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ABSTRACT 

 DNA is a critical component in the storage and replication of genetic information in 

living organisms. Well documented are the forces bringing these base pairs together selectively: 

hydrogen bonding, base-stacking, complementary shape, etc. However, increasing interest and 

utility in both biophysical assays (PCR and other hybridization techniques) and expansion of the 

genetic alphabet to beyond simply four base pairs, have led chemists to synthesizing a library of 

non-natural nucleosides to study their impact on the stability of DNA duplexes.  

 Initial research involved the design and synthesis of universal bases in DNA. Universal 

bases are important in hybridization-based detection techniques where the target sequence is not 

completely known. Here, a set of nine unique 5-substituted indoles were synthesized and inserted 

into DNA oligomers to be screened as universal bases and compared to established universal 

bases. The results showed that there are functional groups other than nitro which dramatically 

increase the universality and stability of non-natural residues. 

 Next, a series of substituted phenyl non-natural nucleosides designed to have very high 

dipole moments were synthesized and tested as universal bases and non-canonical base pairs in 

DNA duplexes. The former continues efforts to discover nucleobase replacements that 

nonselectively recognize all four Watson-Crick bases with a minimal destabilization of the 

duplex structure.  The latter application involves the development of new selective base pairs to 

expand the information could be stored in a DNA polymer both in vivo and in vitro. The results 

showed that, as novel base pairs, the substituted phenyl nucleosides made stronger self-pairs and 

cross-pairs in DNA duplexes than they did when paired with the canonical bases.  
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 Lastly, an investigation into the possible stabilizing forces of halogen bonding in DNA 

duplexes. A series of halogenated phenyl non-natural nucleosides were synthesized and paired 

with other substituted phenyl and pyridyl residues containing Lewis basic sites (NO2, OCH3, and 

N) to determine the extent to which halogen bonding could stabilize a DNA duplex. Further 

optimization of the geometry and spacing of the halogen bonding interaction led to several base 

pairs which appeared to gain an appreciable amount of stability from a constructive halogen 

bonding interaction.  
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CHAPTER I 

NON-NATURAL NUCLEOSIDES IN DNA 

Introduction 

DNA is critical to the storage and replication of genetic information in the cell. When the 

solution for the secondary structure of DNA was first proposed by Watson and Crick in 1953,1 it 

quickly became recognized as one of the most impactful scientific discoveries of the twentieth 

century. The building blocks of DNA, deoxyribose nucleosides (Figure 1.1), are linked together 

by a phosphate diester backbone to form a single-stranded (ss) DNA polymer. The bases, 

guanine (G), cytosine (C), adenine (A), and thymine (T) form selective base pairs (GC/CG and 

AT/TA) between complementary ssDNA’s to form double-stranded (ds) DNA duplexes, which 

adopt a stable helical secondary structure.1 Decades later, in 1980, Drew and Dickerson2 

provided the first high-resolution crystal structure of a DNA duplex containing a single helical 

turn. Their analysis of the self-complementary dodecamer DNA (now known as the Drew-

Dickerson dodecamer) confirmed unambiguously the existence of DNA in the right-handed B-

form with all nucleobases in an anti-glycosidic conformation as initially proposed by Watson 

and Crick.2  

The structure of a DNA duplex depends upon the environmental conditions surrounding 

the duplex (temperature, pH, buffer, salt or countercations present, etc.) as DNA is polymorphic 

and has been observed adopting several helical structures, some of which have subtypes 

themselves. The polymorphs of DNA fall into three distinct families, A, B and Z, with most of  
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Figure 1.1: Watson-Crick base pairs. AT pair (top) and GC pair (bottom). 



3 
 

 

  

Figure 1.2: Side and top-down view of A-form DNA (left) and B-form DNA (right). 
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the subvariants falling under the category of B-DNA. (Figure 1.2). The base pairs are located 

deep inside of the helical core, and substantial stacking of each base pair with its neighbors 

occurs. 

The secondary structure of DNA is maintained exclusively by weak, noncovalent 

interactions between the nucleobases. Watson-Crick base pairing (Figure 1.1) is primarily a 

consequence of hydrogen bonding between paired bases of opposite strands (although 

complementary shapes of the bases is of consideration as well). This interstrand interaction is 

repeated at every nucleoside residue and provides the basis for selective pairing between 

complementary ssDNA’s. Base stacking is a - stacking interaction between the aromatic 

residues of neighboring bases and provides dsDNA its stepwise, helical structure (Figure 1.3). 

Hydrophobic effects are relevant in the formation of duplexes in aqueous systems, as energies of 

solvation of the bases are different depending on whether the residue is stacked or unstacked. 

Finally, the differing substitutions of the heterocyclic bases can produce dipoles that can stabilize 

or destabilize interactions between neighboring nucleobases in a helical conformation.  

The relative contributions of these non-covalent interactions to the formation and 

maintenance of the helical structure have been topics of much study since the description of B-

form structure by Watson and Crick. Early on, hydrogen bonding received the most attention. 

This was a natural outcome of the central role that hydrogen-bond-mediated base pairing plays in 

the function of DNA as a storage molecule for biological information. However, the hydrophilic 

edges of the nucleobases in single-stranded DNA have extensive hydrogen bonding to the 

surrounding waters. The enthalpic contribution of hydrogen bonding to forming a double helix 

must be close to zero because the hydrogen bonds to water are broken to open sites for hydrogen 

bonding to complementary bases. The entropic situation is complex: the release of hydrogen  
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Figure 1.3: Stepwise, helical structure of DNA highlighting base-

stacking interactions. Side view (top) and top-down view (bottom). 
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bonded waters to the bulk solvent is favorable, but the loss of conformational freedom in the 

DNA is unfavorable. Another unfavorable interaction is the electrostatic repulsions of the 

negatively backbone phosphodiester groups. Beyond these interactions, the role of base stacking 

is crucial for favoring helix formation.  

Base stacking is a favorable interaction occurring between the aromatic faces of 

neighboring nucleobases. This interaction appears to have both solvophobic and electrostatic 

components. The relatively hydrophobic faces of the nucleobases are poorly solvated by water, 

and compaction of these sites minimizes their exposure to water molecules. Release of these 

waters into the bulk solvent is entropically favorable. Moreover, the nucleobases are heterocyclic 

systems, producing uneven distributions of electron density within the  cloud. Interactions of 

these sites can contribute favorably to stacked conformations through electrostatic interactions. 

One important approach to studying stacking interactions involves the preparation of 

modified nucleobases into DNA strands. Some of these synthetic non-natural nucleobases are 

slight modifications to natural nucleobase structures, while others are structurally and 

electronically unique. Among the latter group, numerous modified nucleosides have been studied 

with non-hydrogen-bonding aromatic moieties bound to the sugar backbone common to all 

deoxyribose nucleosides to compare with, or even functionally replace, their natural 

counterparts.3-6  

The relative stabilities of modified DNA duplexes can be studied in vitro using 

complementary short ssDNA oligomers that form dsDNA when annealed in solution. Increasing 

the temperature will cause the duplex structure to melt in a cooperative fashion; cooling the 

sample then re-anneals the DNA helix. Following these changes by measuring a property of the 

DNA such as its absorbance at 260 nm produces a nondestructive assay for stability, the UV  
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Figure 1.4: Melting curve for a DNA duplex. Absorbance at 260 nm is plotted as a 

function of temperature. 
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thermal denaturation experiment (Figure 1.4). The melting temperature, Tm, represents the 

temperature at which half of the dsDNA has melted and is a convenient point to compare 

stabilities of different duplexes (the higher the Tm, the more stable the duplex). The effect of 

small structural changes on DNA helix stability can be directly evaluated.  

 

Base pairing in the DNA duplex structure 

The integrity of DNA in the cell is critical to ensuring a healthy transfer of genetic 

information devoid of errors.7 The highly regular B-form helical structure adopted by the vast 

majority of genomic DNA can only be achieved when properly matched base pairing occurs. The 

four Watson-Crick base pairs (G-C, C-G, A-T, and T-A) always occur between a purine and a 

pyrimidine base with a complementary pattern of hydrogen bond donors and acceptors. Because 

of this, regardless of sequence, bases occupy similar spaces within the helical core. The 

glycosidic bonds between the bases and the backbone sugars also all occur with similar positions 

and geometries with respect to the helix. Thus, correctly paired bases position the backbone in its 

B-form structure, and deviations from this regularity can serve as a signal of potential damage or 

mismatching. 

DNA base pair mismatches (pairs of nucleobases other than GC or AT) can have a 

profound impact on the local structure of DNA and occur under a variety of circumstances, 

including errors during replication, events following genetic recombination, or as a consequence 

of compromised nucleobases, such as the deamination of 5-methylcytosine (resulting in a GT 

mismatch).7 NMR and molecular dynamics simulations by Orozco and coworkers8 showed DNA 

base pair mismatches result in significant local structural deformations of DNA duplexes. The 

group characterized and provided models for mismatches of the canonical DNA bases: pyridine-



9 
 

pyridine pairs, for example, were shown to adopt only one pairing conformation. Purine-purine 

pairs, on the other hand, adopted many different conformational combinations, including those 

which would orient syn-purines into the major groove or even show interactions with the sugar 

backbone (Figure 1.5). Mismatched purine-pyrimidine pairs (GT and AC) were the most stable 

of the mismatches and showed clearest evidence of constructive hydrogen bonding resulting 

from unusual base pair conformations. The GT mismatch adopted one hydrogen bonding scheme 

while the AC mismatch can adopt two (Figure 1.6). 

 

Non-natural base pairing 

 Beyond the examination of the specificity of base pairing and the detection and repair of 

mismatches, there are other applications of research into base pairing. Among the most 

ambitious of these involves the development of entirely novel base pairs.  This is of research 

interest given DNA’s role as a tool for information storage; expanding the number of base pairs 

would expand the depth of information which could conceivably be stored in a DNA polymer. 

 

Non-natural base pairing: novel hydrogen bonded base pairs 

Some research groups have designed and incorporated non-standard nucleobases that 

utilize hydrogen bonding for specificity. For example, the isomeric nucleobases isocytosine and 

isoguanine (isoG and isoC, Figure 1.7) were studied by Switzer9 in the late 1990’s. These 

nucleobases have a modified pattern of three hydrogen bonding donors and acceptors compared 

to a canonical G-C pair. Because the functional groups on the purine and pyrimidine components 

are rearranged, it was predicted that the isoG:isoC pair would be as stable as a GC pair.  
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Figure 1.5: Unusual purine-purine (A-G) MM pairing schemes shown 

by Orozco et al.
8
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Figure 1.6: Purine-pyrimidine mismatch hydrogen bonding schemes 

proposed by Orozco et al.
8
 (AC top GT bottom). 
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Figure 1.7: IsoG-isoC base pair (left) vs a G-C base pair (right). 
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However, these residues would have mismatched hydrogen bonding groups for pairing with any 

of the natural Watson-Crick nucleobases. The isoG-isoC pair was indeed as stable as a G-C base 

pair within a short duplex DNA. However, unlike the natural nucleobases, these residues 

possessed minor tautomeric forms that could pair successfully with canonical bases. For 

example, the isoG-C base pair was found to be as stable as an A-T base pair.  

Benner and coworkers10 later published work centered around a redesign of the natural 

nucleobases. This afforded a nitro-group-containing six-membered N-heterocyclic residue and a 

purine-like bicyclic residue (denoted by the researchers as Z and P, respectively, Figure 1.8). 

This non-natural base pairing scheme mimicked the complementarity in shape seen in Watson-

Crick pairs, while only permitting constructive hydrogen bonding between one another and not 

with the other four Watson-Crick bases. In PCR assays assessing the DNA polymerase activity 

toward these non-natural residues, they found the fidelity of P inserted across Z and vice versa 

exceeded 99%.10 Furthermore, mutation of G-C and A-T base pairs towards Z-P base pairs was 

observed to be extremely rare. This project effectively created a new base pair, Z-P.  

Studies using nucleobases with altered hydrogen-bonding patterns highlighted two 

limitations of this approach. First, there are only a limited number of combinations (23 = 8) of 

hydrogen bond donors and acceptors that are available, and four of these are already used by 

natural bases. Second, there is limited chemistry to stably present these hydrogen-bonding sites 

on purine and pyridine structures. The lack of specificity due to tautomeric leakage in Switzer’s 

work highlights this second issue. For these reasons, most work on novel pairing has focused on 

non-hydrogen-bonding nucleobases. 
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Figure 1.8: Nitroaminopyridone (Z), imidazoaminopyrimidone (P), shown as a 

base pair.
10
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Non-natural base pairing: universal bases 

 Universal bases are a special subset of non-natural nucleosides that are designed to pair 

equally well with each of the four natural bases in a relatively non-destabilizing manner. This is 

in stark contrast to the characteristics of the natural nucleobases, which are highly selective 

towards their Watson-Crick partner to the exclusion of all others. Universal bases find 

application in a variety of biophysical assays (PCR, etc.), especially in hybridization assays with 

a target sequence containing portions of the genome which are degenerate. Rather than inserting 

natural residues in ambiguous positions, a universal base can be inserted as a placeholder, 

knowing it will not pair with any selectivity, nor will it overly destabilize the resulting duplex. 

No naturally occurring nucleoside with universal base characteristics is known. The 

closest example is inosine, which is naturally found in the “wobble” positions of some tRNAs.11  

In this context, inosine was found to pair degenerately with A, C and U (uridine, the RNA analog 

of T), leading to degeneracy of the genetic code. Martin and coworkers12 studied the utility of 

deoxyinosine (dI, Figure 1.9) as a universal base. They found that although dI was more 

universal than G, C, A, or T, it was still slightly selective towards C, which was unsurprising 

considering dI is similar structurally and electronically to G.13 Like the non-natural base pairs of 

Switzer and Benner described above, this hydrogen-bonding approach to universal bases is 

highly limited. 

 One of the first entirely non-natural residues synthesized and analyzed as a universal base 

in DNA was the phenyl 2’-deoxynucleoside (Figure 1.10) described by Millican and coworkers4 

in the early 1980’s. Strictly hydrophobic aromatic residues were thought to be good candidates 

as universal bases because they lack any potential for hydrogen bonding while maintaining the 

aromatic core requisite for base stacking interactions with neighboring nucleobases. Although 
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Figure 1.9: Structure of the modified natural nucleoside, 2-deoxyinosine (dI).  
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Figure 1.10: Non-natural nucleobases. Clockwise from top left: phenyl nucleoside, 5-

nitroindole nucleoside, 3-nitropyrrole nucleoside. 
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the residue was found to be more universal than any of the natural counterparts, it still showed 

some selectivity towards the purines and was overall very destabilizing.4  

 Bergstrom and coworkers14 then advanced the 3-nitropyrrole (Figure 1.10) residue as a 

universal base in DNA. The design of this nucleoside was intended to maximize stacking 

interactions by introducing the strongly polarizing but weakly hydrogen bonding nitro group 

onto a heterocyclic pyrrole ring. The residue was shown to be fairly destabilizing toward DNA 

duplexes compared with entirely canonical duplexes of comparable sequence, but also 

demonstrated a significant improvement to the universality of the non-natural residue towards 

pairing with canonical bases, having a Tm value range of just 3 °C from its strongest pair to its 

weakest.14 The impact of this paper was to focus future work on the use of nitro-substituted N-

glycosidic hydrophobic aromatic residues.  

 Later that year, Loakes and Brown5 reported development of the 5-nitroindole residue as 

a universal base candidate (Figure 1.10). Much like 3-nitropyrrole, the strong polarizing 

properties of the nitro group coupled with its lack of any real hydrogen bonding potential made it 

a logical choice for universal base work. Furthermore, the indole core presented a heterocyclic 

aromatic substitute that was larger than Bergstrom’s pyrrole. This residue was shown to pair 

more universally with each natural nucleobase and did not destabilize the duplex as much as the 

phenyl or nitropyrrole universal residues. 5-Nitroindole is the most well-established universal 

base to date, although there has yet to be a systematic study which attempts to determine how 

other functional groups might impact the universality of the residue in DNA duplexes. It is 

possible that by simply changing the substituent, and consequently the aromatic core’s dipole 

moment, surface area, polarizability, etc. the universal base properties of a residue can be altered 

or even enhanced. Therefore, more research needs is needed to determine what characteristics 
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make a good universal base and what other universal base candidates may be out there 

unexplored. 

 

Non-natural base pairing: stable hydrophobic self-pairs 

 The development of synthetic routes to aromatic C-nucleosides bearing non-hydrogen 

bonding “nucleobases” inspired their application to the design of novel base pairing schemes. In 

the 1990’s Kool and coworkers15 made hydrophobic “isosteres” of purine and pyrimidine 

nucleobases by substituting fluorines for carbonyl oxygens and methyl groups for amino groups 

on phenyl and indole aromatic residues (Figure 1.11). These nucleosides were designed to 

examine shape selectivity as a basis for base pairing in DNA. For example, an isostere of T, 

difluorotoluene, could be incorporated opposite an adenine base in a DNA template strand by 

polymerases.16 Interestingly, when studied in hybridization assays, a number of these residues 

showed a tendency to pair with each other (self-pair) rather than with the shape-complementary 

Watson-Crick nucleobase. Thermal denaturation experiments pairing these non-natural residues 

with any of the four natural nucleobases afforded significantly lower Tm’s.15 Their rationale for 

these findings centered around the hydrophobic nature of the non-natural residues. This may 

impact the solvation/desolvation properties of the residue (which is directly related to the 

entropic favorability of duplex formation, as desolvating nucleobases releases water to the bulk). 

The hydrophobic nature of stable self-pairs may also support the idea that hydrogen bonding is 

more responsible for the selectivity between the natural nucleobases, rather than overall stability 

of the duplex. The targeted use of self-pairs for the design of selective, non-natural base pairs has 

followed on Kool’s results. The attraction of self-pairs is in increasing the genetic alphabet while 

only having to design, synthesize, and integrate one compound. 
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Figure 1.11: Hydrophobic isosteres (R=deoxyribose sugar) of natural nucleobases that form 

stable self-pairs in DNA duplexes.
14
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Figure 1.12: Hydrophobic, monocyclic and bicyclic residues shown to be stable self-pairs in 

DNA duplexes.
17,18
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Romesberg and coworkers17, 18 have synthesized a series of monocyclic and bicyclic non-

natural residues (Figure 1.12) and tested their selectivity and enzymatic activity in PCR assays. 

These largely hydrophobic residues were very selective as self-pairs when inserted as 

triphosphates by a DNA polymerase across an identical templating residue. This means that 

synthesis of a DNA strand with an additional unique base pair could be made with only five 

different nucleobases present, rather than six.17 

 

Non-natural base pairing: stable hydrophobic pairs 

In addition to self-pairs, Romesberg and coworkers17,18 have attempted to discover 

selective hydrophobic base pairs where two different arenes selectively pair with each other. 

attempted to expand the genetic alphabet through an optimization of a series of methyl 

substituted phenyls, naphthalenes, and other bicyclic residues. Enzymatic activity towards 

insertion of the non-natural residues in a DNA polymer was shown, in some cases, to be 

comparable to that observed in the natural bases. The fidelity was hindered, however, by 

frequent insertion of dATP (adenine triphosphate) across the templating non-natural residue 

rather than the non-natural triphosphate in solution. Later efforts at optimizing the base pairs by 

moving the methyl substituent showed the substitution patterns have a profound impact on 

polymerase activity and fidelity.17 

Even further efforts at optimization yielded the dNAM and dTPT3 non-natural base pair 

(Figure 1.13).19 The stability of this base pair was taken to the next step when enzymatic studies 

testing its activity towards DNA polymerases in the context of DNA synthesis showed selective 

insertion of the triphosphates against the non-natural, templating residue. The in vitro success of 

this base pair prompted the successful demonstration of replication in vivo.20, 21 The non-natural  
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Figure 1.13: Hydrophobic, bicyclic residues shown to replicate in a living organism.
10
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triphosphates are taken up by Escherichia coli via a nucleoside triphosphate transporter from 

Phaeodactylum tricornutum.20 This work was further extended to an organism able to replicate, 

transcribe and translate the non-natural base pair.22 This was dubbed the “first semi-synthetic 

organism”. 22  

 

Non-natural base pairing: other possible interactions 

To date, the intermolecular forces evaluated as stabilizing forces in DNA have largely been 

relegated to hydrogen bonding and non-polar, hydrophobic interactions. However, there are other 

weak, non-covalent interactions which may prove stabilizing in DNA duplexes. One such 

interaction is halogen bonding, an electrostatic interaction between a halogen (typically only Cl, 

Br, and I) and some electron rich Lewis Base (O, N, S, other halogen atoms, etc.). Halogen 

bonding has been observed in certain biological circumstances, including the recent discovery of 

polychlorinated bicyclic compounds possibly causing thyroid disruption via halogen-bond-

mediated interactions.23 Others have proposed halogen bond interactions as a means for nucleic 

acid recognition by certain proteins.24 Tabarrini25 provided a computational analysis of various 

halogenated nucleobases. The most promising interaction was between the bromine of 5-

bromouridine and the phosphate of neighboring adenine, as well as the bromine of 5-bromo-2-

deoxyuridine and the phosphate of a neighboring uridine.25 Exploitation of halogen bonding as a 

stabilizing interaction in the context of biochemistry in general, and DNA duplexes in particular, 

makes it an attractive target for the design of stable, non-natural base pairs.  
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Summary 

 The literature on novel nucleosides remains paradoxically highly relevant and substantive 

yet leaving the sense that there is much to be explored. Not only are there many different weak, 

non-covalent interactions that deserve evaluation as stabilizing forces in biopolymers, but the 

application for non-natural nucleosides only continues to grow. More research from creative 

scientists is needed to fully realize the potential of this area of research. 

Chapter II is an investigation into the effects of various substituents on the universality of 

5-substituted indole nucleosides in DNA. The different functional groups have differing impacts 

on the dipole moment, surface area, polarizability, etc., on the indole residue. An attempt to 

rationalize and correlate these properties with the stabilities of resulting DNA duplexes is made 

here.  

Chapter III describes the synthesis of three substituted phenyl residues designed to have 

very high dipole moments. These residues were very stable as self-pairs when inserted into DNA 

duplexes and were shown to be selective self-pairs when melting curves showed hybridizations 

pairing these residues with canonical bases were less stable than the self-pairs. This study 

provided a framework upon which to build a set of non-natural self-pairs and may demonstrate a 

relationship between dipole moment of the non-natural residues involved in the self-pair and 

stability of the resulting duplex.  

Chapter IV describes the synthesis of para-halogenated phenyl non-natural nucleosides 

and their insertion into short DNA oligomers. Complementary oligomers were hybridized-

pairing the halogenated residues-and thermal denaturation assays were conducted to determine 

relative stability and if a constructive halogen bond can be observed under these conditions. 

These para-halogenated residues are also paired with non-natural residues containing Lewis 
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Basic exocyclic functional groups (OMe, NO2, etc.) thought to enable halogen bonding with the 

heavier halogens (Cl, Br, I). There was also an attempt at optimizing the halogen bonding 

interactions by altering the geometry and involved atoms 

 

.  
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CHAPTER II 

SUBSTITUENT EFFECTS ON INDOLE UNIVERSAL BASES IN DNA 

 

 The following chapter is based on a publication accepted by Nucleosides, Nucleotides, 

and Nucleic Acids 2022, and has been reformatted for this dissertation.  

 

Introduction 

Nucleic acids are the biomolecules responsible for the storage and utilization of biological 

information. At the molecular level, pairing of two nucleobases through complementary size, 

shape and hydrogen bonding forms the basis of information transfer. The high selectivity for 

forming Watson-Crick base pairs (A-T, T-A, G-C, C-G) directly manifests from the significant 

destabilization of double helical complexes that occur with mismatched pairs. Although these 

pairing interactions are usually highly specific, there are instances where degeneracy is tolerated 

or even useful. For example, G/U base pairing occurs intermittently in helical portions of RNA.1 

More strikingly, the ambiguous hydrogen bonding by inosine in codon/anticodon interactions 

provides for degeneracy within the genetic code.2, 3 Despite these examples, no truly universal 

bases—defined as pairing equally well with the four natural bases—are known from nature. 

The highly predictable selectivity of Watson-Crick base pairing has been exploited in the 

development of several key biochemical applications including PCR and the hybridization-based 

detection of target nucleic acids (such as those from pathogens). However, there are instances 

where the target sequence information is either ambiguous or unknown. For these occurrences, 
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rather than preparing four probes for each ambiguous position, it would be desirable to 

incorporate a universal residue into a single probe. This has prompted numerous attempts to 

synthesize non-natural nucleosides with universal base properties.4  

A 1984 paper by Millican and coworkers5 described the synthesis and integration of 2’-

deoxy-1’-phenyl-β-D-ribofuranose into DNA oligomers. The phenyl base in this residue was 

hypothesized to stack within the helical core while the lack of hydrogen bonding sites would 

make it pair equally with the four possible complementary bases. These workers found that while 

this residue was more “universal” than a natural nucleobase, it did still display some specificity 

for pairing with purines. Furthermore, the incorporation of this residue was strongly destabilizing 

to the resulting double helical complex. The use of non-hydrogen-bonding hydrophobic base 

replacement has continued to be an important strategy to develop universal bases. The most 

successful universal base candidate is the 5-nitroindole (5-NO2-In) nucleoside advanced by 

Loakes and Brown.6 The nitro substituent in this residue is thought to improve stacking 

interactions while only possessing negligible hydrogen bonding potential.7 This residue was 

incorporated into DNA duplexes at positions complementary to each of the four bases.6 5-NO2-In 

showed a good degree of universality (measured by the range between the Tm’s of the most and 

least stable duplexes) and a moderate amount of destabilization (evaluated by comparing the 

average Tm of 5-NO2In-containing duplexes with those of complexes with canonical Watson-

Crick pairs).  

As part of our efforts to elucidate the rules relating structure and aromatic stacking ability 

in double helical nucleic acid complexes, we have synthesized a series of indole 

deoxyribonucleosides substituted at the 5-position (Figure 2.1). The choice of indole as a base-

replacement platform stems from the similarity of indole to the natural purine skeleton and 
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previous studies examining substituted indole nucleosides and nucleotides as universal bases6, 8, 9 

and as complements for abasic sites in translesion synthesis.10-15 We describe here the 

hybridization of 15-mer oligodeoxynucleotides bearing indole residues at a single base position 

with complementary DNA strands bearing one of the four natural bases paired with the non-

natural residues. Superior universal base candidates should show a minimal Tm range while not 

destabilizing the duplexes compared to canonical Watson-Crick base pairs. 
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Figure 2.1: 5-Substituted indole universal base candidates. 
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Experimental 

All solvents and reagents were from commercial sources and were used as received unless 

otherwise noted. Dichloromethane, triethylamine, and acetonitrile were dried by refluxing with 

and then distilling from calcium hydride. Bis(pyridine)iodonium(I) tetrafluoroborate (IPy2BF4) 

was prepared according to the method of Barluenga et al.16 3,5-Di-p-toluoyl-2-deoxy--D-

ribofuranosyl chloride (1) was prepared using the method of Hoffer.17, 18 Moisture- and air-

sensitive reactions were conducted under nitrogen in flame-dried glassware. Thin-layer 

chromatography was performed using aluminum-backed silica plates (Scientific Adsorbents Inc.) 

that were 200 μm thick and contained F-254 indicator. Silica gel used for column 

chromatography was from Sorbent Technologies and was technical grade (60 Å, 40-63 μm).  

