris-HCl buffer (pH 7.0, 10 mM) 

containing 20 mM NaCl at 90 oC for 10 minutes and then allowed to cool down slowly to room 

temperature over a period of 60 min.  

4.10 CD measurement  

Samples were prepared by dissolving oligonucleotides (5 µM) in Tris-HCl buffer (10 mM, pH 7.5) 

and NaCl (0.02 – 4 M with 0.5 M increment) in autoclaved milliQ water. CD spectra of 

oligonucleotides were recorded on a Jasco J815-CD spectrophotometer at 25 oC between 200–

400 nm and corrected for background contributions. The spectra were averaged over at least 

three measurements at a scan rate of 100 nm/min with resolution of 1 nm. The sensitivity of CD 

spectrophotometer was set as standard (100 mdeg) with response time of 2 sec.  
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4.11 A260 and A290 ratio measurement 

The absorbance of duplex oligonucleotides was recorded at two different wavelengths: 260 and 

290 nm on a Cary 3000 UV spectrophotometer. Samples were prepared in a similar fashion as 

those used in CD measurement.  

4.12 Melting temperature measurement  

Melting temperature of duplex oligonucleotides were measured at 260 nm with a Cary 3000 UV 

spectrophotometer with a temperature control probe. Samples were heated from 20 to 90 oC 

with an increment of 0.5 oC every minute. Samples were prepared in a similar fashion as those 

used in CD measurement. 

4.13 Preparation of compounds  

5ʹ-O-Dimethoxytrityl-2-N-dimethylformamidine-(2ʹ-O,4ʹ-C-methylene)-guanosine-3ʹ-O-[(2-

cyanoethyl)-N,N-diisopropyl]-phosphoramidite 90 

 

To a solution of 5′-O-dimethoxytrityl-2-N-dimethylformamidine-2′-O,4′-C methyleneguanosine 

(1.00 g, 1.53 mmol) in anhydrous dichloromethane (15 mL), was added dry N,N-

diisopropylethylamine (1.00 mL, 6.12 mmol) under nitrogen followed by dropwise addition of 2-

cyanoethyl N,N-diisopropylchlorophosphoramadite (phosphitylating agent, 0.68 mL, 3.1 mmol) 
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under nitrogen. After the reaction mixture was stirred at room temperature for 4 h, triethylamine 

(1 mL) was added, and the products were extracted with a saturated solution of sodium 

bicarbonate (30 mL). The aqueous layer was back-extracted with dichloromethane (3 x 30 mL). 

The organic phases were washed with brine solution (3 x 30 mL) and dried over anhydrous MgSO4 

and filtered. The filtrate was concentrated under reduced pressure and purified by column 

chromatography on silica gel. The silica gel was first neutralized by mixing with triethylamine and 

dichloromethane (5:95, v/v). The desired product was eluted using acetone ‒ dichloromethane 

‒ triethylamine (30:68:2). Evaporation of the appropriate fractions gave the desired product as a 

pale-yellow solid. The product was dissolved in 1 mL of dichloromethane and added to pentane 

(at -20 oC) drop wise. The mixture was centrifuged at 10,000 rpm for 10 min. The supernatant 

was discarded, and the pure product was obtained as white solid (886 mg. 68%). 

δH (400 MHz, CDCl3): 0.83 (2 H, d, J = 6.7), 0.90 (4 H, d, J = 6.7), 1.04 (7 H, t, J = 6.0), 1.09 (3 H, t, J 

= 7.0), 1.18 (3 H, q, J = 3.9), 3.03 (3 H, s), 3.12 (3 H, d, J = 2.2), 3.73 (7 H, d, J = 2.4), 4.58 (1 H, d, J 

= 7.3), 4.66 (1 H, d, J = 9.2), 4.72 (1 H, d, J = 14.6), 5.98 (1 H, d, J = 5.7), 6.89 (5 H, m), 7.29 (8 H, 

m), 7.41 (2 H, m), 7.88 (1 H, d, J = 10.5), 8.55 ( 1H, s).  

δP (CDCl3): 149.13 and 149.18. 
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8-Bromo-5ʹ-O-dimethoxytrityl-2-N-dimethylformamidine-2ʹ-O,4ʹ-C-methyleneguanosine 91 

 

To a solution of 5′-O-dimethoxytrityl-2-N-dimethylformamidine-2′-O,4′-C-methyleneguanosine  

(100 mg, 0.15 mmol) in acetonitrile (4 mL) and water (1 mL), N-bromosuccinimide (41 mg, 0.23 

mmol) was added in three portions over a period of 30 min. The suspension was stirred for 45 

min at room temperature and subsequently evaporated to dryness under reduced pressure. 

After the residue was redissolved in acetone (3.3 mL) and stirred for 4 h at room temperature, 

the products were stored at -20 oC for 48 h and filtered. The solid was washed with ice cold 

acetone and air dried to give the title compound in quantitative yield (110 mg, 98%).  

Rf: 0.25 (System E). 

δH (400 MHz, DMSO): 3.02 (3 H, s, N(CH3), 3.08 (3 H, s N(CH3)), 3.19 (1 H, H-1′, d, J = 10.7) 3.72 (6 

H, (OCH3)2, s), 4.03 (1 H, CH, d , J = 24.6),  4.05 (1H, CH, d, J= 24.6) 4.56 (1 H, H-5′, d, J = 4.6), 5.0 

(1 H, H-5′′, s), 5.74 (2 H, H-2′ and H-3′, d, J = 3.8), 5.91 (1 H, 3′-OH, d, J = 4.7), 6.85 (4 H, dd, J = 2.2 

and 8.8), 7.20-7.37 (9 H, m), 8.52 (1H, N((CH)N(CH)3)2)), 11.51 (1 H, -NH, s, br, ex). 

δC (400 MHz, DMSO): 7.6, 11.0, 35.1, 41.3, 46.1, 55.4, 55.6, 61.1, 72.5, 73.8, 79.4, 85.7, 87.0, 87.1, 

87.2, 113.6, 113.8, 120.1, 122.9, 127.1, 128.1, 128.3, 128.5, 130.1, 130.2, 134.8, 135.7, 135.9, 

145.2, 150.6, 154.6, 156.8, 157.2, 158.5, 159.1. 

M.p. 155-160 oC (Methanol-hexanes) 

MS (ESI+): found 731.0, C35H35
79BrN6O7 requires 731.6. 