 

Indole and 5-substituted indoles 

Indole and several 5-substituted indoles (R = H, NO2, CN, OCH3, Cl, Br, I) were purchased from 

commercial sources (Aldrich or Alfa-Aesar) and were used as supplied. The remaining 5-

substituted indoles were synthesized using the methods described by Ezquerra et al.19 for 5-

methylindole (4f) and by Parmentier et al.20 for 5-trifluoromethylindole (4d). These routes were 

adopted for the preparation of 5-fluoroindole (4h); the 1H NMR spectra for 4h were identical to 

those for the same compound produced by a different route.21 The same procedure was used for 

5-trifluoromethoxyindole (4e) as described in Scheme 2.1. 
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Scheme 2.1:  Synthesis of 5-substituted indoles. Reagents. (a) IPy2BF4, CH2Cl2. (b) 

(Ph3P)2PdCl2, CuI, Et3N, TMS-C≡CH. (c) CuI, DMF, 100 °C.  
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2.2.1.  4-(Trifluoromethoxy)-2-iodoaniline (2e).  

4-(Trifluoromethoxy)aniline (1.47 g, 8.25 mmol) was dissolved in dichloromethane (20 mL), and 

IPy2BF4 was added (3.07 g, 8.25 mmol) in one portion with stirring. The reaction was stirred for 

20 min, after which water (20 mL) was added. The mixture was extracted with CH2Cl2 (2 x 10 

mL), washed with aq. Na2S2O4, and the organic layer was dried over Na2SO4. Following 

filtration and concentration in vacuo, the resulting residue was purified by silica gel 

chromatography (2:1 hexanes:EtOAc) to give 2e as a dark brown oil (1.95 g, 78.0%): 1H NMR 

(CDCl3, 360 MHz) δ 7.51 (d, 1H, J = 1.8 Hz, H3), 7.04 (dd, 1H, J = 8.7, 2.8 Hz, H5), 6.71 (d, 

1H, J = 8.7 Hz, H6), 3.89 (v br, 2H, NH2).  

 

2.2.2.  4-(Trifluoromethoxy)-2-[2-(trimethylsilyl)ethynyl]aniline (3e).  

To a flame-dried flask was added 2e (0.987 g, 3.26 mmol), bis(triphenylphosphine)palladium(II) 

chloride (0.138 g, 0.196 mmol), copper(I) iodide (0.037 g, 0.196 mmol), and dry triethylamine (9 

mL) under N2. The mixture was cooled in an ice bath, and (trimethylsilyl)acetylene (0.384 g, 

3.91 mmol) was added dropwise. After addition was complete, the flask was allowed to warm to 

room temperature and stirred until TLC (19:1 hexanes:EtOAc) indicated complete consumption 

of the starting material (about 6 h). Volatiles were removed under reduced pressure, and the 

residue was dissolved in ether. The mixture was filtered through Celite, washed with brine and 

dried over Na2SO4. Following filtration and concentration in vacuo, the residue was purified 

using silica gel chromatography (10:1 hexanes:EtOAc) to give a brown oil (0.663 g, 74.4%): 1H 

NMR (CDCl3, 360 MHz) δ 7.16 (d, 1H, J = 2.3 Hz, H3), 6.98 (dd, 1H, J = 8.8, 2.0 Hz, H5), 6.64 

(d, 1H, J = 8.8 Hz, H6), 4.27 (br, 2H, NH2), 0.27 (s, 9H, Si-CH3). 
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2.2.3.  5-(Trifluoromethoxy)indole (4e).  

Compound 3e (0.663 g, 2.43 mmol) was dissolved in anhydrous DMF (10 mL). Copper(I) iodide 

(0.924 g, 4.85 mmol) was added, and the solution was heated to 100°C under N2. After 2.5 h, the 

reaction mixture was cooled to room temperature, and 100 mL of ethyl acetate was added. The 

mixture was filtered through Celite, washed with water and brine, and dried (MgSO4). Following 

filtration and concentration in vacuo, the residue was purified using silica gel chromatography 

(3:1 hexanes:EtOAc) giving the pure product (4e) as a brown solid (0.205 g, 41.9%): 1H NMR 

(CDCl3, 360 MHz) δ 8.23 (br, 1H, NH), 7.50 (s, 1H), 7.36 (d, 1H, J = 8.6 Hz), 7.27 (t, 1H, J = 

2.5 Hz), 7.07 (d, 1H, J = 8.4 Hz), 6.57 (s, 1H).  

 

Synthesis of indolyl nucleosides (Scheme 2.2) 

Indoles 4 (1.0 eq) were added to dry acetonitrile (~5 mL/mmol of 4) under N2; sodium hydride 

(60% suspension in mineral oil; 1.1 eq) was added, and the mixture was stirred at RT for 30 min. 

Then, 2 (1.2 eq) was added in one portion, and the resulting solution was allowed to stir 

overnight. The solution was filtered and concentrated in vacuo. The ditoluoyl nucleoside was 

then deprotected by adding excess 33% methylamine in ethanol. After stirring overnight, the 

reaction was quenched by the addition of solid NH4Cl, filtered, concentrated, and purified by 

flash column chromatography (silica gel, 95:5 CH2Cl2:MeOH) to give the pure nucleoside 
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Scheme 2.2: Synthesis of indole-containing non-natural nucleosides. Reagents and 

conditions.  (a) 1. NaH, dry MeCN  2. 3,5-di-p-toluoyl-2-deoxy-a-D-ribofuranosyl 

chloride.  3. NaOMe, MeOH.  (b) DMT-Cl, pyridine.  (c) DMT-Cl, iPr2NEt, CH2Cl2. (d) 

NCCH2CH2OP(N(iPr)2)Cl, Et3N.  
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1’,2’-Dideoxy-β-1’-(1-indolyl)-D-ribofuranose (5a).22, 23  

Colorless syrup, 42.8% yield over 2 steps. 1H NMR (DMSO-d6, 360 MHz) δ 7.58-7.53 (m, 3H), 

7.14 (t, 1H, J = 8.0 Hz), 7.04 (t, 1H, J = 7.5 Hz), 6.49 (d, 1H, J = 3.4 Hz), 6.38 (t, 1H, J = 6.4 

Hz), 5.28 (d, 1H, J = 4.1 Hz), 4.87 (t, 1H, J = 5.4 Hz), 4.34 (m, 1H), 3.81 (m, 1H), 3.51 (m, 2H), 

2.21 (ddd, 1H, J = 13.2, 5.9, 3.1 Hz). 

 

1’,2’-Dideoxy-β-1’-[1-(5-nitroindolyl)]-D-ribofuranose (5b).6  

Bright yellow solid, 58.7% yield over 2 steps. 1H NMR (DMSO-d6, 360 MHz) δ 8.57 (s, 1H), 

8.04 (d, 1H, J = 8.8 Hz), 7.88-7.82 (m, 2H), 6.82 (s,1H), 6.47 (t, 1H, J = 6.2 Hz), 5.34 (d, 1H, J = 

3.4 Hz), 4.95 (t, 1H, J = 4.3 Hz), 4.38 (br, 1H), 3.86 (br, 1H), 3.54 (m, 2H), 2.29 (m, 1H); 13C 

NMR (DMSO-d6, 90 MHz) δ 141.1, 138.5, 129.1, 127.8, 117.4, 116.7, 110.8, 104.7, 87.3, 84.8, 

70.5, 61.6, 39.8; MS (EI): Calcd for C13H14N2O5 m/z 278.09, found m/z 278.07. 

 

1’,2’-Dideoxy-β-1’-[1-(5-cyanoindolyl)]-D-ribofuranose (5c).15  

White solid, 32.0% yield over 2 steps. 1H NMR (DMSO-d6, 360 MHz) δ 8.10 (s, 1H), 7.83-7.80 

(m, 2H), 7.50 (dd, 1H, J = 8.6, 1.6 Hz), 6.67 (d, 1H, J = 3.1 Hz), 6.45 (t, 1H, J = 6.6 Hz), 5.32 (d, 

1H, J = 4.4 Hz), 4.93 (t, 1H, J = 5.4 Hz), 4.36 (m, 1H), 3.84 (m, 1H), 3.53 (m, 2H), 2.27 (ddd, 

1H, J = 13.0, 5.9, 3.2 Hz); 13C NMR (DMSO-d6, 90 MHz) δ 137.2, 128.2, 128.0, 125.9, 124.1, 

120.3, 111.6, 103.1, 101.7, 87.2, 84.5, 70.5, 61.6; MS (EI): Calcd for C14H14N2O3 m/z 258.10, 

found m/z 258.08. 
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1’,2’-Dideoxy-β-1’-[1-(5-trifluoromethylindolyl)]-D-ribofuranose (5d).  

White solid, 36.7% yield over 2 steps. 1H NMR (DMSO-d6, 360 MHz) δ 7.96 (s, 1H), 7.83-7.79  

(m, 2H), 7.44 (d, 1H, J = 8.3 Hz), 6.69 (d, 1H, J = 3.2 Hz), 6.45 (t, 1H, J = 6.4 Hz), 5.32 (d, 1H, 

J = 4.1 Hz), 4.93 (t, 1H, J = 5.2 Hz), 4.37 (m, 1H), 3.84 (m, 1H), 3.53 (m, 2H), 2.26 (m, 1H); 13C 

NMR (DMSO-d6, 90 MHz) δ 137.6, 128.4, 128.2, 121.2, 118.6, 111.6, 103.7, 87.7, 85.1, 71.2, 

62.2, 25.9, 22.9; MS (FAB): Calcd for C14H14F3NO3 m/z 301.09, found m/z 301.13. 

 

1’,2’-Dideoxy-β-1’-[1-(5-trifluoromethoxyindolyl)]-D-ribofuranose (5e).  

Colorless syrup, 52.5% yield over 2 steps. 1H NMR (DMSO-d6, 360 MHz) δ 7.74-7.69 (m, 2H), 

7.54 (s, 1H), 7.11 (dd, 1H, J = 8.9, 1.3 Hz), 6.58 (d, 1H, J = 3.4 Hz), 6.39 (t, 1H, J = 6.1 Hz), 

5.30 (d, 1H, J = 4.4 Hz), 4.90 (t, 1H, J = 5.5 Hz), 4.35 (m, 1H), 3.82 (m, 1H), 3.50 (m, 2H), 2.23 

(ddd, 1H, J = 13.1, 5.9, 3.0 Hz); 13C NMR (DMSO-d6, 125 MHz) δ 134.0, 128.6, 127.6, 114.9, 

112.6, 111.4, 102.5, 87.0, 84.6, 70.6, 61.7, 39.9, 39.7; MS (FAB): Calcd for C14H14F3NO4 m/z 

317.09, found m/z 317.07. 

 

1’,2’-Dideoxy-β-1’-[1-(5-methylindolyl)]-D-ribofuranose (5f).15  

Colorless syrup, 28.1% yield over 2 steps. 1H NMR (DMSO-d6, 500 MHz) δ 7.50 (d, 1H, J = 3.3 

Hz), 7.44 (t, 1H, J = 8.1 Hz), 7.31 (s, 1H), 6.96 (d, 1H, J = 8.5 Hz), 6.39 (t, 1H, J = 3.3 Hz), 6.32 

(dt, 1H, J = 7.9, 1.8 Hz), 5.25 (d, 1H, J = 4.4 Hz), 4.84 (t, 1H, J = 5.4 Hz), 4.32 (m, 1H), 3.79 

(m, 1H), 3.48 (m, 2H), 2.36 (s, 3H), 2.19 (ddd, 1H, J = 13.5, 6.3, 2.9 Hz). 
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1’,2’-Dideoxy-β-1’-[1-(5-methoxyindolyl)]-D-ribofuranose (5g).  

Colorless syrup, 37.7% yield over 2 steps. 1H NMR (DMSO-d6, 360 MHz) δ 7.52 (d, 1H, J = 3.1 

Hz), 7.46 (d, 1H, J = 8.8 Hz), 7.04 (d, 1H, J = 2.3 Hz), 6.77 (dd, 1H, J = 9.0, 2.4 Hz), 6.40 (d, 

1H, J = 3.2 Hz), 6.30 (t, 1H, J = 7.6 Hz), 5.26 (d, 1H, J = 4.2 Hz), 4.86 (t, 1H, J = 5.2 Hz), 4.32 

(m, 1H), 3.79 (m, 1H), 3.75 (s, 3H), 3.49 (m, 2H), 2.46 (t, 1H, J = 7.9 Hz), 2.18 (ddd, 1H, J = 

13.1, 5.9, 3.0 Hz); 13C NMR (DMSO-d6, 125 MHz) δ 153.7, 130.8, 128.9, 125.8, 111.2, 110.8, 

102.2, 101.8, 86.7, 84.4, 70.6, 61.8, 55.2, 39.9; MS (FAB): Calcd for C14H17NO4 m/z 263.12, 

found m/z 263.12. 

 

1’,2’-Dideoxy-β-1’-[1-(5-fluoroindolyl)]-D-ribofuranose (5h).12, 24  

Colorless syrup, 28.0% yield over 2 steps. 1H NMR (DMSO-d6, 360 MHz) δ 7.66 (d, 1H, J = 3.2 

Hz), 7.60 (dd, 1H, J = 9.1, 4.5 Hz), 7.31 (dd, 1H, J = 10.0, 2.5 Hz), 6.98 (dt, 1H, J = 9.31, 2.5 

Hz), 6.49 (d, 1H, J = 3.1 Hz), 6.35 (dd, 1H, J = 7.4, 1.4 Hz), 5.28 (d, 1H, J = 4.3 Hz), 4.89 (t, 

1H, J = 5.5 Hz), 4.34 (m, 1H), 3.81 (m, 1H), 3.51 (m, 2H), 2.21 (ddd, 1H, J = 13.1, 5.9, 3.2 Hz).  

 

1’,2’-Dideoxy-β-1’-[1-(5-chloroindolyl)]-D-ribofuranose (5i).  

Colorless syrup, 37.4% yield over 2 steps. 1H NMR (DMSO-d6, 360 MHz) δ 7.79 (d, 1H, J = 3.2 

Hz), 7.63 (d, 1H, J = 2.3 Hz), 7.60 (d, 1H, J = 1.8 Hz), 7.15 (m, 1H), 6.49 (t, 1H, J = 3.6 Hz), 

6.36 (m, 1H), 5.28 (d, 1H, J = 4.4 Hz), 4.89 (t, 1H, J = 5.4 Hz), 4.30 (m, 1H), 3.81 (m, 1H), 3.49 

(m, 2H), 2.22 (m, 1H). 
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1’,2’-Dideoxy-β-1’-[1-(5-bromoindolyl)]-D-ribofuranose (5j).  

Off-white foam, 35.2% yield over 2 steps. 1H NMR (DMSO-d6, 500 MHz) δ 7.74 (d, 1H, J = 1.7 

Hz), 7.65 (d, 1H, J = 3.4 Hz), 7.57 (d, 1H, J = 8.9 Hz), 7.25 (dd, 1H, J = 8.7, 1.8 Hz), 6.49 (d, 

1H, J = 3.1 Hz), 6.36 (t, 1H, J = 6.5 Hz), 5.28 (d, 1H, J = 4.1 Hz), 4.88 (t, 1H, J = 5.4 Hz), 4.34 

(m, 1H), 3.81 (m, 1H), 3.51 (m, 2H), 2.22 (ddd, 1H, J = 13.2, 5.9, 3.2 Hz); 13C NMR (DMSO-d6, 

90 MHz) δ 134.3, 130.3, 126.9, 123.8, 122.6, 112.3, 112.1, 101.8, 87.0, 84.5, 70.6, 61.7, 39.5. 

 

1’,2’-Dideoxy-β-1’-[1-(5-iodoindolyl)]-D-ribofuranose (5k).  

White crystalline solid, 47.8% yield over 2 steps. 1H NMR (DMSO-d6, 360 MHz) δ 7.92 (s, 1H), 

7.60 (d, 1H, J = 3.2 Hz), 7.46 (d, 1H, J = 8.9 Hz), 7.39 (d, 1H, J = 8.6 Hz), 6.47 (d, 1H, J = 3.2 

Hz), 6.35 (t, 1H, J = 6.4 Hz), 5.28 (d, 1H, J = 4.4 Hz), 4.89 (t, 1H, J = 5.5 Hz), 4.34 (m, 1H), 

3.81 (m, 1H), 3.51 (m, 2H), 2.23 (ddd, 1H, J = 9.0, 5.8, 3.2 Hz); 13C NMR (DMSO-d6, 90 MHz) 

δ 134.8, 131.2, 129.3, 128.8, 126.4, 112.7, 101.5, 87.0, 84.4, 83.4, 70.6, 61.7, 39.5; MS (EI): 

Calcd for C13H14INO3 m/z 359.00, found m/z 359.02. 

 

Synthesis of 5’-O-(dimethoxytrityl) indole nucleosides (6, Scheme 2.2) 

To a solution of 5 (1.0 eq) in anhydrous pyridine (~6 mL/mmol of 5) was added 4,4’-

dimethoxytrityl chloride (1.1~1.4 eq). The solution was stirred under N2at RT overnight; 

methanol was then added to quench the reaction, which was stirred for an additional 1 h. The 

mixture was poured into sat. aq. NaHCO3 and extracted with two portions of CH2Cl2. The 

combined organic extracts were washed with brine and dried over Na2SO4. Following filtration 

and concentration, the residue was purified by column chromatography (silica gel, 2:1 

hexanes:EtOAc + 5% triethylamine) to give the product 6. 
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5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-(1-indolyl)-D-ribofuranose (6a).23  

White foam, 41.3% yield. 1H NMR (CDCl3, 360 MHz) δ 7.59 (d, 1H, J = 7.3 Hz), 7.49 (d, 1H, J 

= 7.9 Hz), 7.41 (d, 2H, J = 7.0 Hz), 7.31-7.08 (m, 10H), 6.77 (dd, 4H, J = 9.2, 2.5 Hz), 6.49 (d, 

1H, J = 3.2 Hz), 6.38 (t, 1H, J = 6.6 Hz), 4.56 (m, 1H), 4.03 (m, 1H), 3.75 (s, 6H), 3.31 (m, 2H), 

2.59 (m, 1H), 2.35 (ddd, 1H, J = 13.6, 6.0, 3.9 Hz). 

 

5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-nitroindolyl)]-D-ribofuranose (6b).6  

Yellow foam, 56.3% yield. 1H NMR (CDCl3, 360 MHz) δ 8.55 (s, 1H), 8.03 (dd, 1H, J = 9.1, 2.1 

Hz), 7.56 (d, 1H, J = 9.1 Hz), 7.42-7.39 (m, 3H), 7.30-7.24 (m, 7H), 6.79 (dd, 4H, J = 8.9, 2.5 

Hz), 6.65 (d, 1H, J = 3.5 Hz), 6.41 (t, 1H, J = 6.4 Hz), 4.63 (m, 1H), 4.11 (m, 1H), 3.78 (s, 6H), 

3.35 (d, 1H, J = 3.9 Hz), 2.60 (m, 1H), 2.44 (m, 1H). 

 

5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-cyanoindolyl)]-D-ribofuranose (6c).  

White foam, 29.9% yield. 1H NMR (CDCl3, 360 MHz) δ 7.93 (s, 1H), 7.57 (d, 1H, J = 8.6 Hz), 

7.40-7.21 (m, 11H), 6.78 (dd, 4H, J = 8.9, 3.4 Hz), 6.53 (d, 1H, J = 3.2 Hz), 6.39 (t, 1H, J = 6.4 

Hz), 4.63 (m, 1H), 4.10 (m, 1H), 3.77 (s, 6H), 3.35 (m, 2H), 2.60 (m, 1H), 2.44 (m, 1H). 

 

5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-fluoroindolyl)]-D-ribofuranose (6h).25  

White foam, 43.6% yield. 1H NMR (CDCl3, 360 MHz) δ 7.44-7.39 (m, 3H), 7.30-7.21 (m, 9H), 

6.89 (dt, 1H, J = 9.1, 2.5 Hz), 6.78 (dd, 4H, J = 8.9, 2.9 Hz), 6.44 (d, 1H, J = 3.5 Hz), 6.34 (t, 

1H, J = 6.6 Hz), 4.61 (m, 1H), 4.05 (m, 1H), 3.77 (s, 6H), 3.71 (d, 1H, 3.33 (m, 2H), 2.63 (m, 

1H), 2.39 (ddd, 1H, J = 13.5, 5.9, 4.1 Hz). 
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5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-chloroindolyl)]-D-ribofuranose (6i).  

White foam, 38.0% yield. 1H NMR (CDCl3, 360 MHz) δ 7.59-7.55 (m, 1H), 7.44-7.38 (m, 3H), 

7.34-7.23 (m, 6H), 7.16 (dd, 1H, J = 8.8, 2.0 Hz), 6.77 (dd, 4H, J = 9.0, 3.1 Hz), 6.42 (d, 1H, J = 

3.2 Hz), 6.36 (m, 1H), 4.52 (m, 1H), 4.05 (m, 1H), 3.78 (s, 6H), 3.30 (m, 2H), 2.59 (m, 1H), 2.48 

(t, 1H, J = 3.6 Hz), 2.43 (m, 1H).  

 

5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-iodoindolyl)]-D-ribofuranose (6k).  

White foam, 27.9% yield. 1H NMR (CDCl3, 360 MHz) δ 7.92 (s, 1H), 7.40 (d, 3H, J = 7.8 Hz), 

7.29-7.19 (m, 8H), 6.77 (d, 4H, J = 5.6 Hz), 6.40 (d, 1H, J = 2.8 Hz), 6.33 (t, 1H, J = 6.3 Hz), 

4.60 (m, 1H), 4.05 (m, 1H), 3.78 (s, 6H), 3.32 (m, 2H), 2.60 (m, 1H), 2.40 (m, 1H). 

 

General Procedure B 

To a solution of 5 (1.0 eq) in CH2Cl2 (~14.5 mL/mmol of 5) was added N,N-

diisopropylethylamine (3.0 eq) followed by 4,4’-dimethoxytrityl chloride (1.6 eq). The resulting 

solution was stirred at reflux under N2 for 3 h; the reaction was then quenched by addition of 

methanol and stirring for an additional 30 min. The mixture was diluted with CH2Cl2, washed 

sequentially with sat. aq. NaHCO3 and brine, and dried over Na2SO4.  Following filtration and 

concentration, the residue was purified by column chromatography (silica gel, 2:1 

hexanes:EtOAc + 5% triethylamine) to give the product 6. 
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5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-trifluoromethylindolyl)]-D-ribofuranose (6d). 

White foam, 48.1% yield. 1H NMR (CDCl3, 360 MHz) δ 7.89 (s, 1H), 7.56 (d, 1H, J = 8.4 Hz), 

7.41-7.23 (m, 10H), 6.77 (d, 4H, J = 5.2 Hz), 6.55 (s, 1H), 6.38 (t, 1H, J = 6.2 Hz), 4.59 (m, 1H), 

4.06 (m, 1H), 3.75 (s, 6H), 3.33 (m, 2H), 2.60 (m, 1H), 2.39 (m, 1H). 

 

5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-trifluoromethoxyindolyl)]-D-ribofuranose (6e).  

White foam, 53.6% yield. 1H NMR (CDCl3, 360 MHz) δ 7.46-7.39 (m, 5H), 7.30-7.19 (m, 8H), 

7.00 (d, 1H, J = 8.2 Hz), 6.77 (d, 4H, J = 6.2 Hz), 6.48 (d, 1H, J = 2.8 Hz), 6.34 (t, 1H, J = 6.4 

Hz), 4.58 (m, 1H), 4.05 (m, 1H), 3.75 (s, 6H), 3.33 (m, 2H), 2.59 (m, 1H), 2.36 (m, 1H).  

 

5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-methylindolyl)]-D-ribofuranose (6f). 

Colorless syrup, 64.3% yield. 1H NMR (CDCl3, 360 MHz) δ 7.39 (m, 2H), 7.31-7.17 (m, 9H), 

7.00 (d, 1H, J = 8.6 Hz), 6.78 (dd, 4H, J = 8.9, 2.4 Hz), 6.40 (d, 1H, J = 3.1 Hz), 6.36 (t, 1H, J = 

6.6 Hz), 4.58 (m, 1H), 4.04 (m, 1H), 3.77 (s, 6H), 3.32 (m, 2H), 2.60 (m, 1H), 2.42 (s, 3H), 2.37 

(ddd, 1H, J = 13.7, 6.1, 4.1 Hz).  

 

5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-methoxyindolyl)]-D-ribofuranose (6g).  

Off-white foam, 78.1% yield. 1H NMR (CDCl3, 360 MHz) δ 7.42-7.36 (m, 3H), 7.30-7.17 (m, 

8H), 7.05 (s, 1H), 6.81-6.75 (m, 5H), 6.40 (s, 1H), 6.30 (t, 1H, J = 6.1 Hz), 4.55 (m, 1H), 4.02 

(m, 1H), 3.81 (s, 3H), 3.74 (s, 6H), 3.31 (m, 2H), 2.50 (m, 1H), 2.32 (m, 1H). 
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5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-bromoindolyl)]-D-ribofuranose (6j).  

Dark yellow foam, 23.1% yield. 1H NMR (CDCl3, 500 MHz) δ 7.71 (d, 1H, J = 0.7 Hz), 7.55 (d, 

1H, J = 3.1 Hz), 7.43 (d, 2H, J = 7.6 Hz), 7.34-7.26 (m, 8H), 7.22 (d, 1H, J = 5.9 Hz), 6.83 (d, 

4H, J = 8.4 Hz), 6.45 (d, 1H, J = 3.2 Hz), 6.33 (dd, 1H, J = 7.2, 3.8 Hz), 4.47 (m, 1H), 4.18 (m, 

1H), 3.77 (s, 6H), 3.26 (m, 2H), 2.83 (m, 1H), 2.39 (m, 1H). 

 

Synthesis of 3’-phosphoramidites (7, Scheme 2.2) 

To a solution of 6 (1.0 eq) and N,N-diisopropylethylamine (3.0 eq) in dry CH2Cl2 (~15 mL/mmol 

of 6) and under N2 was added 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (1.5 eq). The 

reaction mixture was stirred for 1 hr at RT. The mixture was quenched by addition of methanol 

and diluted with EtOAc. The resulting solution was washed 2X with aq. 5% Na2CO3 and 2X 

with brine. After drying (Na2SO4) and concentration in vacuo, the residue was purified using 

column chromatography (silica gel, 1:1 hexanes:EtOAc + 3% triethylamine) to give the 

phosphoramidite product 7. 

 

5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-(1-indolyl)-D-ribofuranose 3’-(2-cyanoethyl-N,N-

diisopropylaminophosphoramidite) (7a).23  

Colorless gum, 51.5% yield. 1H NMR (CDCl3, 360 MHz) δ 7.60 (d, 1H, J = 7.5 Hz), 7.54 (dd, 

1H, J = 8.2, 3.2 Hz), 7.43 (m, 2H), 7.32-7.09 (m, 10H), 6.76 (dt, 4H, J = 9.0, 3.6 Hz), 6.50 (t, 

1H, J = 3.1 Hz), 6.41 (m, 1H), 4.72 (m, 1H), 4.23 (m, 1H), 3.76 (m, 6H), 3.82-3.56 (m, 4H), 

3.39-3.22 (m, 2H), 2.72-2.44 (m, 4H), 1.21-1.16 (m, 9H), 1.10 (d, 3H, J = 6.8 Hz). 
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5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-nitroindolyl)]-D-ribofuranose 3’-(2-cyanoethyl-

N,N-diisopropylaminophosphoramidite) (7b).6  

Yellow solid, 39.6%. 1H NMR (CDCl3, 360 MHz) δ 8.55 (s, 1H), 8.02 (d, 1H, J = 8.6 Hz), 7.60 

(m, 1H), 7.45 (m, 1H), 7.40 (m, 2H), 7.30-7.22 (m, 6H), 6.78 (m, 4H), 6.65 (m, 1H), 6.40 (t, 1H, 

J = 5.2 Hz), 4.76 (m, 1H), 4.26 (d, 1H, J = 11.6 Hz), 3.77 (s, 6H), 3.86-3.60 (m, 3H), 3.43-3.28 

(m, 2H), 2.67-2.46 (m, 3H), 1.20 (m, 9H), 1.11 (d, 3H, J = 6.6 Hz). 

 

5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-cyanoindolyl)]-D-ribofuranose 3’-(2-cyanoethyl-

N,N-diisopropylaminophosphoramidite) (7c).  

White solid, 32.1% yield. 1H NMR (CDCl3, 360 MHz) δ 7.94 (s, 1H), 7.62 (t, 1H, J = 6.1 Hz), 

7.41-7.21 (m, 11H), 6.76 (m, 4H), 6.55 (m, 1H), 6.38 (m, 1H), 4.75 (m, 1H), 4.24 (dd, 1H, J = 

16.2, 2.0 Hz), 3.77 (s, 6H), 3.89-3.57 (m, 4H), 3.44-3.25 (m, 2H), 2.71-2.45 (m, 4H), 1.19 (m, 

9H), 1.11 (d, 3H, J = 6.6 Hz). 

 

5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-trifluoromethylindolyl)]-D-ribofuranose 3’-(2-

cyanoethyl-N,N-diisopropylaminophosphoramidite) (7d).  

White foam, 73.5% yield. 1H NMR (CDCl3, 500 MHz) δ 7.89 (s, 1H), 7.63 (t, 1H, J = 7.8 Hz), 

7.42-7.36 (m, 4H), 7.30-7.19 (m, 7H), 6.75 (m, 4H), 6.56 (t, 1H, J = 3.4 Hz), 6.40 (t, 1H, J = 5.1 

Hz), 4.74 (m, 1H), 4.25 (dd, 1H, J = 12.9, 2.8 Hz), 3.75 (m, 6H), 3.88-3.57 (m, 4H), 3.40-3.25 

(m, 2H), 2.72-2.46 (m, 4H), 1.19 (m, 9H), 1.11 (d, 3H, J = 7.0 Hz). 
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5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-trifluoromethoxyindolyl)]-D-ribofuranose 3’-(2-

cyanoethyl-N,N-diisopropylaminophosphoramidite) (7e).  

White foam, 58.8% yield. 1H NMR (CDCl3, 360 MHz) δ 7.55 (d, 1H, J = 7.5 Hz), 7.45-7.22 (m, 

11H), 6.99 (d, 1H, J = 7.9 Hz), 6.77 (m, 4H), 6.49 (m, 1H), 6.36 (m, 1H), 4.74 (m, 1H), 4.24 (m, 

1H), 3.76 (s, 6H), 3.84-3.62 (m, 4H), 3.37-3.28 (m, 2H), 2.67-2.46 (m, 4H), 1.19 (s, 9H), 1.11 (d, 

3H, J = 5.7 Hz). 

 

5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-methylindolyl)]-D-ribofuranose 3’-(2-cyanoethyl-

N,N-diisopropylaminophosphoramidite) (7f).  

White foam, 41.3% yield. 1H NMR (CDCl3, 360 MHz) δ 7.42-7.21 (m, 12H), 6.99 (d,1H, J = 8.3 

Hz), 6.75 (m, 4H), 6.41 (s, 1H), 6.37 (s, 1H), 4.71 (m, 1H), 4.22 (m, 1H), 3.74 (s, 6H), 3.81-3.60 

(m, 4H), 3.37-3.25 (m, 2H), 2.56 (t, 1H, J = 6.1 Hz),  2.42 (s, 3H), 1.18 (m, 9H), 1.09 (d, 3H, J = 

6.3 Hz). 

 

5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-methoxyindolyl)]-D-ribofuranose 3’-(2-

cyanoethyl-N,N-diisopropylaminophosphoramidite) (7g).  

White foam, 75.8% yield. 1H NMR (CDCl3, 360 MHz) δ 7.42 (m, 3H), 7.32-7.17 (m, 8H), 7.06 

(s, 1H), 6.81-6.72 (m, 4H), 6.42 (m, 1H), 6.33 (m, 1H), 4.72 (m, 1H), 4.22 (m, 1H), 3.81 (s, 3H), 

3.74 (s, 6H), 3.69-3.53 (m, 4H), 3.38-3.22 (m, 2H), 2.72-2.41 (m, 4H), 1.18 (m, 9H), 1.10 (d, 3H, 

J = 6.5 Hz). 
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5’-O-dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-fluoroindolyl)]-D-ribofuranose 3’-(2-cyanoethyl-

N,N-diisopropylaminophosphoramidite) (7h).25  

Colorless syrup, 79.4% yield. 1H NMR (CDCl3, 360 MHz) δ 7.48 (m, 1H), 7.41 (m, 2H), 7.31-

7.21 (m, 8H), 6.87 (dt, 1H, J = 9.1, 2.3 Hz), 6.75 (dt, 4H, J = 8.8, 4.0 Hz), 6.44 (t, 1H, J = 3.2 

Hz), 6.34 (m, 1H), 4.73 (m, 1H), 4.22 (m, 1H), 3.76 (m, 6H), 3.87-3.55 (m, 5H), 3.39-3.22 (m, 

2H), 2.73-2.44 (m, 4H), 1.19 (m, 9H), 1.10 (d, 3H, J = 6.8 Hz). 

 

5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-chloroindolyl)]-D-ribofuranose 3’-(2-cyanoethyl-

N,N-diisopropylaminophosphoramidite) (7i).  

Colorless gum, 85.4% yield. 1H NMR (CDCl3, 360 MHz) δ 7.57 (m, 1H), 7.49-7.21 (m, 10H), 

6.84 (dd, 2H, J = 8.9, 4.2 Hz), 6.75 (dt, 2H, J = 9.1, 4.3 Hz), 6.44 (m, 1H), 4.69 (m, 1H), 3.78 

(m, 6H), 3.60 (m, 4H), 3.44-3.13 (m, 3H), 2.66-2.36 (m, 4H), 1.21-1.17 (m, 9H), 1.09 (t, 3H, J = 

6.8 Hz). 

 

5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-bromoindolyl)]-D-ribofuranose 3’-(2-cyanoethyl-

N,N-diisopropylaminophosphoramidite) (7j).  

White foam, 60.0% yield. 1H NMR (CDCl3, 360 MHz) δ 7.72 (s, 1H), 7.41 (m, 3H), 7.30-7.21 

(m, 9H), 6.75 (m, 4H), 6.42 (m, 1H), 6.34 (t, 1H, J = 5.3 Hz), 4.73 (m, 1H), 4.22 (m, 1H), 3.77 

(s, 6H), 3.87-3.55 (m, 4H), 3.39-3.21 (m, 2H), 2.72-2.43 (m, 4H), 1.18 (m, 9H), 1.10 (d, 3H, J = 

6.6 Hz).  
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5’-O-Dimethoxytrityl-1’,2’-dideoxy-β-1’-[1-(5-iodoindolyl)]-D-ribofuranose 3’-(2-cyanoethyl-

N,N-diisopropylaminophosphoramidite) (7k).  

White foam, 56.0% yield. 1H NMR (CDCl3, 360 MHz) δ 7.93 (s, 1H), 7.40-7.25 (m, 11H), 6.74 

(m, 4H), 6.40 (m, 1H), 6.33 (m, 1H), 4.72 (m, 1H), 4.22 (m, 1H), 3.77 (s, 6H), 3.84-3.55 (m, 

5H), 3.37-3.24 (m, 2H), 2.65-2.44 (m, 4H), 1.18 (m, 9H), 1.09 (d, 3H, J = 6.6 Hz). 

 

DNA synthesis and purification 

DNA phosphoramidites bearing natural bases were purchased from Glen Research, as were all 

DNA synthesis solvents and reagents. DNA synthesis was performed using the 0.2 μmol 

synthesis protocol on an Applied Biosystems 391 DNA synthesizer under an argon atmosphere. 

Coupling times were increased to 120 s for non-natural bases. Deprotection and cleavage of the 

oligomers was accomplished by incubation overnight with concentrated ammonium hydroxide at 

55 °C. Oligomers were lyophilized and purified by preparative denaturing polyacrylamide gel 

electrophoresis (20% 19:1 acrylamide/bis-acrylamide/7 M urea) in TBE buffer. After 

electrophoresis, DNA was visualized by UV shadowing and excised from the gel. 

Oligodeoxynucleotides were isolated by electroelution at 200 V in 0.5× TBE buffer followed by 

desalting using Sep-Pak C18 cartridges (Waters) and lyophilization. All oligodeoxynucleotides 

produced satisfactory MALDI-TOF mass spectra. 

The indole residues were inserted into 15-mer DNA oligomers of the following sequence: 

5’-TGT-ACG-X-CAC-AAC-TA-3’, where X is the position of the non-natural residue. For 

comparison, the oligodeoxynucleotides bearing the four natural nucleobases at X were obtained 

commercially (Eurofins). The complementary oligodeoxynucleotides, 3’-ACA-TGC-N-GTG-

TTG-AT-5’ (N = G, C, A, or T), were also obtained from the same vendor.  
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The pure oligomers were dissolved in ddI water, and the concentrations were determined 

by UV spectroscopy at 260 nm. Each concentration was calculated using Beer’s Law, A = εbc, 

where A = absorbance of the solution at 260 nm, ε = extinction coefficient of the solute, b = cell 

length, and c = concentration. Extinction coefficient of each oligomer was calculated by adding 

the extinction coefficients of the monomers, using known values for A (15,400), C (7,300), G 

(11,700) and T (8,800) with units of L.mol-1.cm-1.26 Extinction coefficients for novel bases were 

calculated by dissolving a weighed amount of nucleoside in ddI water, and measuring 

absorbance at 260 nm of several dilutions of the stock solution. Beer’s law was used to calculate 

molar absorptivity, and the results for each of the dilutions were averaged. The molar 

absorptivities of the indole nucleosides are listed below: 

Nucleoside           Extinction Coefficient (L.mol-1.cm-1) at 260 nm 

indole (5a)       580022 

5-nitroindole (5b)              18,1006 

5-cyanoindole (5c)      3,865 

5-(trifluoromethyl)indole (5d)    3,290 

5-(trifluoromethoxy)indole (5e)    3,270 

5-methylindole (5f)      3,828 

5-methoxyindole (5g)      5,500 

5-fluoroindole (5h)      6,14212 

5-chloroindole (5i)      2,547 

5-bromoindole (5j)      2,153 

5-iodoindole (5k)      1,795 

 

Thermal denaturation experiments 

Solutions for thermal denaturation contained 4 μM indole DNA (or control), 4 μM compliment 

DNA, and PES buffer (10 mM sodium phosphate, 0.1 mM EDTA, 100 mM NaCl). Solutions 
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were placed in a quartz cell and overlaid with mineral oil to prevent evaporation. The solutions 

were subjected to thermal denaturation by heating from 25 °C to ≥60 °C at a rate of 0.5 °C/min 

and cooling at a rate of 0.8 °C/min. Absorbance as a function of temperature was measured at 

260 nm (Beckman DU800 UV-Vis spectrophotometer or Pharmacia Ultrospec 2000 

spectrophotometer, both fitted with Peltier-heated cell holders driven by a PC). The sigmoidal 

heating curves were fit to a two-state model using MeltWin 3.5 software27 which provided Tm 

values. 

Results/discussion 

A series of 5-substituted indole nucleosides were synthesized and converted into 

phosphoramidite reagents suitable for oligodeoxynucleotide synthesis. These nucleosides 

included the unsubstituted parent indole and the previously described universal base 5-

nitroindole. Incorporation into 15-mer DNA strands was accomplished using solid-phase 

oligodeoxynucleotide synthesis. Once purified and isolated, each DNA was annealed with a 

complementary oligodeoxynucleotide bearing one of the natural bases paired with the indole 

residue. UV thermal denaturation experiments on the resulting duplex DNAs produced melting 

temperatures (Tm) as a measure of their stabilities.27 Tm data for the modified and control 

duplexes are shown in Table 2.1. 

The parent indole residue performed poorly as an universal base, producing duplexes 

with an average Tm value similar to that seen in the C-C mismatch control, which is the most 

destabilizing mismatch of natural bases. This residue also showed modest pairing selectivity for 

A. The previously studied 5-NO2In residue was more universal (Tm range = 1.8 °C) and less 

destabilizing (average Tm = 47.0 °C).  
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The 5-NO2In residue was also less destabilizing than any mismatches not containing guanines 

(the least discriminating Watson-Crick base in this sequence). The 5-cyanoindole (5-CNIn) 

residue also performed well as a universal base (Tm range = 0.9 °C; average Tm = 46.4 °C). The 

cyano and nitro substituents are both strong electron-withdrawing groups that extend the surface 

areas of the indole  systems, so their comparable performances were expected. Next, we 

examined a set of substituents lacking  electron-withdrawing characteristics. The -CH3 and -

CF3 groups only generate  electron-donating and withdrawing effects, respectively. The ether 

oxygens of the -OCH3 and -OCF3 substiuents are  donating and  withdrawing, with the former 

group being overall donating and the latter group overall withdrawing. The electron withdrawing 

-CF3 and -OCF3 substituents showed similar hybridization properties, while both were more 

destabilizing than the strong-electron-withdrawing nitro and cyano congeners. The duplexes with 

indoles bearing the two electron donating substituents, -CH3 and -OCH3, showed very similar Tm 

ranges and averages. These residues also both showed modest selectivities toward purines. 

Interestingly, these duplexes showed higher Tm values than those with the unsubstituted indole. 

This illustrates that residues with electron donating substituents can still act as universal bases. 

Finally, we examined the effect of halogen substitution on the hybridization properties. 

These groups have  electron-withdrawing effects that outweigh -donation. Unexpectedly, 

these residues showed universal base properties comparable to those of the strongly electron-

withdrawing nitro- and cyanoindoles. 5-Fluoroindole (5-F-In) proved to be the least 

discriminating of all of the indole residues with a Tm range of 0.6 °C. The 5-chloro- and 5-

iodoindoles (5-Cl-In and 5-I-In, Tm ranges of 1.1 and 1.3 °C) were also less discriminating than 

5-NO2-In. The destabilizations by these residues were also comparable to the 5-NO2-In and 5-

CN-In cases (average Tm values ranged from 45.2 °C for 5-Br-In to 46.8 °C for 5-I-In). The 
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halogenated indoles showed a slight selectivity for guanine, while the 5-Br-In was destabilized 

when paired with adenine. Notably, no changes in the melting curves were observed when 

repeating Tm experiments with the same samples, indicating that these residues are not  

undergoing photochemical reactions upon irradiation for several hours at 260 nm. 

Conclusions 

The utilization of hydrophobic residues that maximize stacking interactions while 

providing few potential hydrogen bonding sites has been a fruitful approach to developing 

universal bases.6 This general design motif involves the use of strong electron-withdrawing 

groups on aromatic cores. These substituents are typically nitro groups that strongly polarize the 

 systems and reduce potentially unfavorable quadrupole interactions between the  systems of 

adjacent residues. In line with these principles, electron-withdrawing substituents proved to be 

less destabilizing and more promiscuous than an unsubstituted indole. In addition, quantitative 

measures of electron withdrawing ability such as the Hammett  constants28 correlate well with 

the average stabilities of indole-nucleobase pairs (Figure 2.2). The stronger correlation of m 

constants (R2 = 0.707) compared to p constants (R2 = 0.425) suggests that inductive effects of 

the substituent on the aromatic  system are more important in stability than resonance effects. 

However, neither Hammett constant provides as much ability to predict the selectivities (Tm 

range) of substituted indole residues for the nucleobases (R2 = 0.318 and 0.170 for m and p, 

respectively). Examination of charge distributions in the indole systems using electrostatic 

potential maps also fails to elucidate definitive trends. In some cases projection of negative 

charge onto substituents at the C-5 position appears to correlate well with reduced 

selectivities/increased universalities (for example, 5-NO2-In, 5-CN-In and 5-F-In substituents). 
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However, such analysis does not predict a lower selectivity for 5-I-In compared to 5-CF3-In even 

though the latter substituent has a similar size and considerably more negative charge character. 

For both aspects of universal base performance, factors such as polarizability (especially 

for 5-I-In), dipole moments, and hydrophobicity may play important roles.14 A final potential 

confounding factor is the number of possible structures that can form with indole-based universal 

bases. While some experimental evidence suggests that indole base replacements interleave with 

both pyrimidine and purine complements,29 structures with wobbled or syn-glycosidic 

geometries cannot be rejected. Because of this potential ambiguity, additional structural work 

will be necessary to fully evaluate the interactions of the indole residues with each of the 

complementary bases. 

To date there are few reported studies surveying substituent effects on universal base 

properties, and these have only examined a limited number of examples.9 The results of our 

survey of 11 indole residues have revealed that any substitution at the 5-position of indole 

produces a superior universal base compared to the parent heterocycle. Despite the fact that 

substituents at this position point directly at the complementary nucleobase, groups as large as 

iodo and trifluoromethoxy can be sterically accommodated. Furthermore, the electronic influence 

of the subsitutent on the indole  system plays a significant role in the stabilites of pairs with 

nucleobases but does not correlate strongly with selectivities. Because the nature of nucleobase 

interactions with hydrophobic residues remains unclear, more experimentation is required to 

understand universal base performance. Until this is done, it is premature to limit the choices of 

substituents to nitro groups.  
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Figure 2.2: Average Tm values for indole universal bases vs σm Hammett constant (left) 

and σp Hammett constant (right). 
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CHAPTER III 

POLARIZED PHENYL RESIDUES FOR UNIVERSAL BASES AND STABLE BASE PAIRS 

IN DNA DUPLEXES 

Introduction 

 The previous chapter described the screening of eleven different 5-substituted indoles as 

universal bases in DNA. The data did not elucidate a single structural feature that correlated with 

stabilization of the double helical structure and with selectivity toward a complementary 

nucleobase. This illustrates the complicated interactions that maintain folded nucleic acid 

structures. In the nearly 70 years since the publication of the Watson-Crick double helix, the 

identities and relative contributions of the non-covalent interactions that maintain this structure 

remain elusive.  

 The central role of hydrogen bonding in the selective base pairing and its status as one of 

the strongest non-covalent interactions has led to a natural emphasis on this interaction in nucleic 

acid structure. However, while the geometric arrangement of hydrogen bond donor and acceptor 

groups is fundamental for the specificity of base pairing, hydrogen bonding cannot be primarily 

responsible for the favorable free energy of double helix formation. This is due to the 

replacement of hydrogen bonds to water with those between paired nucleobases. In examining 

the other interactions that contribute to stable helix formation, there has been a growing 

appreciation of the central role that base stacking plays. Favorable stacking interactions likely 

involve contributions from electronic distribution on the aromatic residue and hydrophobicity, 

but a thorough picture of the details has yet to be established.  
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The development of universal bases is a surprisingly difficult problem in molecular 

recognition.1 One approach to the development of universal bases has involved the residues that 

primarily interact by aromatic stacking but lack hydrogen bonding capabilities. The best 

universal base in the literature is the 5-nitroindole residue.2 This base possesses a bicyclic 

aromatic surface that is capable of stacking in the nucleobase core of a double helix. The nitro 

substituent is regarded to be a poor partner for forming hydrogen bonds,2 eliminating an 

interaction that might produce selective pairing to one or more of the natural bases. Work 

described in Chapter II definitively showed that 5-nitroindole was a superior universal base 

compared to the unsubstituted indole, presumably because of improved stacking.3 The strong 

electron-withdrawing effect of the nitro group may enhance stacking by minimizing or reversing 

repulsive quadrupole interactions between the -clouds of neighboring bases. Other work in the 

Woski lab4 has shown that larger nitro-substituted N-glycosidic residues such as carbazole 

(Figure 3.1) also perform significantly better as universal bases than their unsubstituted 

counterparts. These larger residues also performed better than smaller residues such as 

nitroindole. Interestingly, hybridizations of duplexes pairing nitroindole or nitrocarbazoles with 

2-aminopurine (2AP, a natural base often used as a fluorescent probe that pairs in a double helix 

with thymidine5, Figure 3.1) revealed a key structural difference in duplexes containing these 

residues versus one with the unmodified carbazole residue. The nitro-containing universal bases 

showed fluorescence quenching like that seen when 2AP pairs with a thymidine (Figure 3.2). On 

the other hand, unsubstituted carbazole paired with 2AP showed a fluorescence emission 

intensity like that observed with 2AP in an unstructured single strand. These data suggest that the  
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Figure 3.1: Nucleosides previously utilized in universal base studies in the 

Woski Lab.
3
 Counterclockwise from top right: 3,6-dinitrocarbazole, 3-

nitrocarbazole, carbazole, indole, 5-nitroindole, 2-aminopurine (2AP). 2AP 

was used as a fluorescent analog of A. 
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Figure 3.2: Fluorescence emission spectra of 2-AP: carbazole paired 

duplexes and 2-AP containing ssDNA.
3
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presence of one or more nitro groups produces a structure with strong stacking interactions 

whereas 2AP does not appear to stack well at all when paired with the large, but unpolarized, 

carbazole residue. Together, these results led to the hypothesis that strongly polarized -systems 

with large surface areas produce superior universal base properties. 

Another application of non-hydrogen bonding nucleosides involves the development of 

novel base pairs. The primary application of novel base pairs is the expansion of the genetic 

alphabet. A stable and selective self-pair would increase the number of base pairs from four 

(GC/CG and AT/TA) to five (GC/CG, AT/TA, and XX) while only increasing the number of 

nucleosides to five. A selective mixed cross-pair increases the number of base pairs from four to 

six (GC/CG, AT/TA, and XY/YX).  

Many initial observations of novel base pairing have involved self-pairing. For example, 

Kool’s hydrophobic isosteres of pyrimidine and purine nucleobases6 showed self-pairing in 

addition to the intended pairing with shape-complementary natural nucleobases. Romesberg and 

coworkers7-10 have examined several systems that formed selective self-pairs polycyclic 

hydrophobic aromatic residues. More recently, however, Romesberg’s efforts have shifted to 

smaller hydrophobic nucleosides based on phenyl or pyridyl core units.11 Another example 

involves experiments with a series of non-natural methyl-substituted phenyl nucleosides (Figure 

3.3).12 In addition to self-pairs, Romesberg and coworkers13, 14 have attempted to discover 

selective hydrophobic base pairs where two different arenes selectively pair with each other, i.e., 

cross-pairs. The peak of these efforts resulted in the development of a non-natural base pair, 

dNAM and dTPT315 (Figure 1.13). This pair has been used to generate a so-called “semi-

synthetic organism with an expanded genetic alphabet”.16 
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Figure 3.3: Hydrophobic methylphenyl residues examined as self-pairs by 

Romesberg and coworkers.
11
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Omitting H-bonding potential from the residues designed to selectively base pair follows 

the same logic as for universal bases: removal of hydrogen bonding eliminates the potential of 

the non-natural residues to favorably pair with the native DNA nucleobases. As was the case for 

universal base development, these base-pair candidates should minimize destabilization of the 

double helical complex using stacking interactions.  

Absent any hydrogen-bonding interactions, what was the basis for the selectivity between 

the hydrophobic residues in Romesberg’s studies? These researchers generally made little effort 

to build selective non-covalent interactions. Instead, these researchers have simply designated 

“hydrophobic interactions” as the basis of their self-selectivities.17 The sole structural variation is 

the differential solvation of the edges of the non-natural residues compared to the natural 

examples. The lack of hydrogen bonding groups on the non-natural residues means that both the 

edges and faces are poorly solvated by surrounding waters; excluding waters by placing edges in 

van der Waals contact should be energetically favorable and selective for another hydrophobic 

partner. While mispairing with a natural nucleobase could to desolvate the hydrobic residue, it 

also requires the unfavorable desolvation of hydrophilic edges of the natural residue.12, 18 

Work in this chapter is centered on the incorporation of three strongly polarized 

monocyclic nucleobase replacements, 4-nitrophenyl (NO2Ph), 5-dimethylamino-2-nitrophenyl 

(DANB), and 5-dimethylaminobenzonitrile (DABN), into oligodeoxynucleotide probes (Figure 

3.4). The syntheses of C-nucleosides with these aryl groups will be described as well as the 

preparation of the corresponding phosphoramidite reagents for DNA synthesis. Hybridization of 

these DNA strands (Figure 3.5) with complementary strands allows for the evaluation of these 

residues as both universal bases (when paired with Watson-Crick bases) or hydrophobic pairs (as 

a self-pair or paired with another hydrophobic residue in a cross-pair). 
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Figure 3.4: Top: Nucleosides prepared for this study. Left to right: NO2Ph, 

DANB, DABN. Bottom: Calculated dipoles of base portions. 
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5’-TGT-ACG-X-CAC-AAC-TA-3’ 

3’-ACA-TGC-Y-GTG-TTG-AT-5’ 

Figure 3.5: A. DNA used for the self-pair and cross-pair study. X denotes the position of 

non-natural residue. B. DNA used for the universal base study. X denotes the position of 

non-natural residue. Y is the position of the natural nucleobase G,C, A, or T. 