   
 

153 
 

8-Bromo-5ʹ-O-dimethoxytrityl-2-N-dimethylformamidine-2ʹ-O,4ʹ-C-methyleneguanosine-3ʹ-O-

(2-cyanoethyl)-N,N-diisopropyl phosphoramidite 92 

 

To a solution of 8-Bromo-5′-O-dimethoxytrityl-2-N-dimethylformamidine-2′-O,4′-C-methylene 

guanosine (560 mg, 0.77 mmol) in anhydrous dichloromethane (15 mL) was added N,N-

diisopropylethylamine (0.46 mL, 2.6 mmol) under nitrogen followed by dropwise addition of 2-

cyanoethyl-N,N-diisopropylchlorophosphoramadite (0.29 mL, 1.3 mmol). After the solution was 

stirred at room temperature for 4 h, triethylamine (1 mL) followed with a saturated solution of 

sodium bicarbonate (20 mL) were added, and the mixture was extracted with dichloromethane 

(3 x 20 mL). The organic layers were washed with a brine solution (3 x 20 mL) and dried over 

anhydrous MgSO4 and filtered. The filtrate was concentrated under reduced pressure and 

purified by column chromatography on silica gel. The silica gel was first neutralized by a mixture 

of triethylamine and dichloromethane (5:95, v/v). The desired product was eluted using acetone 

‒ dichloromethane ‒ triethylamine (30:68:2, v/v). The appropriate fractions, which were eluted 

were combined and evaporated under reduced pressure to give an inseparable mixture 

(diastereomers) of desired product as a pale-yellow solid. The product was dissolved in 1 mL of 

dichloromethane and added to pentane (at -20 oC) drop wise. The mixture was centrifuged at 
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10,000 rpm for 10 min. The supernatant was discarded, and the desired pure product was 

obtained as a pale-yellow solid (440 mg. 62%) 

Rf: 0.43 (system E). 

Major diastereomer: 

δH (400 MHz, CDCl3): 0.85 (3 H, d, J = 6.7), 1.01 (4 H, d, J= 6.8), 1.10 (5H, d, J = 6.8), 2.32 (1 H, t, J 

= 6.2), 3.10 (7 H, d, J = 4.8), 3.31-3.51 (5 H, m), 3.62 (1 H, d, J = 21.9 and 10.8), 3.78 (6H, s), 4.02 

(1 H, d, J = 8.0), 4.23 (1H, d, J = 8.1), 4.64 (1 H, d, J = 9.1), 4.95 (1 H, d, J = 9.0), 5.11 (1 H, s), 5.98 

(1H, s), 6.79-6.82 (5 H, m), 7.18-7.34 (8 H, m), 7.42-7.44 (2 H, m), 8.53 (1 H, s). 

Minor diastereomer: 

δH (400 MHz, CDCl3): 0.85 (3 H, d, J = 6.7), 1.01 (4 H, d, J= 6.8), 1.10 (5 H, d, J = 6.8), 2.32 (1 H, t, J 

= 6.2), 3.09 (5 H, d, J = 4.8), 3.31-3.51 (5 H, m), 3.65 (1 H, d, J = 10.5), 3.78 (6H, s), 4.07 (1 H, d, J = 

8.0), 4.32 (1H, d, J = 8.1), 4.67 (1 H, d, J = 9.1), 4.97 (1 H, d, J = 9.0), 5.27 (1 H, s), 5.94 (1H, s), 6.79-

6.82 (5 H, m), 7.18-7.34 (8 H, m), 7.42-7.44 (2 H, m), 8.56 (1 H, s). 

δP (400 MHz, CDCl3): 146.5 and 146.0.  

LRMS (ESI +) found 931.4, C44H52
79BrN8O8P requires 931.8. 
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8-Bromo-2ʹ-deoxy-2ʹ-fluoroguanosine 95 

 

N-Bromosuccinimide (374 mg, 2.10 mmol) was added to a suspension of 2′-deoxy-2′-

fluoroguanosine (500 mg, 1.75 mmol) in acetonitrile (24 mL) and water (6 mL) in three equal 

portions. After 45 mins of stirring at room temperature products were concentrated under 

reduced pressure. The residue was redissolved in acetone (15 mL) and stirred for another 4 hr at 

room temperature. The reaction mixture was kept at -20 oC  for 48 hours and the precipitate was 

filtered and washed with ice-cold acetone (3 x 15 mL). The filtrate and washing were combined 

and concentrated to about 8 mL. The second crop of product was collected after standing in a -

20 oC freezer for 48 h. The product from two crops were combined to give the desired product 

as a light brownish-orange solid (515 mg, 80 %).  

Rf: 0.50 (System E). 

δH (400 MHz, DMSO): 3.52 (1 H, ddd, J = 12.2, and 6.1, H5′), 3.69 (1 H, ddd,  J = 12.0, 5.6 and 3.2, 

H-5′′), 3.88 (1 H, ddd, J = 6.5, 6.5, and 2.9, H-4′), 4.57 (1 H, ddd, J = 17.4, 12.3, and 6.8, H-3′), 4.88 

(1 H, t, J = 5.8, 5′-OH), 5.56 (1 H, d, J = 6.9, 3′-OH), 5.77 (1 H, ddd J = 53.9, 5.0, and 2.8, H-2′), 5.90 

(1 H, dd, J = 22.1 and 2.7, H-1′), 6.59 (2 H, s, NH2), 10.85 (1 H, NH). 

δC (400 MHz, DMSO): 61.9, 69.1, 69.3, 84.7, 87.9, 88.2, 91.4, 93.2, 117.7, 120.9, 152.4, 154. 2, 

155.9. 

δF (400 MHz, DMSO): -200.2 (ddd, J = 53.8, 22.5, 17.8) 
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MS (EI): found 364.13, C10H11
81BrFN5O4 requires 362.99, due to presence of (M+2) Br isotopes. 

8-Bromo-2ʹ-deoxy-N-[(dimethylamino)methylene]-2ʹ-fluoroguanosine 96 

 

8-Bromo-2′-deoxy-2′-fluoroguanosine (350 mg, 0.96 mmol) was dried at 50 oC under vacuum for 

3 hr and suspended in anhydrous methanol (8 mL), followed by addition of N,N-

dimethylformamide dimethyl acetal (644 μL, 4.81 mmol). The mixture was stirred at room 

temperature for 48 h. The desired product was isolated by filtration as a white solid (335 mg, 

85%). 

Rf: 0.50 (System F). 

δH (400 MHz, DMSO): 3.06 (3 H, s, CH3), 3.17 (3 H, s, CH3), 3.53 (1 H, m, H-5′), 3.71(1 H, m, H-5′′), 

3.89 (1 H, s, 5′-OH), 4.65 (1 H, m, H-4′), 4.87 (1 H, t, J = 5.8, H-3′), 5.69 (1 H, d, J = 6.2, 3′-OH), 5.80 

(1 H, ddd, J = 53.7, 5.0 and 2.8, H-2′), 5.94(1 H, dd, J = 22.1 and 2.8, H-1′), 8.53 (1 H, s Me2NCH-), 

11.58 (1 H, s NH). 

δC (400 MHz, DMSO): 35.9, 41.4, 61.0, 68.6, 68.8, 84.3, 88.1, 91.5, 93.4, 120.6, 122.5, 151.1, 

156.8, 158.1, 159.0. 

δF (400 MHz, DMSO): -200.2 (ddd, J = 53.8, 22.5, 17.8). 

MS (EI): found 419.21, C13H16
79BrFN6O4 requires 418.04, due to protonation. 

 

 



   
 

157 
 

8-Bromo-2ʹ-deoxy-5ʹ-O-dimethoxy-N-[(dimethylamino)methylene]-2ʹ-fluoroguanosine 97 

 

8-Bromo-2′-deoxy-N-[(dimethylamino)methylene]-2′-fluoroguanosine (100 mg, 0.24 mmol) was 

co-evaporated with anhydrous pyridine (3 x 5 mL). The residue was redissolved in anhydrous 

pyridine (10 mL) and evaporated to approximately 5 mL volume. To the reaction mixture, 4,4'-

dimethoxytrityl chloride (96 mg, 0.29 mmol) was added. After the solution was stirred at room 

temperature for 1 h, triethylamine (1 mL) followed with a saturated solution of sodium 

bicarbonate (20 mL) were added, and the mixture was extracted with dichloromethane (3 x 20 

mL). The organic layers were washed with a brine solution (3 x 20 mL) and dried over anhydrous 

MgSO4 and filtered. The filtrate was concentrated under reduced pressure and purified by 

column chromatography on silica gel. The product was concentrated under reduced pressure and 

purified by column chromatography. Before loading the column with crude reaction mixture, 

trace amount of triethylamine ( 2 drops per 100 mL in hexane) was added to the eluting solvents 

to neutralize the acidity of the silica gel. The appropriate fractions, which were eluted using 

dichloromethane and methanol (94:6, v/v), were combined and concentrated under reduced 

pressure to give the desired product as a colorless solid  (124 mg, 95%).  

Rf: 0.75 (System F). 

δH (DMSO): 3.05 (3 H, s, CH3), 3.09 (3 H, s, CH3), 3.72 (6 H, s, CH3O-DMTr), 4.00 (1 H, d, J = 7.4, H-

3′) 5.05 (1 H, m, H-4′), 5.74 (1H, d, J = 6.4), 5.76 (1 H, s, 3′-OH), 5.98 (1 H, dd, 23.3, and 4,2, H-1′), 
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6.10 (1 H, dd, J = 53,2,  and 4.2, H-2′), 6.77 (4 H, t, J = 8.7, DMTr), 7.16 (9 H, m, DMTr), 8.27 (1 H, 

s, Me2NCH-), 11.70 (1 H, s NH). 

δC (400 MHz, DMSO): 55.4, 62.1, 81.4, 85.5, 88.4, 88.8, 113.5, 120.5, 120.5, 123.0, 127.0, 128.0, 

128.1, 129.8,130.0, 135.9, 136.1, 145.1, 150.7, 156.8, 157.8, 158.3, 158.4, 158.5. 

δF (400 MHz, DMSO): -200.2 (ddd, J = 53.8, 22.5, 17.8). 

MS (ESI¯): found 720.17, C34H34
79BrFN6O6 requires 720.17. 

8-Bromo-2ʹ-deoxy-5ʹ-O-dimethoxy-N-[(dimethylamino)methylene]-2ʹ-fluoroguanosine-3ʹ-O-

(2-cyanoethyl)-N,N-diisopropyl phosphoramidite 98 

 

8-Bromo-2′-deoxy-5′-O-dimethoxy-N-[(dimethylamino)methylene]-2′-fluoroguanosine (100 mg, 

0.18 mmol) was co-evaporated with anhydrous toluene (2 x 10 mL). The residue was redissolved 

in anhydrous acetonitrile (5 mL), followed by addition of freshly distilled N,N-

diisopropylethylamine (64 μL, 0.37 mmol) and 2-cyanoethyl-N,N-diisopropylphosphochloridite 

(44 μL, 0.27 mmol) under nitrogen atmosphere. The reaction mixture was stirred at room 

temperature for 45 mins and subsequently triethylamine (amount) was added. The products 

were concentrated under reduced pressure. Silica gel was neutralized with 2% triethylamine in 

hexane before eluting the product. The residue was purified by column chromatography on silica 

gel. The desired product was eluted using acetone ‒ hexane ‒ triethylamine (50:48:2, v/v). The 
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appropriate fractions were combined and evaporated under reduced pressure to give the final 

product as a colorless solid (89.2 mg, 53%). The final product was redissolved in dichloromethane 

(4 mL) and added to -40 oC hexane (20 mL). The precipitate was collected by centrifugation. 

Rf: 0.55 and 0.60 due to presence of diastereomers (System B). 

δH (400 MHz, DMSO): 3.05 (3 H, s, CH3), 3.09 (3 H, s, CH3), 3.72 (6 H, s, CH3O-DMTr), 5.31 (1 H, m, 

H-3′) 5.72 (1 H, t, J = 59.8, H-2′), 6.15 (1 H, d, J = 20.5, H-1′), 6.74 (4 H, s, DMTr), 7.28 (9 H, m, 

DMTr), 8.45 (1 H, s, Me2NCH-). 

δF (400 MHz, DMSO): -200.2 (ddd, J = 53.8, 22.5, 17.8). 

δp (400 MHz, DMSO): 177.7, 178.9. 

MS (ESI¯): found 923.81, C43H51
79BrFN8O7P requires 920.27, due to presence of (M+2) Br isotopes 

and protonation. 

meso-Methyl-1,3,5,7,8-pentamethyl-4,4-difluoro BODIPY 101 

 

A solution of freshly distilled acetyl chloride (0.54 mL, 7.6 mmol) in anhydrous dichloromethane 

was added in a drop-wise fashion to a solution of 2,4-dimethyl pyrrole (2.00 g, 21.0 mmol) in 

anhydrous dichloromethane (40 mL). The reaction mixture was heated under reflux for 3 h. 

Solvents were removed under reduced pressure. The residue was co-evaporated with anhydrous 

toluene (3 x 20 mL) and redissolved in anhydrous dichloromethane (40 mL) followed by the 

addition of triethylamine (2.83 mL, 20.4 mmol). After 15 min, boron trifluoride diethyl etherate 

(2.32 mL, 0.90 mmol) was added slowly to the mixture and the mixture was heated under reflux 
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for 3 h. Upon cooling the residue was extracted with water (3 x 30 mL). The organic layer was 

washed with brine (3 x 30 mL) and dried over MgSO4, filtered, and evaporated under reduced 

pressure. The residue was purified by column chromatography, eluted with hexane ‒ 

dichloromethane (50:50, v/v) to give the title compound as an orange solid (1.00 g, 18 %). 

Rf: 0.33 (System A). 

δH (400 MHz, CDCl3): 2.43 (6H, s), 2.54 (6 H, s), 2.60 (3 H, s). 

δC (400 MHz, CDCl3): 14.4, 16.4, 17.3, 121.3, 132.1, 141.0, 141.4, 153.6. 

δB (400 MHz, CDCl3): 0.62 (t, J = 33.0). 

δF (400 MHz, CDCl3): -146.7 (q, J = 33.2). 