5’-TGT-ACG-X-CAC-AAC-TA-3’ 

3’-ACA-TGC-X-GTG-TTG-AT-5’ 

A: 

 

 

 

 

B: 
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Synthesis of non-natural nucleosides 

The substituted phenyl non-natural nucleosides used in this study fall into the class of C-

glycosidic non-natural nucleosides, which are nucleosides where the glycosidic bond is a C-C 

bond between C1’ of the deoxyribose sugar and the carbon of some aromatic core. C-

Nucleosides have not only been used to probe the stabilities of DNA duplexes but have also been 

studied and used extensively as therapeutics.7, 19-22  

The synthesis of aryl C-glycosides differs from the synthesis of corresponding N-

nucleosides because of the differing reactivities of carbon and nitrogen centers. The methods for 

the synthesis of C-glycosides include electrophilic aromatic substitutions with the glycosyl 

cation, or nucleophilic attacks between aryl organometallics and glycosyl lactones or halides 

(Scheme 3.1).23-27 However, these methods can limit the functional groups used for substituting 

the aromatic core, and stereochemistry of products can also be of concern. Instead, a synthesis 

described by Daves and coworkers28-31 employs a palladium-catalyzed Heck coupling between 

aryl/vinyl iodides or triflates and the furanosyl C-1 glycal which forms the desired glycosidic C-

C bond under 100% diastereospecific control (Scheme 3.2). The main drawback to the Daves’ 

approach has been obtaining the requisite glycal efficiently and in good yield. For example, an 

early reported synthesis for the furanoid glycal required four steps starting from ribonolactone 

and had an overall yield of 60%.32 Pedersen and coworkers33 ultimately showed that the glycal 

could be obtained efficiently and in one step from thymidine by eliminating the pyrimidine upon 

reflux in hexamethyldisilazane (HMDS) with ammonium sulfate (Scheme 3.3). This route was 

shown to be suitable using many different protecting groups on the 3’ and 5’ hydroxyls, or no 

protecting group at all.34 
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Scheme 3.1: Various general methods for arylating C1’ of 2’ 

deoxyribose.  
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Scheme 3.2: General mechanism for the palladium-catalyzed 

Heck coupling. 
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Scheme 3.3: Preparation of furanoid glycals 1a, 1b, and 2. a) Reflux in 

HMDS with (NH4)2SO4 for 2 hours. b) 0.05 M K2CO3 in methanol for 20 

minutes.  
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Although the Woski lab35 previously utilized the 3’,5’-bis(TBDMS)-protected thymidine 

to carry out the elimination in HMDS to afford bis-TBDMS glycal 1b, the elimination of the 

extra protection and deprotection steps made a route avoiding TBDMS protection attractive. The 

reaction of free thymidine with HMDS in the presence of (NH4)2SO4 has been reported36 and 

was found to be the more atom-efficient route. Notably, in these conditions, the bis-TMS glycal 

1a is initially generated through silylation by the HMDS solvent.  The silyl groups facilitate 

extraction and chromatographic purification on alumina.  Treatment with 0.05M K2CO3 in 

methanol quantitatively affords the 3’,5’-dihydroxyglycal 2. 

 The required aryl iodide for the NO2Ph nucleoside (p-iodonitrobenzene) was purchased 

commercially. The synthesis of the aryl iodides required for synthesizing the DANB and DABN 

nucleosides were carried out as shown in Scheme 3.4. Commercially available 1-fluoro-3-

iodobenzene was first nitrated to afford 4-fluoro-2-iodo-1-nitrobenzene (3, Scheme 3.4) followed 

by a nucleophilic aromatic substitution of the fluorine with dimethylamine to give  

DANB aryl iodide 4. Using the same conditions for a nucleophilic aromatic substitution, 

commercially available 4-fluoro-2-iodobenzonitrile was converted to 2-iodo-4-dimethylamino-

benzonitrile, the DABN aryl iodide 5.  

With the aryl iodides synthesized, the next step was the palladium-catalyzed Heck 

arylation (Scheme 3.5). Although attempts were made to optimize the reaction by using 

alternative solvents such as acetonitrile (ACN), the original solvent N,N-dimethylformamide 

(DMF) produced the highest yields. The coupling gives enol intermediates which spontaneously 

tautomerize to afford furanoid ketones 6a-6c. Diastereoselective reduction of the 3’-ketone group 

was accomplished using sodium triacetoxyborohydride. This reagent complexes with the free 5’-  
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Scheme 3.4: Preparation of aryl iodides 4 and 5.  

     a) conc. H2SO4, 0-5° C, 30 minutes.  

b) High-pressure vessel, THF and 4.8 

eq. dimethylamine. 0 °C→RT overnight.  

3 4 

5 
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Scheme 3.5: Heck arylation of furanoid glycal 2. a) Pd(OAc)2, Bu3N, 

NaOAc, aryl iodide in DMF at 65-75 °C overnight.  
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Scheme 3.6: Diastereoselective reduction of 3’ ketone. a) 1:1 ACN/acetic 

acid (AcOH), 2.2 eq. Na(CH3CO)3BH, 0 °C, 20 minutes.  
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hydroxy group and intramolecularly delivers the hydride to the beta face of the sugar, affording 

nucleosides 7a-7c (Scheme 3.6).  

With the free nucleosides in hand, their molar absorptivities were determined by 

measuring the absorptions of solutions of known concentration. The molar absorptivity of the 7a-

7c, along with those reported for the natural nucleosides, allow for the estimation of the molar 

absorptivities of synthetic DNAs needed for quantitation. 

The final two steps of the synthesis are necessary to prepare the nucleosides for solid-

phase oligodeoxynucleotide synthesis. First, selective protections of the 5’-hydroxyls as the 

dimethoxytrityl ethers were accomplished using DMT-Cl to give compounds 8a-8c (Scheme 

3.7). The regioselectivity is due to the reaction of the large protecting group at the sterically less 

hindered primary alcohol. The final step of the synthesis is phosphitylation of the 3’-hydroxyl 

(Scheme 3.8) to give phosphoramidites 9a-9c.  

 

Synthesis of novel DNA oligomers 

 The non-natural phosphoramidites 9a-9c were inserted into the sequence 5’-TGT-ACG-

X-CAC-AAC-TA-3’ (where X is the position at which the non-natural residue is inserted into 

the sequence), and DNA oligomers were synthesized on an Applied Biosystems 391 DNA 

Synthesizer (Figure 3.6). The natural phosphoramidites used in the sequence were purchased 

commercially from Glen Research. Complementary oligonucleotides with the sequence 5’-TA-

GTT-GTG-Y-CGT-ACA-3’ where Y is the position of a natural nucleobase were purchased 

commercially from Eurofins. The complementary sequences containing the non-natural residues 

for testing as self-pairs, sequence 5’-TA-GTT-GTG-X-CGT-ACA were also synthesized in-  
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Scheme 3.7: DMT protection of 5’-hydroxyl. a) DMT-Cl, AgNO3, pyridine, 

6 hours.  

7a-7c 8a-8c 
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Scheme 3.8: Phosphitylation of 3’-hydroxyl. a) 2-cyanoethyl 

diisopropylaminochlorophosphoramidite, Et3N, DCM, 1 hour at RT.  
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Figure 3.6: DNA synthesis cycle on Applied Biosystems 391 

DNA synthesizer. 
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house. Non-natural phosphoramidites were “double-coupled,” a procedure where activated 

phosphoramidite solutions are delivered to the solid support twice consecutively. The coupling 

reaction time was also increased to twenty minutes (as opposed to fifteen seconds) to maximize 

coupling efficiencies. The resulting DNA oligomers were cleaved from the solid-support residue 

and deprotected overnight by treatment with concentrated ammonium hydroxide at 55 °C. After 

concentration of the solutions, DNA oligomers were purified using denaturing polyacrylamide 

gel electrophoresis. Recovery of pure oligondeoxynucleotides from the excised gel slices by 

electroelution and desalting produced purified DNAs.   

 

Universal base studies of highly polarized monocyclic residues 

 As potential universal bases, the NO2Ph, DANB and DABN residues allow testing of the 

requirement of a large surface area for optimal universal base properties. Interestingly, nitro-

substituted phenyl non-natural nucleosides have not been examined as universal bases in the 

literature. The nitrile substituent on DABN is also strongly electron-withdrawing, allowing for 

the “uniqueness” of nitro substituents to be tested. The universal base experiments were 

performed similarly to those described in Chapter II; thermal denaturation assays pairing non-

natural nucleoside-containing DNA oligomers with the complementary sequence containing each 

of the four natural nucleobases (Table 3.1).  

 The first residue to be evaluated was the NO2Ph residue. The properties of this residue 

were compared to other universal base candidates including 5-nitroindole, 3-nitrocarbazole, and 

3,6-dinitrocarbazole. For each of these, the unsubstituted arenes (phenyl, indole and carbazole) 

were also examined to directly probe the effect of nitro substitution. In all cases, any nitro their  
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Table 3.1: Tm data for universal base study of NO2Ph with comparison to other nitro-

substituted universal bases and their unsubstituted cores. Carbazole and indole data from 

Qualley.4 

 
5’-TGT-ACG-X-CAC-AAC-TA-3’ 

3’-ACA-TGC-Y-GTG-TTG-AT-5’ 
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average Tm; the correlation only seems to apply to the nitro-substituted aromatic residues 

substitution is better than no substitution with respect to both minimizing destabilization of 

resulting duplexes and their universality towards pairing with the natural nucleobases. Notably, 

although NO2Ph and 5-NO2-In residues have identical Tm ranges, NO2Ph produces slightly less 

stable duplexes overall. Likewise, 3-nitrocarbazole is the most stable of the nitro-substituted 

cores. This finding is consistent with the hypothesis that larger nitro-substituted aromatic 

residues would perform better as universal bases.  

To find the extent of any correlation between these parameters, N-methyl aromatic 

residues (or in the case of NO2Ph, C1-methyl) were modeled using Spartan ’14 V1.1.4 to 

determine their surface areas, volumes, and dipole moments (Table 3.2). Figures 3.7 and 3.8 

show the strong correlation between surface areas/volumes of the residues and their average Tm 

values. Figure 3.9 plots the residues’ Tm values versus their dipole moments. There does not 

appear to be a correlation of this measure of the polarization of residues: the 5-NO2-In has the 

highest dipole moment despite not having the highest average Tm. It should also be pointed out 

that the same correlation is not observed when plotting the Tm of unsubstituted aromatic residues 

versus average Tm; the correlation only seems to apply to the nitro-substituted aromatic residues.  

Figure 3.10 shows electrostatic potential (ESP) maps generated for each of the non-

natural residues to highlight the electronic distribution about the aromatic cores. Unsubstituted 

aromatic residues have their electron density localized within the ring, whereas residues with 

electron withdrawing nitro groups have their electron density distributed across a larger π-system 

and the edges of the residue are much more polar. 3-Nitrocarbazole and 3,6-dinitrocarbazole 

have considerable electron density displaced from their aromatic cores. These graphics support 

the idea that large, electron-poor aromatic systems form the most stable and universal bases.  
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Table 3.2: Molecular properties generated from models on N-methyl (or C-

methyl) arenes using Spartan ‘14.  
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Figure 3.7: Graph plotting average Tm values and surface areas of nitro-

substituted residues. R
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Figure 3.8: Graph plotting average Tm values and volumes of nitro-

substituted residues. R
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Figure 3.9: Graph plotting average Tm values and dipole moments of nitro-

substituted residues. 
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Figure 3.10: ESP models of N-methyl (or C-methyl) nitro-

substituted aromatic residues evaluated in this study.  
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Figures 3.11 through 3.22 are models of trimer duplex DNAs showing each of the nitro-

substituted non-natural residues paired with each natural nucleobase. The models confirm that 

the larger aromatic residues can be accommodated within the helix. The monocyclic NO2Ph 

residue can occupy a coplanar arrangement opposite to both pyrimidine and purine 

complementary bases. The bicyclic 5-NO2In shows a greater tendency to interleave with 

complementary nucleobases. This is particularly apparent in the 5-NO2In pair with guanine 

(Figure 3.15). The addition of a third ring in carbazole residues does not change the steric bulk 

directed at the complementary base. However, the third ring does stack exceptionally well on the 

3’-flanking cytosine nucleobase. Given the robust stacking of the carbazole, it is not clear why 

this residue performs poorly as a universal base. The result of pairing with 2-AP (Figure 3.3) 

may suggest that the complementary base is flipped out of the helix, causing significant 

destabilization. Interestingly, the nitro substituted ring in 3-nitrocarbazole was positioned over 

this cytosine in all four of it’s pairing combinations (Figures 3.19-3.22). Calculations at better 

levels of theory will be required to examine if this is in fact the lower energy orientation of this 

group. If so, it is not clear why the complementary base does not flip out for this residue like it 

does for the unsubstituted ring of carbazole. Also, if the nitro-substituted ring is preferentially 

positioned over the 3’-neighboring nucleobase, an interesting question would be if the identity of 

this flanking base effects stacking stabilization of the duplex structure. 
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Figure 3.11: Model of NO2Ph residue paired with G. (NO2Ph 

on the left and G on the right). 
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Figure 3.12: Model of NO2Ph residue paired with C. 

(NO2Ph on the left and C on the right). 
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Figure 3.13: Model of NO2Ph residue paired with A. 

(NO2Ph on the left and A on the right). 
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Figure 3.14: Model of NO2Ph residue paired with T. 

(NO2Ph on the left and T on the right). 
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Figure 3.15: Model of 5-NO2-In residue paired 

with G. (5-NO2-In on the left and G on the right). 
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Figure 3.16: Model of 5-NO2-In residue paired 

with C. (5-NO2-In on the left and C on the right). 
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Figure 3.17: Model of 5-NO2-In residue paired 

with A. (5-NO2-In on the left and A on the right). 
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Figure 3.18: Model of 5-NO2-In residue paired with 

T. (5-NO2-In on the left and T on the right). 
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Figure 3.19: Model of 3-nitrocarbazole residue paired 

with G. (3-nitrocarbazole on the left and G on the 

right). 
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Figure 3.20: Model of 3-nitrocarbazole residue 

paired with C. (3-nitrocarbazole on the left 

and C on the right). 
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Figure 3.21: Model of 3-nitrocarbazole residue 

paired with A. (3-nitrocarbazole on the left and 

A on the right). 
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Figure 3.22: Model of 3-nitrocarbazole residue 

paired with T. (3-nitrocarbazole on the left and T 

on the right). 
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The results of the universal base study of DANB and DABN residues are shown in Table 

3.3 and Figure 3.23. These residues performed poorly as universal bases, having higher ranges of 

Tm values than the other nitro-containing arenes. Both residues showed some selectivity towards 

purines, especially A. Interestingly, this was also the case for NO2Ph residue, although the Tm 

range for this residue was much smaller than those for DANB and DABN. The nitrile-substituted 

residue was considerably more destabilized than the nitro compound. However, DABN still 

showed an average Tm that was greater than that of NO2Ph. The nitro-substituted DANB showed 

an average Tm value between those for the much larger nitro- and dinitrocarbazole residues.   

Figure 3.24 shows ESP models generated for these residues. Unsurprisingly, the phenyl 

residue appears to have the most electron rich aromatic core. The NO2Ph and DANB residues 

appear to have comparable distribution of electron density, though notably the dimethylamino 

donating group provides the DANB and DABN residues an appreciably greater surface area. 

DABN surprisingly appears to have more electron density within its aromatic core.   

Figures 3.25 through 3.36 are models showing Ph, DANB and DABN residues in DNA 

trimer duplexes paired with each natural nucleobase. Each of the pairs with the natural 

nucleobases appears to be sterically accommodated with the helical structure, though it appears 

the purines are the only residue which may provide any semblance of a dipole-dipole interaction 

between the pairs, highlighting the importance on complementarity in shape. The dimethylamino 

group appears to stack well on the 3’-flanking base (for example, DANB paired with C, Figure 

3.30). This stacking and the strong dipole moments of these residues may explain the relatively 

high stabilities of the duplexes. In fact, the higher dipole moment of DANB can be used to 

explain its higher duplex stabilities. However, the source of the selectivities of both residues for 

pairing with an A and against pairing with T is unclear. 
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Table 3.3: Tm of non-natural residues as self-pairs and paired 

with natural residues.  

5’-TGT-ACG-X-CAC-AAC-TA-3’ 

3’-ACA-TGC-Y-GTG-TTG-AT-5’ 
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Figure 3.23: Plot of Tm of non-natural residues as self-pairs and 

paired with natural residues.  
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Figure 3.24: ESP maps for each of the non-natural 

residues analyzed in this study. 
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Figure 3.25: Model of phenyl residue paired with G. (Phenyl 

on the left and G on the right). 
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Figure 3.26: Model of phenyl residue paired with C. 

(Phenyl on the left and C on the right). 



108 
 

  

Figure 3.27: Model of phenyl residue paired with A. (Phenyl 

on the left and A on the right). 
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Figure 3.28: Model of phenyl residue paired with T. (Phenyl 

on the left and T on the right). 
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Figure 3.29: Model of DANB residue paired with G.  
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Figure 3.30: Model of DANB residue paired with C.  
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Figure 3.31: Model of DANB residue paired with A.  
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Figure 3.32: Model of DANB residue paired with T.  
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Figure 3.33: Model of DABN residue paired with G.  
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Figure 3.34: Model of DABN residue paired with C.  
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Figure 3.35: Model of DABN residue paired with A.  
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Figure 3.36: Model of DABN residue paired with T.  
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Ph, NO2Ph, DANB and DABN residues as self-pairs and cross-pairs in DNA 

 Thermal denaturation experiments of complementary DNA oligomers pairing non-natural 

nucleosides were carried out for each self-pairing combination for the NO2Ph, DANB and 

DABN residues; for comparison, the self-pair of the unsubstituted phenyl residue was also tested 

(Table 3.4, Figure 3.37). As a control, data for pairs of the hydrophobic base residues with each  

of the four canonical nucleobases are also shown. The self-pairs for all four hydrophobic 

residues were more stable than any of the pairs with canonical Watson-Crick bases. 

 Comparing the Tm values of duplexes with hydrophobic self-pairs to those of the same 

duplexes with canonical WC base matches and mismatches provides context for the evaluation 

the base pairing strengths and selectivities of the non-natural bases (Table 3.5). For WC bases 

the pairs with G and C are strongest while pairs of A and T are weaker. The worst mismatches 

occur with cytidine: all of the mismatched duplexes with C had Tm’s more than 12.9 °C less 

stable than the matched C-G base pair (Tm = 58.2 °C). The worst mismatch (C-C) had a Tm value 

of 41.9 °C. Guanine is least selective base where its worst mismatch (G-T, Tm = 51.0 °C) is only 

7.3 °C less stable than the canonical G-C match (Tm = 58.3 °C).  

Among the non-natural self-pairs, the phenyl-phenyl combination was the weakest; the 

Tm of this duplex (48.8 °C) was considerably lower than those of all Watson-Crick matches. 

However, this Tm is higher than most duplexes with mismatched pyrimidine bases. The same 

result was seen in Romesberg’s analysis of this control in a different sequence when evaluating 

methylated phenyl residues.12 Interestingly, phenyl forms such destabilized duplexes with all of 

the natural bases that it is one of the most selective self-pairs examined in this study. The unusual 

selectivity of the phenyl self-pair could be consistent with Romesberg’s assertation that self-pair 

selectivity can be driven by hydrophobic interactions of the very non-polar phenyl residue.  
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Table 3.4: Tm values of DNA duplexes with non-natural residue pairs. 

5’-TGT-ACG-X-CAC-AAC-TA-3’ 

3’-ACA-TGC-Y-GTG-TTG-AT-5’ 
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Figure 3.37: Bar graph of Tm values of duplex DNAs containing 

non-natural residues in cross pairs. 
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5’-TGT-ACG-X-CAC-AAC-TA-3’ 

3’-ACA-TGC-Y-GTG-TTG-AT-5’ 

Table 3.5: Tm values of duplex DNAs with canonical Watson-

Crick base pairs and base mismatches. 
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The strongest self-pair is DABN (54.4 °C). Compared to the denaturation data for 

duplexes with canonical Watson-Crick bases, the DABN self-pair has a Tm value about 2 °C less 

than an AT base pair in the same sequence and about 3 °C stronger than the strongest Watson-

Crick mismatch. It is also quite selective for the self-pair as its most stable base pair with the 

natural nucleobases is formed with A (48.2 °C, a difference of 6.2 °C). There is no indication 

from this data that the nitrile group at this position can pick up a selective hydrogen bond. The 

nitro-containing DANB forms slightly less stable self-pair duplex with a Tm of 53.3 °C. The 

selectivity of DANB for its self-pair over a Watson-Crick base is less pronounced: the Tm when 

paired with A had a Tm of 50.1 °C, only 3.2 °C less stable than the self-pair.  

NO2Ph forms a moderately stable self-pair when compared with the DANB and DABN 

residues (Tm = 50.5 °C). This stability is similar to duplexes with G/A and G/T mispairs, but less 

stable than A/T base pairs. The NO2Ph is more destabilized when paired with natural 

nucleobases, making it a more selective self-pair than DANB.  

In addition to the examination of the self-pairs of the four monocyclic C-nucleosides, an 

analysis of cross-pairs was also undertaken (Table 3.4, Figure 3.37). Unfortunately, a truly 

outstanding cross-pair combination was not observed. The best partners for DABN and DANB 

were DABN and DANB, respectively (i.e., the self-pairs). On the other hand, the self-pair of 

NO2Ph was only slightly more stable than the cross-pair with Ph and was less stable than pairs 

with DABN and DANB. Finally, the cross-pairs of Ph with the more polarized arenes were more 

stable than the Ph-Ph self-pair.  
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The relationship between physical properties of the residue and pair stability 

Although the range of Tm values seen for the self- and cross-paired C-nucleoside studied 

here are small, an analysis of this data was performed to try to relate structure and pairing 

abilities. To this end, models were built of the non-natural arenes in Spartan ’14 V1.1.4. The C-

glycosidic bonds to deoxyribose were modeled as C-1 methyl substituents. The structures were 

minimized using the Hartree-Fock 3-21G method, and physical parameters including surface 

areas, dipole moments, and hydrophobicity (logP, an octanol:water partition coefficient) values 

were generated (Table 3.6). These parameters were selected as potentially being important in the 

interactions of these arenes with flanking DNA bases (stacking) as well as the interstrand 

interactions of these residues with one another. As was discussed previously, the Woski group 

has hypothesized that stacking in nucleic acid double helices is optimal with large, highly 

polarized aromatic residues. In addition, Romesberg12 has hypothesized that hydrophobic 

interactions determine the strength of pairing interactions. 

Figure 3.38 shows a graph of the self-pair Tm values vs. the dipole moment of the residue. 

There appears to be a modest correlation between these variables. The least polarized residue, 

phenyl, by far forms the least stable self-pair. The relationship seems to break down with the 

strongly polarized DABN and DANB residues; here, the residue with the lower dipole moment 

formed the more stable self-pair. 

The correlation between surface area of the residues and their self-pair stabilities shows a 

much stronger correlation (Figure 3.39). Although all the residues are based on monocyclic 

benzene cores, the substituents provide for variation in the surface areas. Notably, the DANB 

and DABN residues both possess a relatively large dimethylamino group and have much higher 

self-pairing Tm values than the NO2Ph and Ph duplexes. The dimethylamino substituents may 
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Table 3.6: Physical properties of non-natural residues of this study generated 

using Spartan ‘14 
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Figure 3.38: Plot of dipole moment of non-natural residues vs the 

Tm of their self-pair (R
2
= 0.596) 
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Figure 3.39: Plot of surface area of non-natural residues vs the 

Tm of their self-pair (R
2
= 0.962) 
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play the same role as methyl substituents utilized in Romesberg’s12 study: hydrophobic contacts 

between methyl groups enhanced favorable hydrophobic interactions between paired residues. 

However, unlike the residues in the Romesberg study, NO2Ph, DANB, and DABN residues all 

have substituents that extend the  conjugation of the ring as well as increase the surface areas. 

From these data, it is not possible to state whether NO2Ph is a more stable self-pair than Ph 

because of a larger surface area or an extension of conjugation. Furthermore, the strong 

polarization of the electron-withdrawing nitro group may also play a role. 

Plotting the Tm values of self-pairs against logP values also shows a strong correlation 

(Figure 3.40). This is also consistent with Romesberg’s12  conclusions regarding the hydrophobic 

interactions of methyl substituents on aromatic bases. Again, the dimethylamino groups in 

DANB and DABN have significant impacts on the hydrophobicities of these residues.  To  

explore the roles of the dimethylamino groups in interactions between the C-nucleoside residues, 

models of trimer duplexes pairing each of the non-natural residues with each other (self-pairs and 

cross-pairs) to see how they might fit within a DNA duplex (Figures 3.41 through 3.50). One 

limitation of this modeling involves uncertainty in the conformational preference of the arene 

group. In natural DNA, pyrimidines are always found in an anti conformation.18 The syn 

conformation is disfavored due to a steric clash between the O-2 group of the pyrimidine and the 

sugar. Both the nitrile group of DABN and the nitro substituent of DANB are in an analogous 

position to the pyrimidine O-2. Assuming that the nitro group remains in conjugation with the 

benzene  system, this group will be much more sterically demanding than a sp2 oxygen atom of 

pyrimidine bases.  The linear geometry of the nitrile group makes it less sterically demanding 

than the nitro group, but it may still suffer unfavorable interactions with the sugar in a syn 

conformation.  Thus, both residues are expected to prefer anti conformations.  
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Figure 3.40: Plot of logP hydrophobicity values of non-natural 

residues vs the Tm of their self-pair (R
2
= 0.905) 
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Figure 3.41: Model of phenyl self-pair.  
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Figure 3.42: Model of NO2Ph:Ph cross-pair.  
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Figure 3.43: Model of DANB:Ph cross-pair.  
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Figure 3.44: Model of DABN:Ph cross-pair.  
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Figure 3.45: Model of NO2Ph self-pair.  
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Figure 3.46: Model of DANB:NO2Ph cross-pair.  
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Figure 3.47: Model of DABN:NO2Ph cross-pair.  
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Figure 3.48: Two possible motifs of DANB 

self-pair.  
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Figure 3.49: Model of DANB:DABN cross-pair.  
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Figure 3.50: Two possible motifs of DABN 

self-pair.  
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The dimethylamino groups appear able to make significant contacts with a 

complementary Ph residue, but only in a syn conformation. The Tm value for the duplex with a 

DANB-Ph pairing is higher, but DANB seems less likely to adopt the required syn conformation. 

Overall, the only instance where DABN forms the strongest pair with a complementary base is 

the DABN self-pair. This combination turns out to be the most stabilizing of the combinations 

(Tm = 54.4 °C), but the Tm value of this combination is only 1.1 °C more stable than the best 

combination without DABN. Thus, accessibility to the syn conformation and a direct 

hydrophobic contact of the DABN dimethylamino group with the complementary base seems to 

be an unlikely model for pairing. The simplest alternative explanation is that the DABN and 

DANB residues adopt the anti conformation and the dimethylamino groups stack on the 

neighboring nucleobase (Figures 3.48 and 3.50).  

The other feature built into the arene residues is the incorporation of substituents that are 

strongly polarizing. To visualize the electronic distribution in the residues analyzed in these 

studies, Figure 3.24 shows electrostatic potential (ESP) maps were generated for each of the 

arenes using C-1 methyl residues to substitute for the sugar. As expected, the DANB and DABN 

residues develop considerable negative charge on the nitro and nitrile substituents, respectively. 

If these residues are in the anti C-glycosidic conformations, any pairwise combination of these 

residues brings the negative potentials near to each other in the minor groove of a DNA duplex. 

On the other hand, the charge distribution of the NO2Ph points the negative into the major 

groove. Thus, the dipole moment of this residue is antiparallel to that of a complementary DANB 

or DABN. This electrostatic match may contribute to the enhanced stabilities seen with these 

cross pairs versus the (NO2Ph)2 and NO2Ph-Ph pairs (Table 3.3). However, the differences in Tm. 
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are not very large. This indicates that if such an electrostatic interaction is significant, it is only 

modestly stabilizing. NO2Ph had only slightly more stable Tm’s than the unsubstituted phenyl 

residue. The nitro group in the para position points the group in towards the base pair within the 

helix. The symmetry of this residue does not give it any option when forced into a DNA duplex, 

which may account for its relative lack of stability.  

For DANB and DABN, because the purines almost always adopt the anti conformation in 

DNA duplexes, the dimethylamino group of DANB and DABN are possibly forced to point out 

of the helix to minimize any steric clashes with the pairing natural residue. The positioning of the 

dimethylamino group meta to the sugar may enable it to exist in either conformer comfortably 

without too much overlap.  

 

Conclusions and future studies 

 NO2Ph nucleoside was synthesized and screened as a universal base in DNA. The results 

show that, when comparing to previous work on other nitro-substituted aromatic residues, there 

seems to be a correlation between surface area/volume of the aromatic residue, and its stability in 

DNA duplexes. Given this information, it would be interesting to synthesize other larger nitro-

substituted aromatic residues; there would likely be an upper limit to the size that could be 

reasonably accommodated in a duplex. Larger aromatic residues tend to be fluorescent, and 

because fluorescent DNA probes are extremely valuable, their stabilities as pairing residues in 

DNA duplexes may benefit by the addition of nitro groups to the ring.  

 The NO2Ph, DANB, and DABN residues were successfully synthesized, inserted into 

DNA oligomers, and screened as universal bases, self-pairs, and cross-pairs. The results show 

that there is clearly a stabilizing interaction between residues with high dipole moments, as self-
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pairs and cross-pairs among these substituted residues were much higher than when paired with 

unsubstituted phenyl alone. The DANB and DABN residues being stronger self-pairs than 

NO2Ph may support the hypothesis that changing the direction of the dipole moment in addition 

to the strength can have an impact on self-pair stability. The correlation between self-pair 

stability and surface area/logP values may suggest that base stacking interactions during the 

assembly of duplexes containing non-natural residues play a key role in the resulting stability of 

the duplex, which would be consistent with what Romesberg found among the methylphenyl 

non-natural residues. In the future, studies altering the flanking bases about the non-natural 

residues may highlight the extent to which base stacking stabilizes resulting duplexes. 

Ultimately, these results demonstrate that non-hydrogen bonding highly polarized aromatic 

residues may provide a good blueprint for the design and synthesis novel self-pairs. 
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Experimental 

 All solvents and reagents were purchased from commercial sources. All water and air-

sensitive reactions were conducted under nitrogen atmosphere with oven-dried glassware. 

Reactions were monitored and compounds characterized by thin-layer chromatography (TLC) 

using commercially purchased silica plates. TLC plates were evaluated under UV light and when 

necessary were stained with phosphomolybdic acid solution. Flash-chromatography was used to 

purify all compounds unless otherwise noted. Silica used in chromatography was purchased 

commercially. 1H NMR and 13C NMR spectra were collected on Bruker AM-360 spectrometer. 

Chemical shifts are reported in PPM in reference to internal standard trimethylsilane. MALDI-

TOF data was collected on a Bruker RapifleX mass spectrometer. The matrix used was 2,4,6-

trihydroxyacetophenone saturated in 100 mM diammonium citrate dissolved in 1:1 

water:methanol. DNA oligomers were synthesized using Applied Biosystems 391 DNA 

synthesizer. Coupling times and amounts were doubled for non-natural residues to maximize 

coupling. Crude DNA oligomers were purified via preparative gel electrophoresis on 20% 

polyacrylamide gels with 7.5 M urea as a denaturing agent. Isolated gel slices containing the 

DNA oligomers were electroeluted from the gel using 1X TBE (2 mM EDTA, 89 mM borate, 89 

mM tris, pH 8.3) buffer. DNA oligomers were quantitated by measuring absorbance at 260 nm 

using a Pharmacia Ultraspec 2000 spectrophotometer. The following values were used as 

extinction coefficients for the natural residues: G= 11,700, C= 7,300, A= 15,400, T= 8,800 

L/mol·cm.  

 All model simulations were done on Spartan ’14 V 1.1.4 using Hartree-Fock 3-21G level 

theory.  
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Synthesis of Furanoid Glycal 

1,4-Anhydro-3,5-bis-O-(trimethylsilyl)-2-deoxy-D-erythro-pent-1-enitol (1a) 

Thymidine (3.00 g, 12.4 mmol) was introduced to a dry flask under nitrogen atmosphere. HMDS 

(60 mL) was added, and the solid did not dissolve until after the addition of (NH4)2SO4 (3.2 g, 

24.8 mmol). The solution was refluxed for 2 h, being careful not to permit the oil bath 

temperature to exceed 135° C. The solution turned a deep brown. The HMDS was evaporated 

under reduced pressure, and the residue was partitioned between water and cyclohexane. The 

organic phase was washed with aqueous NaHCO3 and then distilled water. It was dried over 

anhydrous Na2SO4 and evaporated under reduced pressure to give a brown oil. The crude oil was 

purified by alumina column chromatography using 7:1 hexanes/ether to produce 1a as an orange 

oil in 52% yield (1.68 g). Rf = 0.74 (7:1 hexanes/ether); 1H NMR (CDCl3) δ 6.62 (d, 1H), 5.14 

(t, 1H), 4.93 (m, 1H), 4.44 (dt, 1H), 3.78 (dd, 1H), 3.56 (dd, 1H), 0.27, 0.25 (2s, 18H).  

 

(2R,3S)-2-(Hydroxymethyl)-2,3-dihydrofuran-3-ol (2) 

Compound 1a (1.0 g 3.84 mmol) was dissolved in 0.05 M K2CO3 in methanol (20 mL/g of 1a) 

and stirred at room temperature for twenty minutes. The methanol was evaporated under reduced 

pressure and the residue was purified by silica column chromatography using 9:1 

CH2Cl2/CH3OH to produce the desired product 2 as a clear oil in 100% yield (0.45 g). Rf= 0.48 

(CH2Cl2/CH3OH) 1H NMR (CDCl3) δ 6.63 (d, 1H), 5.26 (t, 1H), 4.79 (br, 1H), 4.48 (dt, 1H), 

3.75 (dd, 1H), 3.65 (dd, 1H). 
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Synthesis of Aryl Iodides 

4-(Dimethylamino)-2-iodo-1-nitrobenzene (4) 

A mixture 1-fluoro-3-iodobenzene (22.2g, 100.mmol, Aldrich) and concentrated H2SO4 

(40 mL) was stirred in an ice-water bath at 0-5 °C. Potassium nitrate (10.l g, 100.mmol) was 

added in portions over 25 min so that the internal temperature did not exceed 10 °C. The reaction 

mixture was stirred for 1.75 h at 0-5 °C, then it was poured onto 150 mL of crushed ice. After the 

ice melted, the resulting mixture was extracted diethyl ether (3 × 200 mL). The combined 

organic phases were washed twice with 1N NaOH solution, once each with water and brine, and 

were dried over anhydrous magnesium sulfate. Filtration and removal of solvent in vacuo 

provided a yellow oil. Column chromatography (silica, 1:4 EtOAc/hexanes) and removal of 

solvent in vacuo produced 4-fluoro-2-iodo-1-nitrobenzene (2.776g, 10% yield) as a light-yellow 

oil which solidified upon cooling: 1H NMR (500 MHz, CDCl3) 7.97(dd, lH, J= 9.0, 5.0 Hz), 

7.77(dd, lH, J= 7.8, 2.6Hz), 7.21(ddd, lH, J= 9.0, 7.0, 2.6Hz). 

A high-pressure reaction vessel was charged with 4-fluoro-2-iodo-1-nitrobenzene (3, 

2.766 g, 10.4 mmol) and THF (40 mL). The solution was cooled in an ice-water bath, 30.mL of a 

cold solution of 2M dimethylamine in THF was added (60 mmol, 4.8 eq) was added, and the 

vessel was closed with a threaded Teflon closure. The stirred reaction mixture was allowed to 

warm to RT overnight. The vessel was cooled in an ice-water bath and carefully opened. The 

solvent was then removed by rotary evaporation. The residue was taken up in water (~40 mL), 

and the mixture was extracted with EtOAc (3×50 mL). The combined organic extracts were 

washed with brine, dried over anhydrous magnesium sulfate, filtered, and concentrated in vacuo 

providing a solid. Trituration with hot hexanes and filtration afforded 2-iodo-4-dimethylamino-1-

nitrobenzene, as a yellow solid. Recrystallization from CHCl3/hexanes produced the product as 
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yellow needles (2.162 g, 71.4%·yield): 1H NMR (360 MHz, CDCl3 ) 8.07(d, lH, J= 9.4Hz), 

7.23(d, lH, J=2.8Hz), 6.61(dd, lH, J= 9.4,2.8Hz), 3.08(s, 6H). 

 

2-Iodo-4-dimethylaminobenzonitrile (5) 

A high-pressure reaction vessel was charged with 4-fluoro-2-iodobenzonitrile (2.766 g, 

10.4 mmol, Oakwood) and THF (40 mL). The solution was cooled in an ice-water bath, and 30 

mL of a cold solution of 2M dimethylamine in THF was added (60 mmol, 4.8 eq) was added, 

and the vessel was closed with a threaded Teflon closure. The stirred reaction mixture was 

allowed to warm to RT overnight. The vessel was cooled in an ice-water bath and carefully 

opened. The solvent was then removed by rotary evaporation. The residue was taken up in water 

(~40 mL), and the mixture was extracted with EtOAc (3 × 50 mL). The combined organic phases 

were washed once with brine, dried over anhydrous magnesium sulfate, filtered, and 

concentrated by rotary evaporation to a solid. Trituration with hot hexanes and filtration afforded 

2-iodo-4-dimethylaminobenzonitrile. Recrystallization from CHCl3/hexanes produced the 

desired product as pinkish needles (2.134 g, 95.1%·yield): 1H NMR (CDCl3) = 7.37(d, lH, J= 

8.6 Hz), 7.08 (d, lH, J=2.5 Hz), 6.61 (dd, lH, J= 8.6, 2.5 Hz), 3.03(s, 6H); 13C NMR (CDCl3) = 

152.7, 134.6, 121.6, 121.1, 110.9, 99.9, 40.0. 

 

Synthesis of 2’-deoxy-3’-keto C-ribosides 

(2R,5R)-2-(Hydroxymethyl)-5-(4-nitrophenyl)dihydrofuran-3(2H)-one (6a) 

To a mixture of 1-iodo-4-nitrobenzene (Sigma-Aldrich, 0.59 g, 2.5 mmol), sodium 

acetate (0.25 g, 3.0 mmol) and tributylamine (143 μL, 0.60 mmol) in 20 mL of dry DMF were 

added furanoid glycal 2 (0.35 g, 3.0 mmol) and palladium acetate (7 mg, 0.03 mmol). The 
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mixture was stirred for 24 h at 70° C under N2; the volatiles were then removed in vacuo. The 

resulting residue was purified utilizing silica gel column chromatography (1:1 hexanes/EtOAc) 

to give the desired product as a yellow solid in 24% yield (0.14 g): Rf = 0.44 (1:1 

hexanes/EtOAc); 1H NMR (CDCl3) δ 8.28 (d, 2H), 7.65 (d, 2H), 5.35 (dd, 1H), 4.12 (t, 1H), 4.02 

(d, 2H), 3.00 (dd, 1H), 2.45 (dd, 1H). 

 

(2R,5R)-5-(5-(Dimethylamino)-2-nitrophenyl)-2-(hydroxymethyl)dihydrofuran-3(2H)-one 

(6b) 

To a mixture of 4 (0.54 g, 3.0 mmol), sodium acetate (0.30 g, 3.6 mmol) and 

tributylamine (172 μL, 0.72 mmol) in 20 mL of dry DMF were added furanoid glycal 2 (0.42 g, 

3.6 mmol) and palladium acetate (8 mg, 0.036 mmol). The mixture was stirred for 24 h at 70° C 

under N2; the volatiles were then removed in vacuo. The resulting residue was purified utilizing 

silica gel column chromatography (1:1 hexanes/EtOAc) to give the desired product as a 

orange/red solid in 31% yield (0.26 g): Rf = 0.36 (1:1 hexanes/EtOAc); 1H NMR (CDCl3) δ 8.20 

(d, 2H), 7.01 (s, 2H), 6.65 (d, 1H), 6.01 (m, 1H), 6.05 (dd, 1H), 4.20 (t, 1H), 4.02 (m, 2H), 3.45 

(dd 1H) 3.20 (s, 6H), 2.35 (dd, 1H); 13C NMR (CDCl3)  213.0, 154.1, 140.3, 135.0, 128.5, 

126.1, 109.7, 107.5, 81.9, 74.5, 61.7, 45.0, 40.2. 

 

4-(Dimethylamino)-2-((2R,5R)-5-(hydroxymethyl)-4-oxotetrahydrofuran-2-yl)benzonitrile 

(6c) 

To a mixture of 5 (0.48 g, 3.0 mmol), sodium acetate (0.30 g, 3.6 mmol) and 

tributylamine (172 μL, 0.72 mmol) in 20 mL of dry DMF were added furanoid glycal 2 (0.42 g, 

3.6 mmol) and palladium acetate (8 mg, 0.036 mmol). The mixture was stirred for 24 h at 70° C 
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under N2; the volatiles were then removed in vacuo. The resulting residue was purified utilizing 

silica gel column chromatography (1:1 hexanes/EtOAc) to give the desired product as a 

orange/red solid in 29% yield (0.26 g): Rf = 0.38 ( 1:1 hexanes/EtOAc); 1H NMR (CDCl3) δ 7.50 

(d, 1H), 6.90 (s, 1H), 6.6 (d, 1H), 5.40 (dd, 1H), 4.15 (t, 1H), 4.02 (m, 2H), 3.10 (s, 6H) 3.00 (dd, 

1H), 2.55 (dd, 1H); 13C NMR (CDCl3)  212.6, 152.9, 144.6, 134.8, 120.1, 111.0, 109.0, 94.4, 

82.8, 76.6, 61.4, 45.1, 40.0. 

 

Synthesis of 2’-deoxy C-ribosides 

1,2-Dideoxy-1-β-(4-nitrophenyl)-D-ribofuranose (7a) 

Compound 6a (0.2 g, 0.80 mmol) was dissolved in dry CH3CN (8 mL) and glacial acetic 

acid (8 mL) under nitrogen atmosphere. The reaction mixture was cooled to 0 ºC, and sodium 

triacetoxyborohydride (0.24 g, 1.1 mmol) was added. After 10 min, the volatiles were removed 

in vacuo, and the residue was purified by silica gel flash chromatography using 9:1 

CH2Cl2/MeOH to afford the pure product as a white solid in 75% yield (0.19 g): Rf = 0.34 (9:1 

CH2Cl2/MeOH); 1H NMR (CDCl3) δ 8.34 (d, 2H), 7.70 (d, 2H), 5.40 (dd, 1H), 4.30 (m, 1H, 

H3′), 4.17 (m, 1H), 4.07 (m, 2H), 3.05 (ddd, 1H), 2.55 (ddd, 1H). 

 

1,2-Dideoxy-1-β-(5-(dimethylamino)-2-nitrophenyl)-D-ribofuranose (7b) 

Compound 6b (0.15 g, 0.53 mmol) was dissolved in dry CH3CN (6 mL) and glacial 

acetic acid (6 mL) under nitrogen atmosphere. The reaction mixture was cooled to 0 ºC, and 

sodium triacetoxyborohydride (0.16 g, 0.74 mmol) was added. After 10 min, the volatiles were 

removed in vacuo, and the residue was purified by silica gel flash chromatography using 9:1 

CH2Cl2/MeOH to afford the pure product as a yellow solid in 88% yield (0.13 g): Rf = 0.28 (9:1 
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CH2Cl2/MeOH); 1H NMR (CDCl3) δ 8.20 (d, 1H), 7.78 (m, 1H), 7.58 (m, 1H), 5.95 (dd, 1H, 

H3′), 4.35 (m, 1H), 4.1 (m, 1H), 3.95 (m, 1H) 3.15 (s, 6H), 3.15 (ddd, 1H), 2.75 (ddd, 1H); 13C 

NMR (CDCl3) δ 154.9, 142.6, 131.0, 128.5, 109.2, 107.6, 86.2, 72.4, 63.4, 45.8, 43.1, 40.4, 29.6.  

 

1,2-Dideoxy-1-β-(5-(dimethylamino)-2-cyanophenyl)-D-ribofuranose (7c) 

Compound 6c (0.15 g, 0.57 mmol) was dissolved in dry CH3CN (6 mL) and glacial acetic 

acid (6 mL) under nitrogen atmosphere. The reaction mixture was cooled to 0 ºC, and sodium 

triacetoxyborohydride (0.17 g, 0.77 mmol) was added. After 10 min, the volatiles were removed 

in vacuo, and the residue was purified by silica gel flash chromatography using 9:1 

CH2Cl2/MeOH to afford the pure product as a red solid in 74% yield (0.11 g): Rf = 0.30 (9:1 

CH2Cl2/MeOH); 1H NMR (CDCl3) δ 8.15 (d, 1H), 7.15 (d, 1H), 6.55 (dd 1H), 5.95 (dd, 1H), 

4.40 (m, 1H,), 4.10 (m, 1H), 3.91 (m, 2H), 3.05 (s, 6H),  2.75 (ddd, 1H), 1.95 (ddd, 1H); 13C 

NMR 152.5, 146.0, 135.2, 120.5, 110.5, 109.4, 94.3, 88.0, 79.6, 73.2, 63.1, 44.2, 40.0.  

 

Synthesis of 5-O-(dimethoxytrityl)-2-deoxy C-ribosides 

5-O-(Dimethoxytrityl)-1,2-dideoxy-1-β-(4-nitrophenyl)-D-ribofuranose (8a) 

To a solution of 7a (100 mg, 0.42 mmol) in anhydrous pyridine (5 mL), AgNO3 (126 mg, 

0.7 mmol) and dimethoxytrityl chloride (0.24 g, 0.7 mmol) were added. The reaction mixture 

was stirred for 6 h at room temperature. The solution was then poured into saturated aqueous 

NaHCO3 solution (15 mL), and the mixture was extracted with dichloromethane (3×30 mL). The 

combined organic extracts were dried over anhydrous Na2SO4, concentrated, and dried in vacuo. 

The resulting residue was purified using silica gel chromatography (3:2 hexanes/EtOAc + 3% 

TEA) to provide the desired product as a white foam in 43% yield (97 mg): Rf = 0.40 (3:2 
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hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3) δ 8.19 (m, 2H), 7.50-7.20 (m, 11H), 6.82 (m, 

4H), 5.25 (dd, 1H), 4.45 (m, 1H), 4.20 (m, 1H), 3.80 (s, 6H), 3.24-3.10 (m, 2H), 2.13 (ddd, 1H), 

1.95 (m, 1H,). 

 

5-O-(Dimethoxytrityl)-1,2-dideoxy-1-β-(5-(dimethylamino)-2-nitrophenyl)-D-ribofuranose 

(8b) 

To a solution of 7b (100 mg, 0.35 mmol) in anhydrous pyridine (4 mL), AgNO3 (105 mg, 

0.62 mmol) and dimethoxytrityl chloride (0.2 g, 0.62 mmol) were added. The reaction mixture 

was stirred for 6 h at room temperature. The solution was then poured into saturated aqueous 

NaHCO3 solution (15 mL), and the mixture was extracted with dichloromethane (3×30 mL). The 

combined organic extracts were dried over anhydrous Na2SO4, concentrated, and dried in vacuo. 

The resulting residue was purified using silica gel chromatography (3:2 hexanes/EtOAc + 3% 

TEA) to provide the desired product as a white foam in 52% yield (106 mg): Rf = 0.34 (3:2 

hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3) δ 8.2 (d, 1H), 7.5 (d, 1H) 7.38-7.10 (m, 11H), 

6.88 (d, 4H), 6.55 (d, 1H), 5.9 (dd, 1H) 4.45 (m, 1H), 4.25 (m, 1H), 3.61 (s, 6H), 3.45 (m, 2H), 

3.0 (s, 6H), 2.72 (ddd, 1H), 2.04 (m, 1H,). 

 

5-O-(Dimethoxytrityl)-1,2-dideoxy-1-β-(5-(dimethylamino)-2-cyanophenyl)-D-ribofuranose 

(8c) 

To a solution of 7c (100 mg, 0.38 mmol) in anhydrous pyridine (4 mL), AgNO3 (114 mg, 

0.64 mmol) and dimethoxytrityl chloride (0.22 g, 0.64 mmol) were added. The reaction mixture 

was stirred for 6 h at room temperature. The solution was then poured into saturated aqueous 

NaHCO3 solution (15 mL), and the mixture was extracted with dichloromethane (3×30 mL). The 
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combined organic extracts were dried over anhydrous Na2SO4, concentrated, and dried in vacuo. 

The resulting residue was purified using silica gel chromatography (3:2 hexanes/EtOAc + 3% 

TEA) to provide the desired product as a white foam in 46% yield (99 mg): Rf = 0.39 (3:2 

hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3) δ 7.50 (d, 1H), 7.38-7.20 (m, 11H), 7.0 (s, 1H), 

6.82 (m, 4H), 5.45 (dd, 1H), 4.49 (m, 1H), 4.12 (m, 1H), 3.80 (s, 6H), 3.45 (dd, 1H), 3.35 (dd, 

1H), 2.9 (s, 6H), 2.54 (ddd, 1H), 2.05 (m, 1H,). 

 

Synthesis of Phosphoramidites 

3-O-(2-Cyanoethyl-N,N-diisopropylphosphoramidite)-5-O-(dimethoxytrityl)-1,2-dideoxy-1-

β-(4-nitrophenyl)-D-ribofuranose (9a) 

To a solution of 8a (0.08 g, 0.14 mmol) in dry CH2Cl2 (4 mL) were added dry 

triethylamine (56 μL, 0.43 mmol) and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (61 

μL, 0.29 mmol). After 1 h stirring at room temperature, the reaction mixture was diluted with 

CH2Cl2 (15 mL) and was washed sequentially with sat aq NaHCO3 solution and sat aq NaCl 

solution. The organic portion was dried over anhydrous Na2SO4 and was then concentrated in 

vacuo. The resulting residue was purified using flash silica gel column chromatography (3:1 

hexanes/EtOAc +3% TEA). The desired product was obtained as a white foam in 81% yield (84 

mg): Rf = 0.48 (3:1 hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3, two diastereoisomers) δ 7.63 

-7.18 (m, 13H), 6.88- 6.83 (m, 4H), 5.32-5.27 (m, 1H), 4.60-4.55 (m, 1H), 4.41-4.31 (m, 1H), 

3.90-3.72 (m, 2H), 3.83/3.82 (diastereoisomer, s, 6H), 3.68-3.58 (m, 2H), 3.46-3.30 (m, 2H), 

2.66/2.50 (diastereoisomer, t, 2H), 2.57-2.42 (m, 1H), 2.08-1.98 (m, 1H), 1.29-1.13 (m, 12H). 
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3-O-(2-Cyanoethyl-N,N-diisopropylphosphoramidite)-5-O-(Dimethoxytrityl)-1,2-dideoxy-1-

β-(5-(dimethylamino)-2-nitrophenyl)-D-ribofuranose (9b) 

To a solution of 8b (0.05 g, 0.09 mmol) in dry CH2Cl2 (2.5 mL) were added dry 

triethylamine (35 μL, 0.27 mmol) and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (38 

μL, 0.27 mmol). After 1 h stirring at room temperature, the reaction mixture was diluted with 

CH2Cl2 (15 mL) and was washed sequentially with sat aq NaHCO3 solution and sat aq NaCl 

solution. The organic portion was dried over anhydrous Na2SO4 and was then concentrated in 

vacuo. The resulting residue was purified using flash silica gel column chromatography (3:1 

hexanes/EtOAc +3% TEA). The desired product was obtained as a white foam in 70% yield (49 

mg): Rf = 0.40 (3:1 hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3, two diastereoisomers) δ 8.20 

(d, 1H), 7.75 (m, 1H), 7.50 -7.15 (m, 13H), 6.85 (m, 4H), 5.92 (m, 1H), 4.42 (m, 1H), 4.29-4.15 

(m, 1H), 3.83/3.82 (diastereoisomer, s, 6H),  3.49-3.40 (m, 2H), 3.33 (m 1H), 3.12 (m, 1H), 2.98 

(s, 6H), 2.74 (m, 1H), 2.08-1.98 (m, 1H), 1.40-1.17 (m, 12H). 

 

3-O-(2-Cyanoethyl-N,N-diisopropylphosphoramidite)-5-O-(Dimethoxytrityl)-1,2-dideoxy-1-

β-(5-(dimethylamino)-2-cyanophenyl)-D-ribofuranose (9c) 

To a solution of 8c (0.05 g, 0.08 mmol) in dry CH2Cl2 (2.5 mL) were added dry 

triethylamine (32 μL, 0.24 mmol) and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (35 

μL, 0.17 mmol). After 1 h stirring at room temperature, the reaction mixture was diluted with 

CH2Cl2 (15 mL) and was washed sequentially with sat aq NaHCO3 solution and sat aq NaCl 

solution. The organic portion was dried over anhydrous Na2SO4 and was then concentrated in 

vacuo. The resulting residue was purified using flash silica gel column chromatography (3:1 

hexanes/EtOAc +3% TEA). The desired product was obtained as a white foam in 81% yield (50 
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mg): Rf = 0.42 (3:1 hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3, two diastereoisomers) δ 7.5 

(s, 1H) 7.35 -7.18 (m, 13H), 6.88- 6.83 (m, 4H), 6.55 (m, 1H), 6.24 (s, 1H), 5.30-5.27 (m, 1H), 

4.22 (m, 1H), 4.10-4.4.04 (m, 2H), 3.90-3.82 (m, 2H), 3.83/3.82 (diastereoisomer, s, 6H), 3.79 

(m, 2H), 3.30-3.20 (m, 2H), 3.05 (s, 6H), 2.7 (diastereoisomer, t, 2H), 2.6 (m, 1H), 2.08-1.98 (m, 

1H), 1.40 (m, 12H). 