M.p. 228-230 oC (dichloromethane-hexanes) 

HRMS (EI): found 262.1452, C14H17N2BF2 requires 262.1453. 

meso-Methyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro BODIPY 107 

 

A solution of iodic acid (134 mg, 0.76 mmol) in water (3 mL) was added dropwise to a solution of 

meso-methyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY (100 mg, 0.38 mmol) and iodine (193 mg, 

0.76 mmol) in ethanol (5 mL) over a period of 20 min. After the reaction mixture was heated at 

60 oC for 20 min, the solvents were removed under reduced pressure. The residue was purified 

by column chromatography on silica gel. The appropriate fractions, which were eluted with 

hexane ‒ dichloromethane (30:70, v/v), were combined and evaporated to give the title 

compound as bright pink solid (122 mg, 63%). 
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Rf: 0.55 (System A). 

δH (400 MHz, CDCl3): 2.5 (6 H, s), 2.63 (6 H, s), 2.65 (3 H, s). 

δC (400 MHz, CDCl3): 14.1, 16.0, 17.8, 19.8, 22.7, 29.4, 29.7, 31.9, 83.8, 85.8, 132.1, 141.1, 

142.9, 155.1. 

δB (400 MHz, CDCl3): 0.39 (t, J = 32.1). 

δF (400 MHz, CDCl3): -145.90 (q, J = 32.0). 

M.p. 230-235 oC (dichloromethane-hexanes). 

HRMS (EI): found 513.9383, C14H15N2BF2I2 requires 513.9386. 

meso-Methyl-1,3,5,7,8-pentamethyl-2,6-dibromo-4,4-difluoro BODIPY 130 

 

To a solution of meso-methyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY (100 mg, 0.4 mmol) in 

anhydrous dichloromethane (10 mL) N-bromosuccinimide (203 mg, 1.14 mmol) was added. After 

the reaction mixture was stirred at room temperature for 20 min, a saturated NaHCO3 solution 

(10 mL) was added, and the mixture was extracted with dichloromethane (3 x 10 mL). The organic 

layers were combined, dried over MgSO4, filtered, and concentrated under reduced pressure. 

The residue was purified by column chromatography by eluting appropriate fractions using 

hexane ‒ dichloromethane (40:60 v/v) to give the desired product as an orange solid (95 mg, 

61%). 

Rf: 0.55 (System A). 

δH (400 MHz, CDCl3): 2.46 (6 H, s), 2.59 (6 H, s), 2.65 (3 H, s). 
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δC (400 MHz, CDCl3): 13.7, 16.4, 16.5, 17.3, 29.3, 111.6, 124.8, 129.7, 130.9, 138.4, 139.7, 140.8, 

152.2, 153.4. 

δB (400 MHz, CDCl3): 0.32 (t, J = 31.8). 

δF (400 MHz, CDCl3): -146.30 (q, J = 31.8). 

HRMS (EI) found 417.9652 C14H15N2B79Br2F2, requires 417.9663. 

meso-N,N-Dimethyl-aminoethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 105 

 

To a solution of meso-methyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY (100 mg, 0.35 mmol) in 

anhydrous dibromomethane (4 mL) in a Reacti® vial was added dimethylamine (2 M in THF, 1 

mL). After the reaction vial was heated in a heating block at 60 oC overnight, the products were 

concentrated under reduced pressure. The residue was redissolved in dichloromethane (10 mL) 

and successively extracted with ammonium chloride solution (3 x 10 mL) and brine solution (3 x 

10 mL). The organic layer was dried over anhydrous MgSO4, filtered, and concentrated under 

reduced pressure. The residue was purified by column chromatography by eluting appropriate 

fractions using dichloromethane ‒ methanol (95:5, v/v) to give the desired product as an orange 

solid (47 mg, 42%). 

Rf: 0.40 (System D). 

δH (400 MHz, CDCl3): 2.36 (6 H, s), 2.49 (6 H, s), 2.53 (6 H, s), 2.55-2.58 (2 H, m), 3.19-3.23 (2 H, 

m), 6.08 (2 H, s). 
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δC (400 MHz, CDCl3): 14.5, 16.6, 27.2, 29.7, 45.5, 60.7, 121.8, 140.4, 154.2. 

δB (400 MHz, CDCl3): 0.55 (t, J = 32.9). 

δF (400 MHz, CDCl3): -146.6 (q, J = 34.1 ); - 146.7 (q, J = 32.8). 

HRMS (EI) found 319.2022 C17H24N3BF2, requires 319.2031. 

meso-N,N-Dimethyl-aminoethyl-1,3,5,7-tetramethyl-2,6-dibromo-4,4-difluoro BODIPY 110  

 

Method A: To a solution of meso-N,N-dimethyl-aminoethyl-1,3,5,7-tetramethyl-4,4-difluoro 

BODIPY (50 mg, 0.16 mmol) in anhydrous dichloromethane (3 mL) elemental bromine (0.024 mL, 

0.47 mmol) was added slowly. After the reaction mixture was stirred at room temperature for 20 

min, a saturated aqueous solution of sodium thiosulfate pentahydrate (10 mL) was added to 

quench unreacted bromine. The mixture was extracted with dichloromethane (3 x 10 mL). The 

organic layers were combined, dried over anhydrous MgSO4, filtered, and concentrated under 

reduced pressure. The residue was purified by column chromatography by eluting appropriate 

fractions using dichloromethane ‒ methanol (99:1 v/v) to give the desired product as an orange 

solid (48 mg, 64 %). 

Rf: 0.48 (System D). 

δH (400 MHz ,CDCl3): 2.37 (6 H, s), 2.52 (6 H, s), 2.54 – 2.58 (2 H, m), 2.60 (6 H, s), 3.25 – 3.30 (2 

H, m) 
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δC (400 MHz, CDCl3): 13.7, 14.3, 15.7, 22.7, 27.6, 29.4, 29.5, 29.7, 31.9, 45.3, 53.4, 60.3, 112.3, 

130.7, 137.8, 143.8, 152.8. 

δB (400 MHz, CDCl3): 0.26 (t, J = 31.8). 

δF (400 MHz, CDCl3): -146.1 (q, J = 32.5); -146.2 (q, J = 33.1). 

HRMS (EI) found 475.0232 C17H22N3
79Br2F2B, requires 475. 0242. 

Method B: To a solution of meso-N,N-dimethyl-aminoethyl-1,3,5,7-tetramethyl-4,4-difluoro 

BODIPY (50 mg, 0.16 mmol) in anhydrous dichloromethane (3 mL) N-bromosuccinimide (83 mg, 

0.47 mmol) was added slowly. After the reaction mixture was stirred at room temperature for 20 

min, a saturated NaHCO3 solution (10 mL) was added and extracted with dichloromethane (3 x 

10 mL). The organic layers were combined, dried over anhydrous MgSO4, filtered, and 

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

eluting appropriate fractions using dichloromethane ‒ methanol (99:1 v/v) to give the title 

compound as an orange solid (45 mg, 58 %). 