 

General Procedure for Solid Phase DNA Synthesis and Purification 

DNA oligomers were synthesized on Applied Biosystems 391 DNA synthesizer using 

standard phosphoramidite chemistry. Commercial phosphoramidites dG-CE, dC-CE, dA, dT-CE 

were purchased from Glen Research. DNA oligomers were prepared on a 0.2 μmol scale using 

dA-CPG columns also purchased from Glen Research. Coupling steps were doubled and 

coupling times increased to 20 min for non-natural phosphoramidites to maximize synthetic 

efficiency. DNA oligomers were cleaved from CPG and deprotected overnight using conc. 

NH4OH at 55 °C.  

Crude oligomers were purified using preparative gel electrophoresis. The gel used was 

20% polyacrylamide gel with 7.5 M urea for denaturing oligomers. This solution was prepared 

using the following procedure: to a 2000 mL beaker was added 500 mL of 40% acrylamide 

solution, a 1X package of TBE buffer, and 450 g of urea. The mixture was stirred and heated 

gently until the urea had completely dissolved and then diluted to 1 L of total solution. The 

solution was filtered through a 0.45 μm nylon filter.  

Polymerization of the acrylamide was initiated with addition of 50 μL of TEMED and 1 

mL of 10% ammonium persulfate solution. Crude DNA oligomers were dissolved in 200 μL of 

loading buffer (98% formamide and 2% 0.5 M EDTA). DNA load buffer solutions were dyed 
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with a mixture of xylene cyanol FF and bromophenol blue and DNA gels were allowed to run 

until the bromophenol blue had made it near the bottom of the plate. The DNA was visualized 

using UV and the gel slices were cut from the gel. Gel slices were electroeluted to remove the 

DNA and the resulting solution was desalted using C-18 Sep-pak columns. After drying the 

DNA oligomers, they were dissolved in sufficient water to put their concentrations between 50-

100 μM.  

 

Quantitation of DNA Oligomers 

DNA concentrations were measured by UV at 260 nm. The molar absorptivity for the 

DNA oligomer was calculated as a summation of the molar absorptivities of all residues in an 

oligomer. The values used for the natural nucleobases were as follows: G=11,700, C=7,300, A-

15,400, T-8,800 L/mol·cm.  

To determine the molar absorptivities of non-natural residues, dilute solutions (around 1 

mM) in ACN of dihydroxy nucleosides 7a-7c. The absorbance of these solutions were measured 

at 260 nm and molar absorptivities of the residues were determined according to Beer’s Law 𝐴 =

𝜀𝑏𝑐 where A is absorbance, ε is molar absorptivity, b is path length of the cell, and c is the 

concentration of the solution. These values are shown below.  

 

Residue Molar absorptivity 

NO2Ph 6450 

DANB 7300 

DABN 6800 
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Thermal Denaturation Experiments 

Thermal denaturations were conducted using DU-800 UV-Vis Spectrophotometer fitted 

with a Peltier-heated multicell holder and an external, computer driven temperature control unit. 

DNA oligomers and their complementary sequences (4 μM of each oligomer) in 1X PES buffer 

solution. Samples were annealed in 95 °C and cooled as slowly as possible. Thermal 

denaturations were done from 20 °C to 70 °C at a rate of 0.5 °C/min. Thermal denaturations were 

recorded at 260 nm. Tm experiments were performed three times at a minimum, and the resulting 

curves were fitted using MeltWin 3.5 software to provide Tm values.  
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CHAPTER IV 

HALOGEN BONDING BETWEEN NON-NATURAL NUCLEOSIDES IN DNA DUPLEXES 

Introduction 

 Chapter I introduced the potential for weak, non-covalent interactions other than 

hydrogen bonding to act as stabilizing forces in non-natural DNA duplexes. One interaction 

which has become of interest in biochemical applications is halogen bonding. Halogen bonding 

(Figure 4.1) is an interaction that is analogous to hydrogen bonding, and occurs whenever a net 

electrostatic attraction is observed between a halogen (generally only Cl, Br, and I) and an 

electron rich, Lewis base (another halogen or other electron rich heteroatoms/functional groups 

or anions).1 This interaction seems counterintuitive because halogens are electronegative/electron 

rich themselves, and therefore generally thought of as electron donors rather than deficient 

acceptors. However, halogens exhibit an interesting property when covalently bound to another 

atom: the surface of the halogen contains an electropositive patch on the axis of the C-X bond, at 

the “crown” of the halogen (Figure 4.2). This electropositive crown (often called a “σ-hole”) 

represents a region on the surface of the halogen into which electron density can be donated.2 

 Although historically many electron donor/acceptor observations were consistent with 

what is now understood to be a halogen bond, the interaction has only recently been 

characterized and recognized.1 For example, in 1950, Mulliken3 published a paper attempting to 

rationalize the previously made observations that iodine (I2) crystals will form a reddish-brown 

solution when dissolved in polar solvents, but when dissolved in hydrophobic solvents the  
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Figure 4.1: Schematic representation of a halogen bond 

(X: F, Cl, Br, I, Y: N, O, S, Cl, Br, I).
2
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Figure 4.2: ESP maps of dihalogens showing σ-hole at the crown 

of halogen. Generated using Spartan ’14. 

F-F Cl-Cl Br-Br I-I 
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solution remains a violet/purple color, much like the color of I2 vapor. Chemists knew the color 

change suggested the possibility of an electron transfer or complex formation taking place in 

solution. Mulliken collected UV absorbance data on solutions with I2 dissolved in ethers, 

alcohols, aromatics (benzene and pyridine), and dioxane and found their λmax significantly blue-

shifted when compared to the absorbance of gaseous I2, or I2 dissolved in aliphatic hydrocarbons 

like heptane.3 Mulliken hypothesized the formation of a 1:1 complex between the dihalogen and 

the heteroatomic solvents. Two years later, Mulliken discussed these results as suggesting the 

existence of a sub-class of the electron acceptor-donor effect.4 

 In the same decade, Hassel5 described the crystal structure of bromine 1,4-dioxanate 

complex (Figure 4.3) as a 1:1 repeating unit. They showed the Br-Br-O bond angle is roughly 

180°. The Br-Br bond of the Br2 was longer than that observed in free Br2, and the Br-O bond 

was shorter than the sum of their atomic radii. Hassel6, 7 later showed similar crystal structures 

between dihalogens Br2 and Cl2 and benzene, where the π-system of the benzene was working as 

the electron donor. Even with these observations, the electrophilic properties of halogens were 

still not recognized as providing the basis for a predictable intermolecular force in the gas, liquid, 

or solid state. However, with the rise of computational technology, the anisotropic nature of the 

electronic distribution about a monovalent halogen was modeled, describing the σ-hole, a region 

of electropositivity on the halogen’s crown.8 This advance was critical in generating interest and 

subsequent research on exploiting this unique interaction.  

 One area in which halogen bonding has received substantial attention is the field of 

supramolecular chemistry, especially as being used to drive molecular self-assembly in the solid 

state.9, 10 However, halogen bonding has also demonstrated in solution.11, 12 In fact, halogen 

bonding has been compared to hydrogen bonding in its role in the assembly of organic molecules   
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Figure 4.3: Hassel’s models of Br2-dioxanate and Br2-

benzene complexes developed from crystallographic data.
2
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in solution, and has even been shown to be the stronger driving force in certain systems.13 

 The research of halogen bonding in the context of biomolecules did not really begin until 

the 21st century. Closer than predicted Br-O interactions were reported in proteins and nucleic 

acids in the early 2000’s.14, 15 Around the same time, Seela and coworkers16-19 published work on 

the synthesis and stability of DNA duplexes containing various halogenated pyrazolopyrimidine 

and 7-deazaxanthosine non-natural residues. They found these residues can sometimes stabilize 

DNA duplexes relative to native DNA. However, they did not design residues with constructive 

halogen bonding in mind or make any mention of halogen bonding. In 2012, Parker and 

coworkers20 published a computational study analyzing modified natural nucleobases designed to 

halogen bond in DNA duplexes. They replaced protons on the aromatic residues with each of the 

three heavier halogens (Cl, Br, I, Figure 4.4) and calculated the interaction energies (Eint) for 

each of the duplexes. They found that the halogenated base pairs that had Eint values closest to 

that of the natural nucleobases were monobrominated GC and AT base pairs.20 They rationalized 

that bromine was potentially the best tuned for applications in biochemical systems, given that it 

has a big enough σ-hole to accept electron density from a Lewis base, but is also not as sterically 

demanding is iodine. A more recent study by Kolar and Tabirrini21 analyzed nucleic acid 

complexes and identified halogen bonding in a handful of known complexes and noted that the 

most likely halogen bond acceptor in nucleic acid complexes is the oxygen of the phosphate 

backbone. 

 The last decade has seen strides in the application of biochemically relevant halogen 

bonding in medicinal chemistry22, 23 as a force binding ligands to receptors24, 25 and in  
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Figure 4.4: Halogenated nucleobases analyzed by Parker
16

. Single, 

double, and triple substitutions were made to compare with natural 

nucleobases X: H, Cl, Br, I 
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peptide/protein engineering.26-29 To my knowledge, no study on the targeted synthesis and 

biophysical analysis of halogen-bond pairing DNA duplexes have been reported in the literature.  

 

Design/synthesis of novel halogen-substituted phenyl nucleosides 

 Previously, the Woski lab30 had synthesized a set of p-halogenated phenyl non-natural 

nucleosides (PhX, Figure 4.5) as part of a larger set of nucleosides used to study the effect of 

dipole moment (and other parameters) on the stability of non-natural DNA duplexes (the same 

sequence was used in this study). These non-natural residues were synthesized again for this 

study, this time pairing each residue against each of the other PhX residues to determine if a 

stabilizing halogen bonding interaction could be observed. These nucleosides were synthesized 

using the same synthetic approach for C-nucleosides as described in Chapter III. The DNA 

oligomers, and their complements, were also made using the same procedures and techniques.  

 Given the previous observations regarding the stabilizing halogen bonding interactions 

between halogens and ether oxygens3-5 the p-OCH3 phenyl (OMePh, Figure 4.6) nucleoside was 

also synthesized. Previously published work by Nemec and coworkers31 also suggested the 

possibility of halogen bond interactions between halogens and the oxygens of nitro groups, so 

the p-NO2 phenyl residue (NO2Ph) will also be tested against the PhX residues. These will be 

synthesized with the same strategy as all other C-nucleosides in this dissertation.  

 Finally, to optimize the geometry and spacing of the halogen bonding residues in non-

natural DNA, 3,5-dibromo phenyl nucleoside as a halogen bond donor residue (DBPh, Figure 

4.6) was synthesized and incorporated into DNA. This residue was paired with 3,5-dimethoxy 

phenyl and 3-pyridyl nucleosides as halogen bond accepting residues (DMPh, 3-Py, Figure 4.6)  
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Figure 4.5: Halogenated- phenyl nucleobases X: F, Cl, Br, I. 
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Figure 4.6: Other residues designed for this study. Clockwise from top 

left: NO2Ph, OMePh, DMPh, 3-Pyr, DBPh.  
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in DNA duplexes. The relative stabilities and thermodynamics of these duplexes were analyzed. 

Again, these nucleosides were made using the same synthetic route as the others.  

To make the aryl iodide necessary for the DMPh nucleoside, iodination of 3,5-

dimethoxyaniline was carried out (Scheme 4.1). Additionally, 1,3,5-tribromobenzene was used 

for coupling with glycal 2 to make the DBPh nucleoside. Aryl bromides are not generally as 

reactive as iodides towards Heck arylation, therefore the latter reaction was performed at a 

higher temperature than with the aryl iodides (85 °C, Scheme 4.2). This afforded the desired 

product albeit in a very low yield. 

 

Stability of DNA duplexes containing p-halogenated phenyl base pairs 

 The PhX residues were previously30 paired against the unsubstituted phenyl (Ph) residue 

(Table 4.1). These results showed a correlation between the stability of the duplex and factors 

such as electron densities, polarizabilities and the magnitudes of the dipole moments. The 

present study compares data from these experiments as controls to the experiments pairing p-

halogenated phenyl residues with each other (Table 4.1, Figure 4.7). 

 To determine if the geometry of the pairing made sense in the context of DNA, models in 

Spartan ’14 were made of the PhX pairs in trimer duplexes (Figures 4.8-4.17). These models 

show that the alignment of the para halogens in duplexes presents the possibility for the σ-hole 

of one of the halogens to be exposed to the electron “belt” around the pairing halogen. The 

directionality in these models seems to indicate a constructive halogen bond might be observed.  

 The results of the thermal denaturation experiments show that, in large part, the stability 

of the DNA duplexes suffer when the addition of second halogen is made in the para position on  
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Scheme 4.1: Iodination of 3,5-dimethoxyaniline. a) Conc. HCl, NaNO2, 0 

°C 15 min. KI 0 °C → RT overnight.  
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Scheme 4.2: Heck arylation of furanoid glycal with 1,3,5-

tribromobenzene 2. a) Pd(OAc)2, Bu3N, NaOAc, 1,3,5-tribromobenzene 

in DMF at 65-75 °C overnight.  
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Table 4.1: Tm values of PhX paired duplexes and PhX-Ph duplexes. * 

values from Liu.
30

 

5’-TGT-ACG-X-CAC-AAC-TA-3’ 

3’-ACA-TGC-Y-GTG-TTG-AT-5’ 
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Figure 4.7: Tm values of duplex DNA’s containing PhX-PhX pairs. 
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Figure 4.8: Trimer model of PhF-PhF pair.  
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Figure 4.9: Trimer model of PhF-PhCl pair.  
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Figure 4.10: Trimer model of PhF-PhBr pair.  
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Figure 4.11: Trimer model of PhF-PhI pair.  
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Figure 4.12: Trimer model of PhCl-PhCl pair.  
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Figure 4.13: Trimer model of PhCl-PhBr pair.  
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Figure 4.14: Trimer model of PhCl-PhI pair.  
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Figure 4.15: Trimer model of PhBr-PhBr pair.  
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Figure 4.16: Trimer model of PhBr-PhI pair.  
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Figure 4.17: Trimer model of PhI-PhI pair.  
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the paired phenyl residue. Figure 4.7 highlights the selectivity that the PhF, PhBr, and PhI 

residues have towards Ph rather than other halogens. However, the p-chlorophenyl (PhCl) 

residue does seem to have an unusually high self-pair stability compared to the other 

combinations: this self-pair (Tm = 49.3 °C) is more stable than its pair with Ph (Tm = 48.6 °C). In 

addition, the PhCl seems to behave differently than any of the other halogenated residues. 

Because the size, electronegativity and polarizability of the chlorine are intermediate between F 

and Br, one might expect that the PhCl pairs would be intermediate in stability as well. However, 

not only is the PhCl-PhCl pair an unusually stable combination, combinations of PhCl with any 

PhX were generally the most stable. The exception is the PhI-PhI pair which has a Tm value 0.2 

°C higher than the PhI-PhCl pair. Other investigators have computationally analyzed the possible 

Cl-Cl self-halogen bond.32 These results showed that the strength of the halogen bond is highly 

dependent on the nature of the R group bound to the chlorine; electron withdrawing groups 

increase the electropositivity of the σ-hole cavity on the surface of the halogen, while electron 

donors will decrease the electropositivity. The strength of the interaction can be tuned, 

potentially allowing for the design of heteroatomic aromatic residues that withdraw density from 

the halogen (see Chapter V, possibilities for future study). 

Beyond the unusual stability of the PhCl self-pair, there was one other tendency apparent 

in these results: the duplexes generally were more stable as the sizes of the pairing halogens 

increased. For example, the least stable of all duplexes is the p-fluorophenyl (PhF) self-pair, 

while the strongest (again, barring the PhCl self-pair) is the p-iodophenyl (PhI) self-pair. This is 

interesting, because steric interactions were one possible way to rationalize why most PhX pairs 

are less stable than PhX-Ph pairs. Based on simple model building, it was hypothesized the p-

bromophenyl (PhBr) self-pair or PhBr-PhI cross pair would be the most stable combination due 
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to a match in atomic radii. However, sterics cannot explain the observed trend of increased 

stabilites with increased halogen sizes. The data instead point to a combination of factors 

potentially including size, geometry, and polarizability.  

Finally, the fact that the unsubstituted phenyl residue produces the most stable pairing 

with three of the four halogenated residues is a curious observation. One hypothesis to explain 

this is that hydrophobic effects may be stabilizing the PhX-Ph pairs. If this is the case, the phenyl 

residue may not be a completely innocent choice as a control. Alternative hypotheses also 

include a destabilization of the halogenated phenyl pairs by placing the negative ends of the 

aromatic residue dipoles near each other in a base-paired geometry. This latter notion is made 

less likely due to the unusual stability of the PhCl self-pair; however, this case may be the only 

one with enough favorable interactions to overcome a destabilizing dipole-dipole interaction.  

 

Stability of DNA duplexes containing PhX residues paired with NO2Ph and OMePh residues 

 The next attempts to observe a stabilizing halogen bond interaction in DNA duplexes 

paired the PhX residues with the NO2Ph and OMePh residues. Figures 4.18-4.25 show trimer 

models of these nonnatural base pairs. These models show that one oxygen of the nitro group 

and the oxygen of the methoxy group could contact a para-halogen atom, particularly one of the 

larger halogens. Given the greater basicity of oxygen, it is possible that these combinations may 

provide good donors for a favorable halogen bonding interaction. 

 Thermal denaturations of these pairs (Table 4.2, Figure 4.26) showed Tm’s higher than 

when paired with Ph and when paired with any of the PhX residues. The data also showed 

several interesting trends. For example, the PhF and PhCl residues show similar Tm values when  
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Figure 4.18: Trimer model of NO2Ph-PhF pair.  
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Figure 4.19: Trimer model of NO2Ph-PhCl pair.  
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Figure 4.20: Trimer model of NO2Ph-PhBr pair.  
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Figure 4.21: Trimer model of NO2Ph-PhI pair.  
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Figure 4.22: Trimer model of OMePh-PhF pair.  
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Figure 4.23: Trimer model of OMePh-PhCl pair.  
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Figure 4.24: Trimer model of OMePh-PhBr pair.  
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Figure 4.25: Trimer model of OMePh-PhI pair.  
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Table 4.2: Tm and thermodynamic data for PhX paired with NO2Ph and 

OMePh duplexes and PhX-Ph duplexes (* values from Liu
30

). 

5’-TGT-ACG-X-CAC-AAC-TA-3’ 

3’-ACA-TGC-Y-GTG-TTG-AT-5’ 
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5’-TGT-ACG-X-CAC-AAC-TA-3’ 

3’-ACA-TGC-Y-GTG-TTG-AT-5’ 

Figure 4.26: Tm values of duplex DNA’s containing PhX paired with 

NO2Ph and OMePh. 
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paired with NO2Ph and were the most destabilized combinations. PhF and PhCl residues also 

show similar Tm values when each is paired with OMePh, but these are more stable. Fluorines 

are not commonly cited as forming halogen bonding interactions, but there is some literature to 

support such a role for chlorines.7, 32. These data suggest that the close approach of the more 

electronegative fluorine and chlorine atoms to an electronegative oxygen is unfavorable. Since 

the oxygen of the nitro group should be closer to the halogen atom than that of the methoxy 

group, it makes sense that the OMePh pairs were more stable.  

PhBr and PhI produced more stable pairs than the smaller halogens. In both cases, the 

methoxy group produced the more stable pairing partner. This result is consistent with previous 

research20 and was anticipated in this study. Notably, Meltwin software generates 

thermodynamic parameters (∆H and ∆S ) from the fits of thermal denaturation data.33 The ∆G 

value for each of the duplexes was calculated at 25 °C (298 K) using the equation ∆G = ∆H -

T∆S, and compared to the values reported previously for the PhX-Ph pairings.30 The PhX-Ph free 

energy values were centered around -15 kcal/mol. Data for PhX-NO2Ph and PhX-OMePh pairing 

showed around 2-3 kcal/mol can be gained when pairing PhX with a halogen bond donor. The 

most stable PhX pair with a halogen bond accepting residue is the PhBr-OMePh pair, which was 

3.5 kcal/mol more stable than when paired with Ph. However, although the differences in Tm are 

small, a difference of about 3.5 kcal/mol is significant enough to suggest the possibility of a 

stabilizing halogen bond taking place in this duplex.  
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Thermodynamics of DNA duplexes containing 3,5-dibromo phenyl residue 

 The trimer model of the OMePh-PhBr pair suggest that the geometry of the proposed 

halogen bond deviates from the ideal O—Br—C angle of 180° (Fig. 4.24). To try to optimize the 

geometry of a halogen bond another pair of residues was designed. The halogen bond donor is 

the 3,5-dibromophenyl residue (DBPh), and the acceptors are 3,5-dimethoxyphenyl (DMPh) and 

3-pyridyl. The DBPh residue points a bromine more directly at the base pairing partner rather 

than into the major groove. In addition, the incorporation of bromines at both meta-positions 

eliminates any issue with the glycosidic conformation. The potential acceptors place the Lewis 

basic atoms (oxygen for DMPh and nitrogen for 3-pyridyl) at a position where a 180° geometry 

is accessible. Figures 4.27-4.29 are trimer models confirming how this placement brings the 

halogen bond donor and acceptor sites of the residues closer together and decidedly within the 

core of the DNA duplex. The DBPh-3-Pyr duplex (Figure 4.29), in particular, seems to show an 

excellent opportunity for a halogen bond interaction between the σ-hole of the bromine and the 

lone pair on the aromatic nitrogen of 3-Pyr.  

 Thermal denaturations of these pairs (Table 4.3) showed a decent gain in stability when 

moving from Ph containing duplexes to those possessing the possibility for a halogen bond; these 

duplexes are anywhere between 2-3 °C more stable and are more energetically favorable. 

Changing the substitution of the phenyl, and therefore the orientation/geometry, of the residues 

seemed to have little impact on the resulting stability. The PhBr-OMePh pair (Tm = 52.4 °C, ∆G 

= -18.9 kcal/mol) is almost identical to the corresponding DBPh-DMPh pair (Tm = 52.3 °C, ∆G = 

-19.0 kcal/mol). However, the DBPh-3-Pyr pair is slightly more stable than those two pairs (Tm = 

52.9 °C, ∆G = -19.2 kcal/mol). The DBPh-3-Pyr pairing was 5.0 kcal/mol more stable than the 

control, 3-Pyr-Ph. 
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Figure 4.27: Trimer model of DBPh-Ph pair.  
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Figure 4.28: Trimer model of DBPh-OMePh pair.  
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Figure 4.29: Trimer model of DBPh-3-Pyr pair.  
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Table 4.3: Tm and thermodynamic data for DBPh paired with DMPh, 3-

Pyr, and Ph.  

5’-TGT-ACG-X-CAC-AAC-TA-3’ 

3’-ACA-TGC-Y-GTG-TTG-AT-5’ 
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Conclusions 

 DNA duplexes which had PhX-PhX pairs suffered from a lack of stability relative to 

PhX-Ph pairs for the most part. This result suggests that, in the context of DNA, halogen 

bonding interactions may not be as strong between halogens as they are between halogens and 

some electron rich, heteroatomic functional group.  

 The next iteration of pairs tested for evidence of constructive halogen bonding was much 

more fruitful. Clearly a net stabilizing interaction between the halogens of the PhX residues and 

the Lewis basic OMe and NO2 sites of NO2Ph and OMePh was observed when compared to 

PhX-Ph pairs. While the PhF and PhCl residues had similar stabilities, the PhBr was the 

strongest when paired with these residues and PhI operated in the middle ground. This 

observation led to the subsequent design and synthesis of the residues in the next iteration of 

base pairs for this study. In the future, other potential halogen bond acceptors like an the π-

electrons of an alkyne or carbonyl groups could be analyzed in the para position and tested 

against the PhX residues. 

 The final iteration of base residues saw the further optimization of the geometry and 

spacing of the halogen bond donor and acceptors in the DNA duplex. The meta positions pointed 

the interacting groups more inwardly and towards each other based on modeling of the duplexes. 

The results showed that there was a slight increase in stability of these duplexes when compared 

to those of the previous iteration, though the differences are small enough that it is difficult to 

say how much of the change in ∆G can be attributed to a halogen bond. One further step this 

optimization could go would be to place electron withdrawing groups para to the bromine, 

further increasing the electrophilicity of its σ-hole. A similar idea was demonstrated in Chapter 

III; the DANB and DABN residues had two substitutions para to one another, one electron 
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withdrawing and the other donating, and the net consequence was a stronger dipole moment 

across the residue. If this can be ported to the design of halogen bond donating/accepting 

residues, the halogen bonding in DNA duplexes can be tuned even more finely than perhaps 

previously imagined.  

 The results for the putative halogen bonding pairs can be compared with the data for the 

canonical hydrogen-bonded Watson-Crick pairings and mismatches (Table 4.4). None of the 

pairings with possible halogen bonding proved to be as stable as the duplex with the weaker 

AT/TA Watson-Crick pairs. However, the data show that pairs with a single halogen bond 

produce duplexes that are approximately as stable as the least destabilizing mismatches such as 

G-G, G-A and T-G that can form only one or two hydrogen bonds. This suggests that halogen 

bonding is a viable route for an attractive base pairing interaction. 
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Table 4.4: Tm and thermodynamic data for canonical Watson-Crick 

nucleobases in duplex DNA. 

5’-TGT-ACG-X-CAC-AAC-TA-3’ 

3’-ACA-TGC-Y-GTG-TTG-AT-5’ 
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Experimental 

All solvents and reagents were purchased from commercial sources. All water and air-

sensitive reactions were conducted under nitrogen atmosphere with oven-dried glassware. 

Reactions were monitored and compounds characterized by thin-layer chromatography (TLC) 

using commercially purchased silica plates. TLC plates were evaluated under UV light and when 

necessary were stained with phosphomolybdic acid solution. Flash-chromatography was used to 

purify all compounds unless otherwise noted. Silica used in chromatography was purchased 

commercially. 1H NMR were collected on Bruker AM-360 spectrometer. Chemical shifts are 

reported in ppm from the internal standard trimethylsilane. MALDI-TOF data was collected on a 

Bruker RapifleX mass spectrometer. The matrix used was 2,4,6-trihydroxyacetophenone 

saturated in 100 mM diammonium citrate dissolved in 1:1 water:methanol. DNA oligomers were 

synthesized using Applied Biosystems 391 DNA synthesizer. Coupling times and amounts were 

doubled for non-natural residues to maximize coupling. Crude DNA oligomers were purified via 

preparative gel electrophoresis on 20% polyacrylamide gels with 7.5 M urea as a denaturing 

agent. Isolated gel slices containing the DNA oligomers were electroeluted from the gel using 

1X TBE buffer (2 mM EDTA, 89 mM borate, 89 mM tris, pH 8.3). DNA oligomers were 

quantitated by measuring absorbance at 260 nm using a Beckman DU-800 spectrophotometer. 

The following values were used as extinction coefficients for the natural residues:  

G= 11,700 L/mol·cm,  

C= 7,300 L/mol·cm,  

A= 15,400 L/mol·cm,  

T= 8,800 L/mol·cm. 
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Synthesis of aryl iodide 

1-Iodo-3,5-dimethoxybenzene (10) 

To a flask charged with 30 mL of conc. HCl was added 0.4 g of 3,5-dimethoxyaniline (Sigma-

Aldrich, 2.5 mmol). The solution was stirred at RT for 30 min. The solution was then cooled to 0 

°C, and 0.19 g NaNO2 was added slowly. The resulting solution was stirred at 0 °C for an 

additional 15 min. Then 100 mL of a 0.27 M aqueous KI solution was added slowly to the flask. 

The solution was taken out of the ice bath and allowed to warm to RT and stir overnight. 

Solution was then extracted with 30-mL portions of EtOAc (3x). The resulting residue was 

purified using flash silica gel column chromatography (4:1 hexanes/EtOAc). The desired product 

was obtained as a white solid in 81% yield (0.53 g): Rf = 0.75 (4:1 hexanes/EtOAc); 1H NMR 

(CDCl3) δ 6.93 (d, 2H) 6.45 (t, 1 H) 3.82 (s, 6H).  

 

Synthesis of Furanoid Glycal 

1,4-Anhydro-3,5-bis-O-(trimethylsilyl)-2-deoxy-D-erythro-pent-1-enitol (1a) 

Thymidine (3.00 g, 12.4 mmol) was introduced to a dry flask under nitrogen atmosphere. HMDS 

(60 mL) was added, and the solid did not dissolve until after the addition of (NH4)2SO4 (3.2 g, 

24.8 mmol). The solution was refluxed for 2 h, being careful not to permit the oil bath 

temperature to exceed 135° C. The solution turned a deep brown. The HMDS was evaporated 

under reduced pressure, and the residue was partitioned between water and cyclohexane. The 

organic phase was washed with aqueous NaHCO3 and then distilled water. It was dried over 

anhydrous Na2SO4 and evaporated under reduced pressure to give a brown oil. The crude oil was 

purified by alumina column chromatography using 7:1 hexanes/ether to produce 1a as an orange 
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oil in 52% yield (1.68 g). Rf = 0.74 (7:1 hexanes/ether); 1H NMR (CDCl3) δ 6.62 (d, 1H), 5.14 

(t, 1H), 4.93 (m, 1H), 4.44 (dt, 1H), 3.78 (dd, 1H), 3.56 (dd, 1H), 0.27, 0.25 (2s, 18H).  

 

(2R,3S)-2-(Hydroxymethyl)-2,3-dihydrofuran-3-ol (2) 

Compound 1a (1.0 g 3.84 mmol) was dissolved in 0.05 M K2CO3 in methanol (20 mL/g of 1a) 

and stirred at room temperature for twenty minutes. The methanol was evaporated under reduced 

pressure, and the residue was purified by silica column chromatography using 9:1 

CH2Cl2/CH3OH to produce the desired product 2 as a clear oil in quantitative yield (0.45 g). Rf= 

0.48 (CH2Cl2/CH3OH) 1H NMR (CDCl3) δ 6.63 (d, 1H), 5.26 (t, 1H), 4.79 (br, 1H), 4.48 (dt, 

1H), 3.75 (dd, 1H), 3.65 (dd, 1H). 

 

Synthesis of 2’-deoxy-3’-keto C-ribosides 

(2R,5R)-5-(4-Fluorophenyl)-dihydro-2-(hydroxymethyl)furan-3(2H)-one (11a) 

To a mixture of 1-fluoro-4-iodobenzene (Sigma-Aldrich, 0.31 g, 1.4 mmol), sodium acetate (0.12 

g, 1.4 mmol) and tributylamine (67 μL, 0.28 mmol) in 6 mL of dry DMF were added furanoid 

glycal 2 (0.16 g, 1.2 mmol) and palladium acetate (3 mg, 0.014 mmol). The mixture was stirred 

for 24 h at 70° C under N2; the volatiles were then removed in vacuo. The resulting residue was 

purified utilizing silica gel column chromatography (1:1 hexanes/EtOAc) to give the desired 

product as a yellow solid in 32% yield (0.095 g): Rf = 0.29 (1:1 hexanes/EtOAc); 1H NMR 

(CDCl3) δ 7.42 (m, 2H), 7.11 (m, 2H), 5.23 (dd, 1H), 4.08 (t, 1H), 4.00 (d, 2H), 2.87 (dd, 1H), 

2.48 (dd, 1H). 
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(2R,5R)-5-(4-Chlorophenyl)-dihydro-2-(hydroxymethyl)furan-3(2H)-one (11b) 

To a mixture of 1-chloro-4-iodobenzene (Sigma-Aldrich, 1.11 g, 4.7 mmol), sodium acetate 

(0.39 g, 4.7 mmol) and tributylamine (220 μL, 0.93 mmol) in 30 mL of dry DMF were added 

furanoid glycal 2 (0.65 g, 5.6 mmol) and palladium acetate (10 mg, 0.046 mmol). The mixture 

was stirred for 24 h at 70° C under N2; the volatiles were then removed in vacuo. The resulting 

residue was purified utilizing silica gel column chromatography (1:1 hexanes/EtOAc) to give the 

desired product as a white solid in 47% yield (0.50 g): Rf = 0.53 (1:1 hexanes/EtOAc); 1H NMR 

(CDCl3) δ 7.41 (m, 4H), 5.23 (dd, 1H), 4.08 (t, 1H), 3.99 (d, 2H), 3.00 (dd, 1H), 2.45 (dd, 1H). 

 

(2R,5R)-5-(4-Bromophenyl)-dihydro-2-(hydroxymethyl)furan-3(2H)-one (11c) 

To a mixture of 1-bromo-4-iodobenzene (Fisher, 1.57 g, 5.75 mmol), sodium acetate (0.47 g, 5.2 

mmol) and tributylamine (250 μL, 1.1 mmol) in 20 mL of dry DMF were added furanoid glycal 

2 (0.77 g, 6.8 mmol) and palladium acetate (15 mg, 0.068 mmol). The mixture was stirred for 24 

h at 70° C under N2; the volatiles were then removed in vacuo. The resulting residue was purified 

utilizing silica gel column chromatography (1:1 hexanes/EtOAc) to give the desired product as a 

yellow oil in 14% yield (0.22 g): Rf = 0.48 (1:1 hexanes/EtOAc); 1H NMR (CDCl3) δ 7.57 (d, 

2H), 7.36 (d, 2H), 5.21 (dd, 1H), 4.08 (t, 1H), 3.99 (d, 2H), 2.91 (dd, 1H), 2.52 (dd, 1H). 

 

(2R,5R)-5-(4-Iodophenyl)-dihydro-2-(hydroxymethyl)furan-3(2H)-one (11d) 

To a mixture of 1,4-diiodobenzene (Sigma-Aldrich, 1.44 g, 4.4 mmol), sodium acetate (.42 g, 5.2 

mmol) and tributylamine (250 μL, 5.2 mmol) in 20 mL of dry DMF were added furanoid glycal 

2 (0.60 g, 5.2 mmol) and palladium acetate (12 mg, 0.0517 mmol). The mixture was stirred for 

24 h at 70° C under N2; the volatiles were then removed in vacuo. The resulting residue was 
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purified utilizing silica gel column chromatography (1:1 hexanes/EtOAc) to give the desired 

product as a yellow oil in 22% yield (0.30 g): Rf = 0.51 (1:1 hexanes/EtOAc); 1H NMR (CDCl3) 

δ 7.75 (d, 2H), 7.20 (d, 2H), 5.17 (dd, 1H), 4.05 (t, 1H), 3.96 (d, 2H), 2.90 (dd, 1H), 2.47 (dd, 

1H). 

 

(2R,5R)-2-(Hydroxymethyl)-5-(4-nitrophenyl)dihydrofuran-3(2H)-one (6a) 

To a mixture of 1-iodo-4-nitrobenzene (Sigma-Aldrich, 0.59 g, 2.5 mmol), sodium acetate (0.25 

g, 3.0 mmol) and tributylamine (143 μL, 0.60 mmol) in 20 mL of dry DMF were added furanoid 

glycal 2 (0.35 g, 3.0 mmol) and palladium acetate (7 mg, 0.03 mmol). The mixture was stirred 

for 24 h at 70° C under N2; the volatiles were then removed in vacuo. The resulting residue was 

purified utilizing silica gel column chromatography (1:1 hexanes/EtOAc) to give the desired 

product as a yellow solid in 24% yield (0.14 g): Rf = 0.44 (1:1 hexanes/EtOAc); 1H NMR 

(CDCl3) δ 8.28 (d, 2H), 7.65 (d, 2H), 5.35 (dd, 1H), 4.12 (t, 1H), 4.02 (d, 2H), 3.00 (dd, 1H), 

2.45 (dd, 1H). 

 

(2R,5R)-2-(Hydroxymethyl)-5-(4-methoxyphenyl)dihydrofuran-3(2H)-one (11e) 

To a mixture of 4-iodoanisole (0.31 g, 1.3 mmol), sodium acetate (0.10 g, 1.3 mmol) and 

tributylamine (75 μL, 0.27 mmol) in 5 mL of dry DMF were added furanoid glycal 2 (0.35 g, 3.0 

mmol) and palladium acetate (6 mg, 0.03 mmol). The mixture was stirred for 24 h at 70° C under 

N2; the volatiles were then removed in vacuo. The resulting residue was purified utilizing silica 

gel column chromatography (1:1 hexanes/EtOAc) to give the desired product as a yellow solid in 

24% yield (0.14 g): Rf = 0.56 (1:1 hexanes/EtOAc); 1H NMR (CDCl3) δ 7.38 (d, 2H), 6.95 (d, 

2H), 5.15 (dd, 1H), 4.02 (t, 1H), 3.93 (d, 2H), 3.85 (s, 3H), 2.82 (dd, 1H), 2.52 (dd, 1H). 
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(2R,5R)-5-(3,5-Dimethoxyphenyl)-2-(hydroxymethyl)dihydrofuran-3(2H)-one (11f) 

To a mixture of 10 (1.2 g, 4.4 mmol), sodium acetate (0.36 g, 4.4 mmol) and tributylamine (990 

μL, 4.4 mmol) in 40 mL of dry DMF were added furanoid glycal 2 (0.72 g, 6.4 mmol) and 

palladium acetate (15 mg, 0.045 mmol). The mixture was stirred for 24 h at 70° C under N2; the 

volatiles were then removed in vacuo. The resulting residue was purified utilizing silica gel 

column chromatography (1:1 hexanes/EtOAc) to give the desired product as an orange oil in 

44% yield (0.49 g): Rf = 0.44 (1:1 hexanes/EtOAc); 1H NMR (CDCl3) δ 6.62 (d, 2H), 6.52 (m, 

1H), 5.15 (dd, 1H), 4.04 (t, 1H), 3.94 (d, 2H), 3.80 (2s, 6H) 2.95 (dd, 1H), 2.55 (dd, 1H). 

 

(2R,5R)-5-(3,5-Dibromophenyl)-2-(hydroxymethyl)dihydrofuran-3(2H)-one (11g) 

To a mixture of 1,3,5-tribromobenzene (Sigma-Aldrich, 0.63 g, 2.0 mmol), sodium acetate (0.20 

g, 2.4 mmol) and tributylamine (145 μL, 0.40 mmol) in 7 mL of dry DMF were added furanoid 

glycal 2 (0.29 g, 2.4 mmol) and palladium acetate (5 mg, 0.02 mmol). The mixture was stirred 

for 24 h at 85° C under N2; the volatiles were then removed in vacuo. The resulting residue was 

purified utilizing silica gel column chromatography (1:1 hexanes/EtOAc) to give the desired 

product as an off-white solid in 7.1% yield (0.05 g): Rf = 0.59 (1:1 hexanes/EtOAc); 1H NMR 

(CDCl3) δ 7.58 (d, 2H), 7.51 (d, 1H), 5.21 (dd, 1H), 4.11 (t, 1H), 4.02 (m, 2H), 2.95 (dd, 1H), 

2.50 (dd, 1H). 

 

(2R,5R)-2-(Hydroxymethyl)-5-(pyridin-3-yl)dihydrofuran-3(2H)-one (11h) 

To a mixture of 3-iodopyridine (0.46 g, 2.3 mmol), sodium acetate (0.22 g, 2.7 mmol) and 

tributylamine (160 μL, 0.45 mmol) in 7 mL of dry DMF were added furanoid glycal 2 (0.32 g, 
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2.7 mmol) and palladium acetate (5 mg, 0.02 mmol). The mixture was stirred for 24 h at 70° C 

under N2; the volatiles were then removed in vacuo. The resulting residue was purified utilizing 

silica gel column chromatography (1:1 hexanes/EtOAc) to give the desired product as an off-

white solid in 30% yield (0.13 g): Rf = 0.52 (1:1 hexanes/EtOAc); 1H NMR (CDCl3) δ 8.65 (m, 

2H), 7.85 (m, 1H), 7.38 (m, 1H), 5.32 (dd, 1H), 4.12 (t, 1H), 4.02 (m, 2H), 2.96 (dd, 1H), 2.57 

(dd, 1H). 

 

Synthesis of 2’-deoxy C-ribosides 

1,2-Dideoxy-1-β-(4-fluorophenyl)-D-ribofuranose (12a) 

Compound 11a (0.08 g, 0.38 mmol) was dissolved in dry CH3CN (2 mL) and glacial acetic acid 

(2 mL) under nitrogen atmosphere. The reaction mixture was cooled to 0 ºC, and sodium 

triacetoxyborohydride (0.11 g, 0.5 mmol) was added. After 10 min, the volatiles were removed 

in vacuo, and the residue was purified by silica gel flash chromatography using 9:2 

CH2Cl2/MeOH to afford the pure product as a white solid in 80% yield (0.064 g): Rf = 0.66 (9:2 

CH2Cl2/MeOH); 1H NMR (CDCl3) δ 7.32 (d, 2H), 7.02 (d, 2H), 5.15 (dd, 1H), 4.42 (m, 1H), 

4.02 (m, 1H), 3.78 (m, 2H), 2.23 (ddd, 1H), 2.01 (ddd, 1H). 

 

1,2-Dideoxy-1-β-(4-chlorophenyl)-D-ribofuranose (12b) 

Compound 11b (0.44 g, 1.9 mmol) was dissolved in dry CH3CN (15 mL) and glacial acetic acid 

(15 mL) under nitrogen atmosphere. The reaction mixture was cooled to 0 ºC, and sodium 

triacetoxyborohydride (0.6 g, 2.85 mmol) was added. After 10 min, the volatiles were removed 

in vacuo, and the residue was purified by silica gel flash chromatography using 9:1 

CH2Cl2/MeOH to afford the pure product as a white solid in 76% yield (0.33 g): Rf = 0.52 (9:1 



 

211 
 

CH2Cl2/MeOH); 1H NMR (CDCl3) δ 7.2 (m, 4H), 5.19 (dd, 1H), 4.49 (m, 1H), 4.05 (m, 1H), 

3.89-3.74 (m, 2H), 3.69 (m, 2H), 2.27 (m, 1H), 2.03 (m, 1H). 

 

1,2-Dideoxy-1-β-(4-bromophenyl)-D-ribofuranose (12c) 

Compound 11c (0.15 g, 0.55 mmol) was dissolved in dry CH3CN (6 mL) and glacial acetic acid 

(6 mL) under nitrogen atmosphere. The reaction mixture was cooled to 0 ºC, and sodium 

triacetoxyborohydride (0.24 g, 1.1 mmol) was added. After 10 min, the volatiles were removed 

in vacuo, and the residue was purified by silica gel flash chromatography using 9:1 

CH2Cl2/MeOH to afford the pure product as a white solid in 80% yield (0.12 g): Rf = 0.39 (9:1 

CH2Cl2/MeOH); 1H NMR (CDCl3) δ 7.31 (m, 4H), 5.17 (dd, 1H), 4.46 (m, 1H), 4.04 (m, 1H), 

3.82 (m, 2H), 2.28 (ddd, 1H), 2.05 (ddd, 1H). 

 

1,2-Dideoxy-1-β-(4-iodophenyl)-D-ribofuranose (12d) 

Compound 11d (0.2 g, 0.63 mmol) was dissolved in dry CH3CN (6 mL) and glacial acetic acid 

(6 mL) under nitrogen atmosphere. The reaction mixture was cooled to 0 ºC, and sodium 

triacetoxyborohydride (400 g, 1.26 mmol) was added. After 10 min, the volatiles were removed 

in vacuo, and the residue was purified by silica gel flash chromatography using 9:1 

CH2Cl2/MeOH to afford the pure product as a white solid in 69% yield (0.14 g): Rf = 0.36 (9:1 

CH2Cl2/MeOH); 1H NMR (CDCl3) δ 7.75 (d, 2H), 7.15 (d, 2H), 5.17 (dd, 1H), 4.50 (m, 1H), 

4.08 (m, 1H), 3.85 (dt, 2H), 2.30 (ddd, 1H), 2.07 (ddd, 1H). 
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1,2-Dideoxy-1-β-(4-nitrophenyl)-D-ribofuranose (7a) 

Compound 6a (0.2 g, 0.80 mmol) was dissolved in dry CH3CN (8 mL) and glacial acetic acid (8 

mL) under nitrogen atmosphere. The reaction mixture was cooled to 0 ºC, and sodium 

triacetoxyborohydride (0.24 g, 1.1 mmol) was added. After 10 min, the volatiles were removed 

in vacuo, and the residue was purified by silica gel flash chromatography using 9:1 

CH2Cl2/MeOH to afford the pure product as a white solid in 75% yield (0.19 g): Rf = 0.34 (9:1 

CH2Cl2/MeOH); 1H NMR (CDCl3) δ 8.34 (d, 2H), 7.70 (d, 2H), 5.40 (dd, 1H), 4.30 (m, 1H, 

H3′), 4.17 (m, 1H), 4.07 (m, 2H), 3.05 (ddd, 1H), 2.55 (ddd, 1H). 

 

1,2-Dideoxy-1-β-(4-methoxyphenyl)-D-ribofuranose (12e) 

Compound 11e (0.19 g, 0.90 mmol) was dissolved in dry CH3CN (3 mL) and glacial acetic acid 

(3 mL) under nitrogen atmosphere. The reaction mixture was cooled to 0 ºC, and sodium 

triacetoxyborohydride (0.24 g, 1.1 mmol) was added. After 10 min, the volatiles were removed 

in vacuo, and the residue was purified by silica gel flash chromatography using 9:1 

CH2Cl2/MeOH to afford the pure product as a white solid in 77% yield (0.15 g): Rf = 0.54 (9:1 

CH2Cl2/MeOH); 1H NMR (CDCl3) δ 7.29 (d, 2H), 6.90 (d, 2H), 5.13 (dd, 1H), 4.44 (m, 1H), 

4.17 (m, 1H), 4.07 (m, 1H), 3.80 (s, 3H), 3.77 (m, 2H), (ddd, 1H), 2.20 (ddd, 1H). 

 

1,2-Dideoxy-1-β-(3,5-dimethoxyphenyl)-D-ribofuranose (12f) 

Compound 11f (0.3 g, 1.2 mmol) was dissolved in dry CH3CN (10 mL) and glacial acetic acid 

(10 mL) under nitrogen atmosphere. The reaction mixture was cooled to 0 ºC, and sodium 

triacetoxyborohydride (0.6 g, 1.7 mmol) was added. After 10 min, the volatiles were removed in 

vacuo, and the residue was purified by silica gel flash chromatography using 9:1 CH2Cl2/MeOH 
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to afford the pure product as a white solid in 81% yield (0.29 g): Rf = 0.51 (9:1 CH2Cl2/MeOH); 

1H NMR (CDCl3) δ 6.50 (m, 2H), 6.36 (m, 1H), 5.08 (dd, 1H), 4.35 (m, 1H), 4.30 (m, 1H), 3.97 

(m, 2H), 3.78 (2s, 6H) 2.20 (ddd, 1H), 1.99 (m, 1H). 

 

1,2-Dideoxy-1-β-(3.5-dibromophenyl)-D-ribofuranose (12g) 

Compound 11g (50 mg, 0.15 mmol) was dissolved in dry CH3CN (2 mL) and glacial acetic acid 

(2 mL) under nitrogen atmosphere. The reaction mixture was cooled to 0 ºC, and sodium 

triacetoxyborohydride (40 mg, 0.19 mmol) was added. After 10 min, the volatiles were removed 

in vacuo, and the residue was purified by silica gel flash chromatography using 9:1 

CH2Cl2/MeOH to afford the pure product as an off-brown solid in 88% yield (46 mg): Rf = 0.46 

(9:1 CH2Cl2/MeOH); 1H NMR (CDCl3) δ 7.56-7.50 (m, 3H), 5.24 (dd, 1H), 4.25 (m, 1H), 4.13 

(m, 1H), 4.02 (m, 2H), 2.95 (dd, 1H), 2.50 (dd, 1H). 

 

1,2-Dideoxy-1-β-(pyridin-3-yl)-D-ribofuranose (12h) 

Compound 11h (0.1 g, 0.51 mmol) was dissolved in dry CH3CN (3 mL) and glacial acetic acid 

(3 mL) under nitrogen atmosphere. The reaction mixture was cooled to 0 ºC, and sodium 

triacetoxyborohydride (0.08 g, 0.4 mmol) was added. After 10 min, the volatiles were removed 

in vacuo, and the residue was purified by silica gel flash chromatography using 9:1 

CH2Cl2/MeOH to afford the pure product as a white solid in 72% yield (0.072 g): Rf = 0.41 (9:1 

CH2Cl2/MeOH); 1H NMR (CDCl3) δ 8.70 (m, 2H), 7.85 (d, 2H), 7.40 (m, 1H), 5.32 (dd, 1H), 

4.27 (m, 1H), 4.14 (t, 1H), 4.01 (m, 2H), 2.98 (ddd, 1H), 2.58 (ddd, 1H). 
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Synthesis of 5-O-(dimethoxytrityl)-2-deoxy C-ribosides 

5-O-(Dimethoxytrityl)-1,2-dideoxy-1-β-(4-fluorophenyl)-D-ribofuranose (13a) 

To a solution of 12a (60 mg, 0.28 mmol) in anhydrous pyridine (3 mL), AgNO3 (85 mg, 0.5 

mmol) and dimethoxytrityl chloride (0.16 g, 0.48 mmol) were added. The reaction mixture was 

stirred for 6 h at room temperature. The solution was then poured into saturated aqueous 

NaHCO3 solution (15 mL), and the mixture was extracted with dichloromethane (3×30 mL). The 

combined organic extracts were dried over anhydrous Na2SO4, concentrated, and dried in vacuo. 

The resulting residue was purified using silica gel chromatography (3:2 hexanes/EtOAc + 3% 

TEA) to provide the desired product as a white foam in 25% yield (36 mg): Rf = 0.35 (3:2 

hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3) δ 7.46-7.02 (m, 13H), 6.81 (m, 4H), 5.15 (dd, 

1H), 4.45-4.40 (m, 1H), 4.05 (m, 1H), 3.79 (s, 6H), 3.38-3.20 (m, 2H), 2.22 (ddd, 1H), 1.97 (m, 

1H). 

 

5-O-(Dimethoxytrityl)-1,2-dideoxy-1-β-(4-chlorophenyl)-D-ribofuranose (13b) 

To a solution of 12b (240 mg, 1.1 mmol) in anhydrous pyridine (8 mL), AgNO3 (220 mg, 1.32 

mmol) and dimethoxytrityl chloride (0.44 g, 1.32 mmol) were added. The reaction mixture was 

stirred for 6 h at room temperature. The solution was then poured into saturated aqueous 

NaHCO3 solution (15 mL), and the mixture was extracted with dichloromethane (3×30 mL). The 

combined organic extracts were dried over anhydrous Na2SO4, concentrated, and dried in vacuo. 

The resulting residue was purified using silica gel chromatography (3:2 hexanes/EtOAc + 3% 

TEA) to provide the desired product as a white foam in 55% yield (321 mg): Rf = 0.45 (3:2 

hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3) δ 7.50-7.20 (m, 13H), 6.85 (m, 4H), 5.15 (dd, 

1H), 4.45 (m, 1H), 4.09 (m, 1H), 3.82 (s, 6H), 3.40-3.28 (m, 2H), 2.25 (ddd, 1H), 2.04 (m, 1H). 
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5-O-(Dimethoxytrityl)-1,2-dideoxy-1-β-(4-bromophenyl)-D-ribofuranose (13c) 

To a solution of 12c (73.4 mg, 0.27 mmol) in anhydrous pyridine (3 mL), AgNO3 (78 mg, 0.46 

mmol) and dimethoxytrityl chloride (0.16 g, 0.46 mmol) were added. The reaction mixture was 

stirred for 6 h at room temperature. The solution was then poured into saturated aqueous 

NaHCO3 solution (15 mL), and the mixture was extracted with dichloromethane (3×30 mL). The 

combined organic extracts were dried over anhydrous Na2SO4, concentrated, and dried in vacuo. 

The resulting residue was purified using silica gel chromatography (3:2 hexanes/EtOAc + 3% 

TEA) to provide the desired product as a white foam in 45% yield (70 mg): Rf = 0.29 (3:2 

hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3) δ 7.52-7.25 (m, 13H), 6.82 (m, 4H), 5.18 (dd, 

1H), 4.46 (m, 1H), 4.12 (m, 1H), 3.84 (s, 6H), 3.40-3.30 (m, 2H), 2.30 (ddd, 1H), 2.05 (m, 1H). 

 

5-O-(Dimethoxytrityl)-1,2-dideoxy-1-β-(4-iodophenyl)-D-ribofuranose (13d) 

To a solution of 12d (83 mg, 0.26 mmol) in anhydrous pyridine (5 mL), AgNO3 (66 mg, 0.39 

mmol) and dimethoxytrityl chloride (0.13 g, 0.39 mmol) were added. The reaction mixture was 

stirred for 6 h at room temperature. The solution was then poured into saturated aqueous 

NaHCO3 solution (15 mL), and the mixture was extracted with dichloromethane (3×30 mL). The 

combined organic extracts were dried over anhydrous Na2SO4, concentrated, and dried in vacuo. 