NMR data for Method B corroborated with those of Method A. 

meso-N,N-Dimethyl-aminoethyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro BODIPY 108 

 

To a solution of meso-N,N-dimethyl-aminoethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY (75 mg, 

0.24 mmol) in anhydrous dichloromethane (5 mL) N-iodosuccinimide (159 mg, 0.70 mmol) was 

added. After the reaction mixture was stirred at room temperature for 20 min, a saturated 
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NaHCO3 solution (10 mL) was added, and the reaction mixture was extracted with 

dichloromethane (3 x 10 mL). The organic layers were combined, dried over anhydrous MgSO4, 

filtered, and concentrated under reduced pressure. The residue was purified by column 

chromatography by eluting appropriate fractions using dichloromethane ‒ methanol (99:1 v/v) 

to give the desired product as a dark pink solid (107 mg, 80%). 

Rf: 0.60 (System D). 

δH (400 MHz, CDCl3): 2.41 (6 H, s), 2.55-2.63 (14 H, m), 3.30-3.34 (2 H, m). 

δC (400 MHz, CDCl3): 14.1, 16.2, 19.2, 27.7, 29.7, 45.3, 60.2, 86.8, 131.6, 142.4, 155.8. 

δB (400 MHz, CDCl3): 0.33 (t, J = 32.0). 

δF (400 MHz, CDCl3): -145.7 (q, J = 32.3); -145.8 (q, J = 31.8). 

M.p. 204-208 oC (dichloromethane-hexanes). 

HRMS (EI) found  570.9960 C17H22N3BF2I2, requires 570.9964. 

meso-N,N,N-Trimethyl-aminoethyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro BODIPY 111  

 

To a solution of meso-N,N-dimethyl-aminoethyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro 

BODIPY (125 mg, 0.22 mmol) in acetone (10 mL), iodomethane (156 mg, 1.10 mmol) was added. 

The reaction mixture was stirred at room temperature for 2 h under a nitrogen atmosphere. The 

mixture was filtered, and the solid residue was washed with ice-cold acetone (3 x 10 mL). The 

product was air-dried to give the title compound as a dark pink solid (100 mg, 64%). 



   
 

166 
 

δH (400 MHz, DMSO): 2.53 (6 H, s), 2.59 (6 H, s), 3.23 (9 H, s), 3.55 (4H, s). 

δC (400 MHz, DMSO): 16.5, 19.6, 23.5, 52.9, 63.8, 89.2, 131.7, 139.1, 143.8, 156.5. 

δB (400 MHz, DMSO): 0.18 (t, J = 31.9). 

δF (400 MHz, DMSO): -133.5 (q, J = 34.6), -133.93 (q, J = 31.8). 

HRMS (FAB+) found 586.0199 C18H25N3BF2I2, requires 586.0193. 

meso-N,N,N-Trimethyl-aminoethyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro BODIPY 116  

 

To a solution of meso-N,N-dimethyl-aminoethyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro 

BODIPY (30 mg, 0.052 mmol) in acetone (3 mL), dimethyl sulfate (33 mg, 0.26 mmol) was added. 

After the reaction mixture was stirred at room temperature for 2 h under nitrogen atmosphere, 

the products were filtered, and the solid was washed with ice-cold acetone (3 x 10 mL). The 

product was air-dried to give the desired product as a dark pink solid (23 mg, 64%). 

δH (400 MHz, DMSO): 2.53 (6 H, s), 2.59 (6 H, s), 3.22 (9 H, s), 3.38 (4 H, s). 

δC (400 MHz, DMSO): 14.1, 16.5, 19.2, 27.9, 29.7, 45.3, 60.2, 86.8, 131.6, 142.4, 155.8. 

δB (400 MHz, DMSO): 0.18 (t, J = 31.8). 

δF (400 MHz, DMSO): -143.1 (q, J = 34.3); -143.3 (q, J = 32.7). 

HRMS (FAB+) found 586.0212 C18H25N3BF2I2, requires 586. 0193. 
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meso-Iodomethyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro BODIPY 109 

 

Iodine (162 mg, 0.626 mmol) and iodic acid (110 mg, 0.626 mmol) were added to an ethanolic 

solution (95%, 5 mL) of meso-N,N-dimethyl-aminoethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 

(100 mg, 0.313 mmol). After the reaction mixture was heated at 60 oC for 20 min, the solvents 

were evaporated under reduced pressure. The residue was purified by column chromatography. 

The appropriate fractions, which were eluted with hexane ‒ dichloromethane (30:70 v/v), were 

combined and evaporated to give the title compound as a dark pink solid (160 mg, 80%). 

Rf: 0.55 (System A). 

δH (400 MHz, CDCl3): 2.60 (5 H, s), 2.62 (1 H, s), 2.66 (6 H, s), 4.72 (1.5 H, s), 4.83 (0.5 H, s). 

δC (400 MHz, CDCl3): -1.3, 16.3, 19.3, 87.3, 130.0, 140.4, 142.2, 157.2. 

δB (400 MHz, CDCl3): 0.29 (t, J = 31.7). 

δF (400 MHz, CDCl3): -145.6 (q, J = 31.2); -145.7 (q, J = 30.7). 

M.p. > 260 oC. (dichloromethane-hexanes). 

meso-Methyl-1,3,5,7-tetramethyl-4,4-dicyano BODIPY 102 

 

To a solution of meso-methyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY (500 mg, 1.90 mmol) in 

anhydrous dichloromethane (20 mL) were added tin (IV) chloride (0.19 mL, 0.95 mmol) and 
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trimethylsilyl cyanide (1.7 mL, 13 mmol). The reaction mixture was stirred at room temperature 

for 10 min and water (10 mL) was added to quench any unreacted tin (IV) chloride. The mixture 

was extracted with an aqueous solution of saturated sodium bicarbonate (3 x 20 mL). The organic 

layer was dried over anhydrous MgSO4 and concentrated under reduced pressure. The residue 

was purified by column chromatography on silica gel. The appropriate fractions, which were 

eluted with hexane ‒ dichloromethane (30:70, v/v), were combined and evaporated to give the 

title compound as a bright orange solid (432 mg, 82%). 

Rf: 0.48 (System C). 

δH (400 MHz, CDCl3): 2.49 (6 H, s), 2.66 (3 H, s), 2.71 (6 H, s), 6.26 (2 H, s). 

δC (400 MHz, CDCl3): 14.1, 15.3, 16.6, 17.6, 22.6, 29.7, 30.9, 31.6, 122.7, 125.3, 126.0, 126.7, 127.5 

130.4, 142.2, 154.1. 

δB (400 MHz, CDCl3): -16.93 (s). 

M.p. 252-255 oC (dichloromethane-hexanes) 

HRMS (EI) found 276.1540, C16H17N4B, requires 276.1546. 

meso-Methyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-dicyano BODIPY 103 

 

A solution of iodic acid (127 mg, 0.72 mmol) in water (3 mL) was added dropwise to a solution of 

meso-methyl-1,3,5,7-tetramethyl-4,4-dicyano BODIPY (100 mg, 0.36 mmol) and iodine (183 mg, 

0.72 mmol) in ethanol (5 mL) over a period of 20 min. After the reaction mixture was heated at 

60 oC for 20 min, the solvents were removed under reduced pressure. The residue was purified 
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by column chromatography on silica gel. The appropriate fractions, which were eluted with 

hexane ‒ dichloromethane (20:80, v/v), were combined and evaporated to give the desired 

compound as a bright pink solid (100 mg, 52%). 

Rf: 0.65 (System C). 

δH (400 MHz, CDCl3): 2.5 (6 H, s), 2.7 (3 H, s), 2.8 (6H, s). 

δC (400 MHz, CDCl3): 17.3, 18.2, 20.4, 29.7, 31.9, 53.4, 87.5, 130.6, 142.1, 144.4, 155.5. 

δB (400 MHz, CDCl3): -16.50 (s). 

M.p. > 260 oC (dichloromethane-hexanes). 

HRMS (EI) found 527.9477, C16H15N4I2B, requires 527.9479. 

meso-Methyl-1,3,5,7-tetramethyl-2,6-dibromo-4,4-dicyano BODIPY 131  

 

Method A: To a solution of meso-methyl-1,3,5,7-tetramethyl-4,4-dicyano BODIPY (100 mg, 0.36 

mmol) in anhydrous dichloromethane (10 mL) N-bromosuccinimide (193 mg, 1.09 mmol) was 

added slowly. After the reaction mixture was stirred at room temperature for 20 min, a saturated 

NaHCO3 solution (10 mL) was added, and the mixture was extracted with dichloromethane (3 x 

10 mL). The organic layers were combined, dried over anhydrous MgSO4, filtered, and 

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

eluting appropriate fractions with hexane ‒ dichloromethane (40:60 v/v) to give the title 

compound as an orange solid (90 mg, 59%). 

Rf: 0.65 (System C). 
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δH (400 MHz, CDCl3): 2.53 (6 H, s), 2.73 (3 H, s), 2.79 (6 H, s). 

δC (400 MHz, CDCl3): 14.8, 16.9, 17.7, 113.3, 125.2, 129.8, 139.8, 142.9, 152.7. 

δB (400 MHz, CDCl3): -16.82 (s). 

HRMS (EI) found 431.9747 C16H15N4B79Br2, requires 431.9757. 

Method B: To a solution of meso-methyl-1,3,5,7-tetramethyl-4,4-dicyano BODIPY (50 mg, 0.18 

mmol) in anhydrous dichloromethane (5 mL) elemental bromine (28 μL, 0.54 mmol) was added 

slowly. After the reaction mixture was stirred at room temperature for 20 min, a saturated 

aqueous solution of sodium thiosulfate pentahydrate solution (10 mL) was added to quench 

unreacted bromine. The mixture was extracted with dichloromethane (3 x 10 mL). The organic 

layers were combined, dried over anhydrous MgSO4, filtered, and concentrated under reduced 

pressure. The residue was purified by column chromatography by eluting appropriate fractions 

with hexane ‒dichloromethane (20:80, v/v) to give the title compound as an orange solid (55 mg, 

72%). 

NMR data for Method B corroborated with those from Method A.  

2-Phthalimidoacetic acid 118 

 

In a round bottom flask, phthalic anhydride (5.00 g, 33.7 mmol) and glycine (2.50 g, 33.7 mmol) 

were heated at 160 oC for 6 h where it became a smelt. The reaction mixture was cooled down 

to room temperature and dissolved in dichloromethane (30 mL). The organic solution was 
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washed with 0.1 N HCl (3 x 30 mL), dried with anhydrous MgSO4 and evaporated to dryness to 

give the desired product as a white solid product (5.60 g, 81%). 

Rf: 0.26 (System G). 

δH (400 MHz, DMSO-d6): 4.32 (2 H, s), 7.94-7.87 (4 H, m), 13.26 (1 H, br, ex, OH). 

δC (400 MHz, DMSO-d6): 55.4, 123.8, 131.9, 135.3, 167.7, 169.3. 

M.p. 189-192 oC (methanol-hexanes). 

HRMS (EI): found 205.0371, C10H7O4N requires 205.0375. 

meso-Phtalimide-ethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 120 

 

To a solution of 2-phthalimidoacetic acid (1.10 g, 5.43 mmol) in anhydrous benzene (15 mL) 

thionyl chloride (1.93 mL, 27.1 mmol) was added. After the reaction mixture was heated under 

reflux for 3 h, the products were concentrated under reduced pressure to dryness. The resulting 

acid chloride was used without any purification. The yellow residue was redissolved in anhydrous 

dichloromethane (30 mL) and 2,4-dimethylpyrrole (1.12 mL, 10.8 mmol) was added slowly. The 

solution was stirred at room temperature for 30 min, where the solution color changed from 

yellow to red brown. The mixture was subsequently heated under reflux for 4 hr. Upon cooling 

(ice-water bath), triethylamine (7.6 mL, 54.3 mmol) was added. After 5 min, boron trifluoride 

diethyl etherate (7.4 mL, 59.7 mmol) was added slowly in a dropwise fashion. The mixture was 
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then stirred overnight at room temperature. The products were concentrated under reduced 

pressure to dryness and redissolved in dichloromethane (30 mL) and washed successively with 

water (3 x 30 mL) and brine (3 x 30 mL). The organic layer was dried over anhydrous MgSO4, 

filtered, and concentrated in vacuo. The residue was purified by column chromatography by 

eluting appropriate fractions using hexane ‒ dichloromethane (50:50, v/v) to give the title 

product as a dark orange solid (407 mg, 24 %) after evaporation of solvents. 

Rf: 0.57 (System C) 

δH (400 MHz, CDCl3): 2.31 (6 H, s), 2.56 (6 H, s) 5.06 (2 H, s), 6.08 (2 H, s), 7.75-7.92 (4 H, m). 

δC (400 MHz, CDCl3): 11.8, 14.6, 15.7, 16.3, 29.7, 37.4, 40.6, 115.0, 115.6, 122.3, 123.5, 123.7, 

125.9, 131.4, 132.0, 133.1, 133.6, 133.9, 134.4, 140.8, 155.8, 160.9, 167.5, 167.6. 

δB (400 MHz, CDCl3): 0.61 (t, J = 32.1). 

δF (400 MHz, CDCl3): -146.37 (q, J = 32.2). 

M.p. > 260 oC (dichloromethane-hexanes). 

HRMS (EI) found 407.1619, C22H20O2N3BF2 requires 407.1617. 

meso-Aminomethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 121 

 

To a solution of meso-phthalimido-ethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY (200 mg, 0.49 

mmol) in ethanol (95%, 10 mL) hydrazine hydrate (0.28 mL, 8.93 mmol) was added. After the 

reaction mixture was heated under reflux for 3 h, the products were concentrated under reduced 

pressure to dryness. The residue was purified by column chromatography and appropriate 
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fractions were eluted using dichloromethane ‒ methanol (95:5, v/v) to give the desired product 

as an orange solid (58 mg, 42 %) after evaporation of solvents.  

Rf: 0.45 (System E) 

δH (400 MHz, DMSO-d6): 2.41 (6 H, s), 2.50 (6 H, s), 3.96 (2 H, s, NH2, ex), 6.22 (2 H, s). 

δC (400 MHz, DMSO-d6): 14.6, 15.9, 22. 6, 29.5, 37.4, 122.0, 131.5, 142.0, 145.4, 154.2. 

δB (400 MHz, DMSO-d6): 0.40 (t, J = 33.2). 

δF (400 MHz, DMSO-d6): -143.92 (q, J = 32.8). 

M.p. 203-206 oC (methanol-dichloromethane-hexanes). 

HRMS (EI) found 277.1556, C14H18N3BF2 requires 277.1562. 

meso-(tert-Butyloxycarbonyl)aminomethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 124 

 

To a solution of meso-aminomethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY (35 mg, 0.13 mmol) 

in anhydrous THF (5 mL), di-tert-butyl dicarbonate (30 mg, 0.14 mmol) was added. After the 

reaction mixture was stirred at room temperature for 10 min, solvents were removed under 

reduced pressure to give an orange solid. The product was used for next steps without further 

purification. 

Rf: 0.44 (System C) 

δH (400 MHz, DMSO-d6): 1.39 (9 H, s), 2.37 (6 H, s), 2.42 (6 H, s), 4.37 (2 H, d, J = 3.8), 6.24 (2 H, 

s), 7.47 (1 H, s, br, NH, ex). 
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δC (400 MHz, DMSO-d6): 14.7, 15.4, 28.6, 37.4, 78.7, 122.2, 132.5, 138.1, 142.3, 155.0. 

δB (400 MHz, DMSO-d6): 0.40 (t, J = 32.8). 

δF (400 MHz, DMSO-d6): -143.82 (q, J = 32.3). 

M.p. 204-207 oC (dichloromethane-hexanes). 

HRMS (EI): found 377.2078, C19H26O2N3BF2 requires 377.2086. 

meso-(tert-Butyloxycarbonyl)aminomethyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro 

BODIPY 125 

 

To a solution of meso-(tert-Butyloxycarbonyl)aminomethyl-1,3,5,7-tetramethyl-4,4-difluoro 

BODIPY (11 mg, 0.030 mmol) in anhydrous dichloromethane (3 mL) N-iodosuccinimide (19 mg, 

0.080 mmol) was added. After the reaction mixture was stirred at room temperature for 20 min, 

a saturated aqueous solution of NaHCO3 (10 mL) was added, and the mixture was extracted with 

dichloromethane (3 x 10 mL). The organic layers were combined, dried over anhydrous MgSO4, 

filtered, and concentrated under reduced pressure. The residue was purified by column 

chromatography by eluting appropriate fractions using dichloromethane ‒ methanol (99:1, v/v) 

to give the target compound as a dark pink solid (18 mg, 72%) after evaporation of solvents. 

Rf: 0.60 (System C) 

δH (400 MHz, DMSO-d6): 1.40 (9 H, s), 2.41 (6 H, s), 2.51 (6 H, s), 4.39 (2 H, d, J = 3.7), 7.51 (1 H, s, 

br, NH, ex). 
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δC (400 MHz, DMSO-d6): 14.9, 16.3, 17.4, 17.9, 20.0, 27.3, 28.5, 38.2, 78.9, 87.9, 131.3, 132.6, 

133.0, 137.9, 141.7, 144.2, 153.4, 156.0, 156.1, 158.0. 

δB (400 MHz, DMSO-d6): 0.24 (t, J = 32.1). 

δF (400 MHz, DMSO-d6): -143.3 (q, J = 31.7). 

M.p. 202-205 oC (dichloromethane-hexanes). 

HRMS (EI): found 629. 0010, C19H24O2N3BF2I2 requires 629.0019. 

meso-Aminomethyl-1,3,5,7-tetramethyl-2,6-diodo-4,4-difluoro BODIPY 122 

 

Method A: meso-(tert-Butyloxycarbonyl)aminomethyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-

difluoro BODIPY (13 mg, 0.020 mmol) was dissolved in anhydrous dichloromethane (3 mL), 

followed by addition of catalytic amount of iodine (0.4 mg, 0.0016 mmol). After the reaction 

mixture was stirred at room temperature overnight, the products were concentrated under 

reduced pressure. The residue was purified by column chromatography and appropriate fractions 

were eluted using dichloromethane ‒ methanol (95:5, v/v) to give the title compound as a pink 

solid (10 mg, 90 %) after evaporation of solvents. 

Rf: 0.42 (0.2 % methanol in dichloromethane). 

δH (400 MHz, CDCl3): 2.59 (6 H, s), 2.64 (6 H, s), 4.18 (2 H, s). 

δC (400 MHz, CDCl3): 15.1, 16.2, 18.4, 18.5, 29.3, 29.7, 31.9, 38.1, 86.7, 131.3, 142.5, 156.6. 

 δB (400 MHz, CDCl3): 0.34 (t, J = 32.0). 

δF (400 MHz, CDCl3): -145.8 (q, J = 32.1).  
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M.p. > 260 oC (dichloromethane-hexanes). 

HRMS (EI) found 528.9491, C14H16N3BF2I2 requires 528.9495. 

Method B: Iodine (42 mg, 0.16 mmol) and iodic acid (29 mg, 0.16 mmol) were added to a solution 

of meso-aminomethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY (23 mg, 0.082 mmol) in ethanol 

(95%, 5 mL). After the reaction mixture was heated at 60 oC for 20 min, the products were 

concentrated under reduced pressure. The mixture was purified by column chromatography and 

the appropriate fractions were eluted using dichloromethane ‒ methanol (95:5, v/v) to give the 

target compound as a pink solid (37 mg, 84 %) after evaporation of solvents. 

NMR data for Method B corroborated with those from Method A.  

BODIPY synthesis through the reaction between 2,4-dimethylpyrrole and bromoacetyl 
bromide 
 

 

A solution of bromoacetyl bromide (98 μL, 1.12 mmol) in dry dichloromethane (4 mL) was added 

dropwise to a stirred solution of 2,4-dimethylpyrrole (325 μL, 3.16 mmol) in dry dichloromethane 

(7 ml). After the mixture was heated under reflux for 3 h, the solvents were evaporated under 

reduced pressure. The residue was co-evaporated with dry toluene (3×10 mL) and then re-

dissolved in dry dichloromethane (10 mL), followed by addition of trimethylamine (410 μL, 3.05 
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mmol). After 15 min, boron trifluoride diethyl etherate (353 μL, 2.86 mmol) was added and the 

mixture was stirred under reflux for 3 h. Upon cooling to room temperature, the products were 

extracted successively with water (3×50 mL) and saturated brine (3×50 mL). The organic layer 

was separated, dried (MgSO4), and evaporated under reduced pressure. The residue was purified 

by column chromatography on silica gel. The appropriate fractions, which were eluted with 

hexane–dichloromethane eluent (50:50, v/v), were combined and evaporated under reduced 

pressure to give an inseparable mixture of 4,4-difluoro-4-bora-9-bromo-1,3,5,7,8-pentamethyl-

3a,4a-diaza-s-indacene 101 and 4,4-difluoro-4-bora-9-bromo-1,3,5,7-tetramethyl-3a,4a-diaza-s-

indacene 129 and in a 7:1 ratio as a red solid (total 47 mg, 16%). Relatively pure fractions were 

collected separately that allowed the characterization of the two products. 

BODIPY 101:  

Rf: 0.47. (System A). 

δH(400 MHz, CDCl3): 2.43 (6 H, s), 2.54 (6 H, s), 2.60 (3 H, s), 6.07 (2 H, s)  

δC(400 MHz, CDCl3): 14.4 (CH3), 16.4 (CH3), 17.3 (CH3), 121.3 (CH), 132.1 (C), 141.0 (C), 141.4 (C), 

153.6 (C) 

δF(400 MHz, CDCl3): -146.7 (q, J = 33.2). 

 δB(400 MHz, CDCl3): 0.62 (t, J = 33.2). 

 HRMS (EI) found 262.1452, C14H17BF2N2 requires 262.14529.  

BODIPY 129: 

Rf: 0.40. (System A). 

δH(400 MHz, CDCl3): 2.27 (6 H, s), 2.56 (6 H, s), 6.07 (2 H, s), 7.06 (1 H, s) 
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δC(400 MHz, CDCl3, identified through HSQC and HMBC due to very small amount of product): 

11.5 (CH3), 14.9 (CH3), 119.2 (CH), 120.4 (CH), 133.3 (C), 141.3 (C), 156.8 (C) 

δF(400 MHz, CDCl3): -146.6 (q, J = 33.6) 

δB(400 MHz, CDCl3): 0.88 (t, J = 33.6) 

HRMS (EI) found 248.1293, C13H15BF2N2 requires 248.12964. 
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6. Appendix 

 

Figure AP-1: 1H NMR of 8-Bromo-5ʹ-O-dimethoxytrityl-2-N-dimethylformamidine-2ʹ-O,4ʹ-C-methyleneguanosine 

 



196 
 

 

Figure AP-2: 13C NMR of 8-Bromo-5ʹ-O-dimethoxytrityl-2-N-dimethylformamidine-2ʹ-O,4ʹ-C-methyleneguanosine 
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Figure AP-3: 1H NMR of 8-Bromo-5ʹ-O-dimethoxytrityl-2-N-dimethylformamidine-2ʹ-O,4ʹ-C-methyleneguanosine-3ʹ-O-(2-cyanoethyl)-

N,N-diisopropyl phosphoramidite 
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Figure AP-4: 1H NMR of 8-Bromo-5ʹ-O-dimethoxytrityl-2-N-dimethylformamidine-2ʹ-O,4ʹ-C-methyleneguanosine-3ʹ-O-(2-cyanoethyl)-

N,N-diisopropyl phosphoramidite 
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Figure AP-5: 1H NMR of meso-Methyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro BODIPY 
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Figure AP-6: 13C NMR of meso-Methyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro BODIPY 
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Figure AP-7: 1H NMR of meso-Methyl-1,3,5,7,8-pentamethyl-2,6-dibromo-4,4-difluoro BODIPY 
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Figure AP-8: 13C NMR of meso-Methyl-1,3,5,7,8-pentamethyl-2,6-dibromo-4,4-difluoro BODIPY 
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Figure AP-9: 1H NMR of meso-N,N-Dimethyl-aminoethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 
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Figure AP-10: 1H NMR of meso-N,N-Dimethyl-aminoethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 
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Figure AP-11: 1H NMR of meso-N,N-Dimethyl-aminoethyl-1,3,5,7-tetramethyl-2,6-dibromo-4,4-difluoro BODIPY 
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Figure AP-12: 1H NMR of meso-N,N-Dimethyl-aminoethyl-1,3,5,7-tetramethyl-2,6-dibromo-4,4-difluoro BODIPY 
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Figure AP-13: 1H NMR of meso-N,N-Dimethyl-aminoethyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro BODIPY  
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Figure AP-14: 13C NMR of meso-N,N-Dimethyl-aminoethyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro BODIPY  
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Figure AP-15: 1H NMR of meso-N,N,N-Trimethyl-aminoethyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro BODIPY 
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Figure AP-16: 13C NMR of meso-N,N,N-Trimethyl-aminoethyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro BODIPY 
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Figure AP-17: 1H NMR of meso-Iodomethyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro BODIPY 
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Figure AP-18: 13C NMR of meso-Iodomethyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-difluoro BODIPY 
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Figure AP-19: 1H NMR of meso-Methyl-1,3,5,7-tetramethyl-4,4-dicyano BODIPY 
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Figure AP-20: 13C NMR of meso-Methyl-1,3,5,7-tetramethyl-4,4-dicyano BODIPY 
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Figure AP-21: 1H NMR of meso-Methyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-dicyano BODIPY 
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Figure AP-22: 13C NMR of meso-Methyl-1,3,5,7-tetramethyl-2,6-diiodo-4,4-dicyano BODIPY 
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Figure AP-23: 1H NMR of meso-Methyl-1,3,5,7-tetramethyl-2,6-dibromo-4,4-dicyano BODIPY 
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Figure AP-24: 13C NMR of meso-Methyl-1,3,5,7-tetramethyl-2,6-dibromo-4,4-dicyano BODIPY 
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Figure AP-25: 1H NMR of 2-Phthalimidoacetic acid 
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Figure AP-26: 13C NMR of 2-Phthalimidoacetic acid 
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Figure AP-27: 1H NMR of meso-Phtalimide-ethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 
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Figure AP-28: 13C NMR of meso-Phtalimide-ethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 
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Figure AP-29: 1H NMR of meso-Aminomethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 
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Figure AP-30: 13C NMR of meso-Aminomethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 
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Figure AP-31: 1H NMR of meso-(tert-Butyloxycarbonyl)aminomethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 

 



226 
 

 

Figure AP-32: 13C NMR of meso-(tert-Butyloxycarbonyl)aminomethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 
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Figure AP-33: 1H NMR of meso-Aminomethyl-1,3,5,7-tetramethyl-2,6-diodo-4,4-difluoro BODIPY 
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Figure AP-34: 13C NMR of meso-Aminomethyl-1,3,5,7-tetramethyl-2,6-diodo-4,4-difluoro BODIPY 
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Figure AP-35: 1H NMR of 4,4-difluoro-4-bora-9-bromo-1,3,5,7-tetramethyl-3a,4a-diaza-s-indacene 
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meso-dimethylaminoethyl-1,3,5,7-tetramethyl-4,4-difluoro BODIPY 105 
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meso-iodomethyl-2,6-diiodo-4,4-difluoro BODIPY compound 109 
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meso-methyl-2,6-dibromo-1,3,5,7,8-pentamethyl-4,4-difluoro-BODIPY 130 
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meso-methyl-2,6-dibromo-1,3,5,7,8-pentamethyl-4,4-dicyano-BODIPY 131 
 

 

 