The resulting residue was purified using silica gel chromatography (3:2 hexanes/EtOAc + 3% 

TEA) to provide the desired product as a white foam in 43% yield (97 mg): Rf = 0.40 (3:2 

hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3) δ 7.67 (d, 2H), 7.48-7.05 (m, 11H), 6.86 (m, 4H), 

5.11 (dd, 1H), 4.45 (m, 1H), 4.04-3.99 (m, 1H), 3.80 (s, 6H), 3.40-3.28 (m, 2H), 2.13 (ddd, 1H), 

1.95 (m, 1H). 
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5-O-(Dimethoxytrityl)-1,2-dideoxy-1-β-(4-nitrophenyl)-D-ribofuranose (8a) 

To a solution of 7a (100 mg, 0.42 mmol) in anhydrous pyridine (5 mL), AgNO3 (126 mg, 0.7 

mmol) and dimethoxytrityl chloride (0.24 g, 0.7 mmol) were added. The reaction mixture was 

stirred for 6 h at room temperature. The solution was then poured into saturated aqueous 

NaHCO3 solution (15 mL), and the mixture was extracted with dichloromethane (3×30 mL). The 

combined organic extracts were dried over anhydrous Na2SO4, concentrated, and dried in vacuo. 

The resulting residue was purified using silica gel chromatography (3:2 hexanes/EtOAc + 3% 

TEA) to provide the desired product as a white foam in 43% yield (97 mg): Rf = 0.40 (3:2 

hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3) δ 8.19 (m, 2H), 7.50-7.20 (m, 11H), 6.82 (m, 

4H), 5.25 (dd, 1H), 4.45 (m, 1H), 4.20 (m, 1H), 3.80 (s, 6H), 3.24-3.10 (m, 2H), 2.13 (ddd, 1H), 

1.95 (m, 1H). 

 

5-O-(Dimethoxytrityl)-1,2-dideoxy-1-β-(4-methoxyphenyl)-D-ribofuranose (13e) 

To a solution of 12e (85 mg, 0.38 mmol) in anhydrous pyridine (4 mL), AgNO3 (110 mg, 0.67 

mmol) and dimethoxytrityl chloride (0.22 g, 0.64 mmol) were added. The reaction mixture was 

stirred for 6 h at room temperature. The solution was then poured into saturated aqueous 

NaHCO3 solution (15 mL), and the mixture was extracted with dichloromethane (3×30 mL). The 

combined organic extracts were dried over anhydrous Na2SO4, concentrated, and dried in vacuo. 

The resulting residue was purified using silica gel chromatography (3:2 hexanes/EtOAc + 3% 

TEA) to provide the desired product as a white foam in 24% yield (48 mg): Rf = 0.27 (3:2 

hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3) δ 7.48-7.19 (m, 11H), 6.86-6.81 (m, 6H), 5.11 
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(dd, 1H), 4.42-4.40 (m, 1H), 4.06-4.03 (m, 1H), 3.80 (m, 9H), 3.33 (dd, 1H), 3.23 (dd, 1H), 2.17 

(ddd, 1H), 2.08-2.01 (m, 1H). 

 

5-O-(Dimethoxytrityl)-1,2-dideoxy-1-β-(3,5-dimethoxyphenyl)-D-ribofuranose (13f) 

To a solution of 12f (270 mg, 1.06 mmol) in anhydrous pyridine (10 mL), AgNO3 (275 mg, 1.5 

mmol) and dimethoxytrityl chloride (0.50 g, 1.5 mmol) were added. The reaction mixture was 

stirred for 6 h at room temperature. The solution was then poured into saturated aqueous 

NaHCO3 solution (15 mL), and the mixture was extracted with dichloromethane (3×30 mL). The 

combined organic extracts were dried over anhydrous Na2SO4, concentrated, and dried in vacuo. 

The resulting residue was purified using silica gel chromatography (3:2 hexanes/EtOAc + 3% 

TEA) to provide the desired product as a white foam in 31% yield (182 mg): Rf = 0.57 (3:2 

hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3) δ 7.40-7.25 (m, 11H), 6.89 (m, 3H), 6.67 (m, 2H) 

6.40 (m, 1H) 5.13 (dd, 1H), 4.45 (m, 1H), 4.25 (m, 1H), 3.80 (s, 12H), 3.42-3.38 (m, 2H), 3.26 

(m, 1H), 2.77 (m, 1H). 

 

5-O-(Dimethoxytrityl)-1,2-dideoxy-1-β-(3,5-dibromophenyl)-D-ribofuranose (13g) 

To a solution of 12g (30 mg, 0.085 mmol) in anhydrous pyridine (1 mL), AgNO3 (26 mg, 0.15 

mmol) and dimethoxytrityl chloride (52 mg, 0.15 mmol) were added. The reaction mixture was 

stirred for 6 h at RT. The solution was then poured into saturated aqueous NaHCO3 solution (15 

mL), and the mixture was extracted with dichloromethane (3×30 mL). The combined organic 

extracts were dried over anhydrous Na2SO4, concentrated, and dried in vacuo. The resulting 

residue was purified using silica gel chromatography (3:2 hexanes/EtOAc + 3% TEA) to provide 

the desired product as a white foam in 40% yield (39 mg): Rf = 0.52 (3:2 hexanes/EtOAc + 3% 
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TEA); 1H NMR (CDCl3) δ 7.77-7.49 (m, 3H), 7.47-6.80 (m, 13H), 5.20 (dd, 1H), 4.25 (m, 1H), 

4.1-3.99 (m, 2H), 3.85 (s, 6H), 3.24-3.10 (m, 2H), 2.13 (ddd, 1H), 1.95 (m, 1H). 

 

5-O-(Dimethoxytrityl)-1,2-dideoxy-1-β-(pyridin-3-yl)-D-ribofuranose (13h) 

To a solution of 12h (50 mg, 0.26 mmol) in anhydrous pyridine (2.5 mL), AgNO3 (80 mg, 0.47 

mmol) and dimethoxytrityl chloride (0.16 g, 0.47 mmol) were added. The reaction mixture was 

stirred for 6 h at room temperature. The solution was then poured into saturated aqueous 

NaHCO3 solution (15 mL), and the mixture was extracted with dichloromethane (3×30 mL). The 

combined organic extracts were dried over anhydrous Na2SO4, concentrated, and dried in vacuo. 

The resulting residue was purified using silica gel chromatography (1:1 hexanes/EtOAc + 3% 

TEA) to provide the desired product as a white foam in 35% yield (45 mg): Rf = 0.45 (1:1 

hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3) δ 8.74 (m, 2H), 7.95 (d, 1H ), 7.50-7.22 (m, 

14H), 5.32 (dd, 1H), 4.34 (m, 1H), 4.18 (m, 1H), 3.80 (s, 6H), 3.55 (m, 2H), 3.00 (ddd, 1H), 2.70 

(m, 1H). 

 

Synthesis of Phosphoramidites 

3-O-(2-Cyanoethyl-N,N-diisopropylphosphoramidite)-5-O-(dimethoxytrityl)-1,2-dideoxy-1-

β-(4-fluorophenyl)-D-ribofuranose (14a) 

To a solution of 13a (0.03 g, 0.06 mmol) in dry CH2Cl2 (1 mL) were added dry triethylamine (25 

μL, 0.17 mmol) and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (26 μL, 0.12 mmol). 

After 1 h stirring at room temperature, the reaction mixture was diluted with CH2Cl2 (15 mL) 

and was washed sequentially with sat aq NaHCO3 solution and sat aq NaCl solution. The organic 

portion was dried over anhydrous Na2SO4 and was then concentrated in vacuo. The resulting 
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residue was purified using flash silica gel column chromatography (3:1 hexanes/EtOAc +3% 

TEA). The desired product was obtained as a white foam in 81% yield (84 mg): Rf = 0.48 (3:1 

hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3, two diastereoisomers) δ 7.52 -6.83 (m, 17H), 

5.20-5.14 (m, 1H), 4.59-4.54 (m, 1H), 4.27-4.26 (m, 1H), 3.87-3.58 (m, 2H), 3.83-3.82 

(diastereoisomer, s, 6H), 3.68-3.58 (m, 2H), 3.37-3.28 (m, 2H), 2.67-2.50 (diastereoisomer, t, 

2H), 2.44-2.32 (m, 1H), 2.09-1.99 (m, 1H), 1.23-1.11 (m, 12H). 

 

3-O-(2-Cyanoethyl-N,N-diisopropylphosphoramidite)-5-O-(dimethoxytrityl)-1,2-dideoxy-1-

β-(4-chlorophenyl)- D-ribofuranose (14b) 

To a solution of 13b (250 mg, 0.47 mmol) in dry CH2Cl2 (8 mL) were added dry triethylamine 

(195 μL, 1.41 mmol) and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (210 μL, 0.94 

mmol). After 1 h stirring at room temperature, the reaction mixture was diluted with CH2Cl2 (15 

mL) and was washed sequentially with sat aq NaHCO3 solution and sat aq NaCl solution. The 

organic portion was dried over anhydrous Na2SO4 and was then concentrated in vacuo. The 

resulting residue was purified using flash silica gel column chromatography (3:1 hexanes/EtOAc 

+3% TEA). The desired product was obtained as a white foam in 30% yield (102 mg): Rf = 0.55 

(3:1 hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3, two diastereoisomers) δ 7.55 -7.20 (m, 13H), 

6.88- 6.83 (m, 4H), 5.20 (m, 1H), 4.60 (m, 1H), 4.31 (m, 1H), 3.90-3.72 (m, 2H), 3.85/3.83 

(diastereoisomer, s, 6H), 3.70-3.58 (m, 2H), 3.40-3.30 (m, 2H), 2.66/2.50 (diastereoisomer, t, 

2H), 2.57-2.42 (m, 1H), 2.08-1.98 (m, 1H), 1.29-1.20 (m, 12H). 

 

 



 

220 
 

3-O-(2-Cyanoethyl-N,N-diisopropylphosphoramidite)-5-O-(dimethoxytrityl)-1,2-dideoxy-1-

β-(4-bromophenyl)- D-ribofuranose (14c) 

To a solution of 13c (0.06 g, 0.11 mmol) in dry CH2Cl2 (4 mL) were added dry triethylamine (50 

μL, 0.32 mmol) and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (45 μL, 0.32 mmol). 

After 1 h stirring at room temperature, the reaction mixture was diluted with CH2Cl2 (15 mL) 

and was washed sequentially with sat aq NaHCO3 solution and sat aq NaCl solution. The organic 

portion was dried over anhydrous Na2SO4 and was then concentrated in vacuo. The resulting 

residue was purified using flash silica gel column chromatography (3:1 hexanes/EtOAc +3% 

TEA). The desired product was obtained as a white foam in 72% yield (61 mg): Rf = 0.52 (3:1 

hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3, two diastereoisomers) δ 7.84 -7.15 (m, 13H), 

6.88 (m, 4H), 5.28 (m, 1H), 4.80 (m, 1H), 4.60 (m, 1H), 3.72-3.60 (m, 2H), 3.40/3.39 

(diastereoisomer, 2s, 6H), 2.59-2.38 (m, 1H), 2.15-2.03 (m, 1H), 1.80 (m, 2H), 1.45 (m, 4H), 

1.20 (m, 12H). 

 

3-O-(2-Cyanoethyl-N,N-diisopropylphosphoramidite)-5-O-(dimethoxytrityl)-1,2-dideoxy-1-

β-(4-iodophenyl)- D-ribofuranose (14d) 

To a solution of 13d (0.037 g, 0.06 mmol) in dry CH2Cl2 (2 mL) were added dry triethylamine 

(25 μL, 0.18 mmol) and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (24 μL, 0.12 

mmol). After 1 h stirring at room temperature, the reaction mixture was diluted with CH2Cl2 (15 

mL) and was washed sequentially with sat aq NaHCO3 solution and sat aq NaCl solution. The 

organic portion was dried over anhydrous Na2SO4 and was then concentrated in vacuo. The 

resulting residue was purified using flash silica gel column chromatography (3:1 hexanes/EtOAc 

+3% TEA). The desired product was obtained as a white foam in 93% yield (46 mg): Rf = 0.44 
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(3:1 hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3, two diastereoisomers) δ 7.70 -7.18 (m, 13H), 

6.88- 6.83 (m, 4H), 5.15 (m, 1H), 4.60-4.55 (m, 1H), 4.30-4.14 (m, 2H), 3.90-3.72 (m, 1H), 3.85 

(2s, 6H), 3.68-3.58 (m, 2H), 3.46-3.30 (m, 2H), 2.66/2.50 (diastereoisomer, t, 2H), 2.57-2.42 (m, 

1H), 2.08-2.0 (m, 1H), 1.34-1.28 (m, 12H). 

 

3-O-(2-Cyanoethyl-N,N-diisopropylphosphoramidite)-5-O-(dimethoxytrityl)-1,2-dideoxy-1-

β-(4-nitrophenyl)- D-ribofuranose (9a) 

To a solution of 8a (0.08 g, 0.14 mmol) in dry CH2Cl2 (4 mL) were added dry triethylamine (56 

μL, 0.43 mmol) and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (61 μL, 0.29 mmol). 

After 1 h stirring at room temperature, the reaction mixture was diluted with CH2Cl2 (15 mL) 

and was washed sequentially with sat aq NaHCO3 solution and sat aq NaCl solution. The organic 

portion was dried over anhydrous Na2SO4 and was then concentrated in vacuo. The resulting 

residue was purified using flash silica gel column chromatography (3:1 hexanes/EtOAc +3% 

TEA). The desired product was obtained as a white foam in 81% yield (84 mg): Rf = 0.48 (3:1 

hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3, two diastereoisomers) δ 7.63 -7.18 (m, 13H), 

6.88- 6.83 (m, 4H), 5.32-5.27 (m, 1H), 4.60-4.55 (m, 1H), 4.41-4.31 (m, 1H), 3.90-3.72 (m, 2H), 

3.83/3.82 (diastereoisomer, s, 6H), 3.68-3.58 (m, 2H), 3.46-3.30 (m, 2H), 2.66/2.50 

(diastereoisomer, t, 2H), 2.57-2.42 (m, 1H), 2.08-1.98 (m, 1H), 1.29-1.13 (m, 12H). 

 

3-O-(2-Cyanoethyl-N,N-diisopropylphosphoramidite)-5-O-(dimethoxytrityl)-1,2-dideoxy-1-

β-(4-methoxyphenyl)- D-ribofuranose (14e) 

To a solution of 13e (0.04 g, 0.076 mmol) in dry CH2Cl2 (2 mL) were added dry triethylamine 

(32 μL, 0.23 mmol) and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (35 μL, 0.15 
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mmol). After 1 h stirring at room temperature, the reaction mixture was diluted with CH2Cl2 (15 

mL) and was washed sequentially with sat aq NaHCO3 solution and sat aq NaCl solution. The 

organic portion was dried over anhydrous Na2SO4 and was then concentrated in vacuo. The 

resulting residue was purified using flash silica gel column chromatography (3:1 hexanes/EtOAc 

+3% TEA). The desired product was obtained as a colorless oil in 74% yield (40 mg): Rf = 0.48 

(3:1 hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3, two diastereoisomers) δ 7.53-7.24 (m, 11H), 

6.85 (m, 6H), 5.12 (m, 1H), 4.55-4.48 (m, 1H), 4.21 (m, 1H), 3.87-3.68 (m, 2H), 3.80 (s, 3H), 

3.79 (2s, 6H), 3.64-3.54 (m, 2H), 3.35-3.22 (m, 2H), 2.61-2.46 (t, 2H), 2.40-2.27 (m, 1H), 2.07-

1.99 (m, 1H), 1.20-1.11 (m, 12H). 

 

3-O-(2-Cyanoethyl-N,N-diisopropylphosphoramidite)-5-O-(dimethoxytrityl)-1,2-dideoxy-1-

β-(3,5-dimethoxyphenyl)- D-ribofuranose (14f) 

To a solution of 13f (130 mg, 0.23 mmol) in dry CH2Cl2 (4 mL) were added dry triethylamine 

(90 μL, 0.64 mmol) and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (100 μL, 0.46 

mmol). After 1 h stirring at room temperature, the reaction mixture was diluted with CH2Cl2 (15 

mL) and was washed sequentially with sat aq NaHCO3 solution and sat aq NaCl solution. The 

organic portion was dried over anhydrous Na2SO4 and was then concentrated in vacuo. The 

resulting residue was purified using flash silica gel column chromatography (3:1 hexanes/EtOAc 

+3% TEA). The desired product was obtained as a colorless oil in 15% yield (26 mg): Rf = 0.64 

(3:1 hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3, two diastereoisomers) δ 7.80 -7.20 (m, 13H), 

6.68-6.60 (m, 2H) 6.39 (m, 1H) 5.35-4.85 (m, 1H), 4.30-4.4.05 (m, 4H), 3.90-3.3.75 (m, 12H), 

2.66/2.50 (diastereoisomer, m, 2H), 2.75-2.61 (m, 4H), 2.08-1.98 (m, 2H), 1.42-1.40 (m, 12H). 
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3-O-(2-Cyanoethyl-N,N-diisopropylphosphoramidite)-5-O-(dimethoxytrityl)-1,2-dideoxy-1-

β-(3,5-dibromophenyl)- D-ribofuranose (14g) 

To a solution of 13g (25 mg, 0.038 mmol) in dry CH2Cl2 (2 mL) were added dry triethylamine 

(10 μL, 0.076 mmol) and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (16 μL, 0.076 

mmol). After 1 h stirring at room temperature, the reaction mixture was diluted with CH2Cl2 (15 

mL) and was washed sequentially with sat aq NaHCO3 solution and sat aq NaCl solution. The 

organic portion was dried over anhydrous Na2SO4 and was then concentrated in vacuo. The 

resulting residue was purified using flash silica gel column chromatography (3:1 hexanes/EtOAc 

+3% TEA). The desired product was obtained as a colorless oil in 58% yield (19 mg): Rf = 0.59 

(3:1 hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3, two diastereoisomers) δ 7.95 -7.50 (m, 13H), 

6.88 (m, 3H), 5.30-5.15 (m, 1H), 4.39-4.12 (m, 4H), 3.85/3.84 (diastereoisomer, 2s, 6H), 3.62-

3.50 (m, 5H), 2.80/2.78 (diastereoisomer, t, 3H), 1.29-1.13 (m, 12H). 

 

3-O-(2-Cyanoethyl-N,N-diisopropylphosphoramidite)-5-O-(dimethoxytrityl)-1,2-dideoxy-1-

β-(pyridin-3-yl)- D-ribofuranose (14h) 

To a solution of 14g (0.03 g, 0.06 mmol) in dry CH2Cl2 (2 mL) were added dry triethylamine (28 

μL, 0.12 mmol) and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (30 μL, 0.12 mmol). 

After 1 h stirring at room temperature, the reaction mixture was diluted with CH2Cl2 (15 mL) 

and was washed sequentially with sat aq NaHCO3 solution and sat aq NaCl solution. The organic 

portion was dried over anhydrous Na2SO4 and was then concentrated in vacuo. The resulting 

residue was purified using flash silica gel column chromatography (3:1 hexanes/EtOAc +3% 

TEA). The desired product was obtained as a white foam in 72% yield (30 mg): Rf = 0.55 (3:1 
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hexanes/EtOAc + 3% TEA); 1H NMR (CDCl3, two diastereoisomers) δ 8.82 (m, 2H), 7.90 (d, 

1H), 7.51-7.20 (m, 14H), 5.32-5.27 (m, 1H), 4.34-4.22 (m, 1H), 4.20-4.15 (m, 1H), 3.83/3.82 

(diastereoisomer, s, 6H), 3.68-3.58 (m, 2H), 3.46-3.30 (m, 2H), 2.66/2.50 (diastereoisomer, m, 

2H), 2.57-2.42 (m, 2H), 2.08-1.98 (m, 2H), 1.28-1.15 (m, 12H). 

 

General Procedure for Solid Phase DNA Synthesis and Purification 

DNA oligomers were synthesized on Applied Biosystems 391 DNA synthesizer using standard 

phosphoramidite chemistry. Commercial phosphoramidites dG-CE, dC-CE, dA, dT-CE were 

purchased from Glen Research. DNA oligomers were prepared on a 0.2 μmol scale using dA-

CPG columns also purchased from Glen Research. Coupling amounts and coupling times for 

non-natural phosphoramidites were doubled to maximize synthetic efficiency/ DNA oligomers 

were cleaved from CPG and deprotected overnight using conc. NH4OH at 55 °C.  

Crude oligomers were purified using preparative gel electrophoresis. The gel used was 20% 

polyacrylamide gel with 7.5 M urea for denaturing oligomers. This solution was prepared using 

the following procedure: to a 2000 mL beaker was added 500 mL of 40% acrylamide solution, a 

1X package of TBE buffer, and 450 g of urea. The mixture was stirred and heated gently until all 

of the urea had dissolved and then diluted to 1 L of total solution. The solution was filtered 

through a 0.45 μm nylon filter.  

Polymerization of the acrylamide was initiated by addition of 50 μL of TEMED and 1 mL of 

10% ammonium persulfate solution. Crude DNA oligomers were dissolved in 200 μL of loading 

buffer (98% formamide and 2% 0.5 M EDTA). DNA load buffer solutions were dyed with a 

mixture of xylene cyanol FF and bromophenol blue and DNA gels were allowed to run until the 

bromophenol blue had made it near the bottom of the plate. The DNA was visualized using UV 
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and the gel slices were cut from the gel. Gel slices were electroeluted to remove the DNA and 

the resulting solution was desalted using C-18 Sep-pak columns. After drying down the DNA 

oligomers, they were dissolved in sufficient water to put their concentrations between 50-100 

μM.  

 

Quantitation of DNA Oligomers 

DNA concentrations were measured by UV at 260 nm. The molar absorptivity for the DNA 

oligomer was calculated as a summation of the molar absorptivities of all residues in an 

oligomer. The values used for the natural nucleobases were as follows: G=11,700, C=7,300, A-

15,400, T-8,800 L/mol·cm.  

To determine the molar absorptivities of non-natural residues, dilute solutions in 1:1 ACN:H2O 

(around 1 mM) of dihydroxy nucleosides 7a-7c. The absorbance of these solutions were 

measured at 260 nm and according to Beer’s Law 𝐴 = 𝜀𝑏𝑐 where A is absorbance, ε is molar 

absorptivity, b is path length of the cell, and c is the concentration of the solution, molar 

absorptivities of the residues were determined. These values are shown on the following page.  
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Residue Molar absorptivity 

(L/mol·cm) 

PhF* 875 

PhCl* 432 

PhBr* 

PhI* 

390 

1054 

NO2Ph 6450 

OMePh 343 

DBPh 

3-Pyr 

DMPh 

1875 

2216 

2546 

*Values from Liu30 

 

 

 

Thermal Denaturation Experiments 

Thermal denaturations were conducted using DU-800 UV-Vis Spectrophotometer fitted with a 

Peltier-heated multicell holder and an external, computer driven temperature control unit. DNA 

oligomers and their complementary sequences (4 μM of each oligomer) in 1X PES buffer 

solution. Samples were annealed in 95 °C and cooled as slowly as possible. Thermal 

denaturations were done from 25 °C to 75 °C at a rate of 0.5 °C/min. Thermal denaturations were 

recorded at 260 nm. Tm experiments were performed three times at a minimum, and the resulting 

curves were fitted using MeltWin33 3.5 software to provide Tm values.  
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CHAPTER V 

CONCLUSIONS AND FUTURE OUTLOOKS 

The incorporation of non-natural nucleosides in DNA duplexes remains an area of great 

research interest. The data collected and presented in this dissertation helps illuminate the 

contributing factors and opens the door for other possible motifs that may prove critical in future 

developments of non-natural residues. It is the intention of this brief chapter to give some final 

thoughts on the dissertation to both the committee and any future student of Dr. Woski.  

The survey of substituted indoles as universal bases in DNA (Chapter II) showed that 

indoles with several different substituents could serve as effective universal bases. Thus, the 

repertoire is not limited to strongly electron-withdrawing substituents like nitro groups; large 

polarizable groups such as iodine can also produce promising universal base candidates. The 

focus of researchers on nitro-substitution should be expanded in future surveys of structure-

function relationships. 

To further understand these universal residues, it may be beneficial to determine what 

effect, if any, sequence dependence has on the stability of these non-natural residues in DNA 

duplexes. An experiment like this generally substitutes the flanking bases about the non-natural 

residue rather than the pairing base on the complementary strand. If the Tm and other 

thermodynamic parameters are altered appreciably depending on the flanking base, this may 

suggest base stacking contributions matter significantly in the assembly of these duplexes. A 

project like this would be ambitious, considering a complete dataset would require every 

combination of flanking bases about each non-natural residue be tested for stability. This would 
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require producing sixteen synthetic DNAs containing each non-natural residue. In addition, 64 

complementary DNAs would also be required. It would be much more practical to pick one or 

two very promising residues to conduct these analyses.  

Another necessary experiment would further examine the role of the indole substituent on 

the universal base properties. The 5-position was chosen for substitution of the indole ring 

because this site is para to the electron-donating pyrrole nitrogen atom. However, other sites of 

substitution on the indole core should also be explored. These compounds would display 

changed electronic properties, allowing for substituent effects on the  system of the residue to 

be separated from interactions of the stacked substituent itself. 

Yet one more possible direction this work could go would be to test these various 

residues for DNA polymerase activity across insertion of each of the natural nucleobases in a 

synthesizing DNA strand. Previously, Berdis and coworkers1 showed some of the common 

indoles analyzed in the study of this dissertation (NO2-In, CN-In, F-In) have limited activity as 

polymerase substrates inserted opposite a natural nucleobase. It may be worthwhile to attempt 

similar polymerase studies with some of the residues presented in this work to compare. 

However, given that none of the residues stood out as being especially stable, the choice of 

residues may be arbitrary. 

In Chapter III, evaluation of polar phenyl residues as universal bases and stable 

hydrophobic pairs yielded some potentially interesting results. While promising new universal 

bases were not found, several of the residues were about to produce fairly stable base pairs. The 

DABN self-pair in particular was only slightly less stable than an A-T base pair at the same site. 

The next logical steps in this work would be to synthesize nucleosides that have dipoles directed 

in different directions, stronger dipole moments, and larger surface areas. To complement the 
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carbazole work of Qualley,2 other polycyclic residues like naphthalenes and anthracenes could 

be explored with differing patterns of substitution.  

Ultimately, the end goal of the ongoing research towards expansion of the genetic 

alphabet should always have polymerase activity and DNA replication in mind. When a self-pair 

has been identified as being at or just below the stability of an AT base pair in the same 

sequence, this base pair should be tested as a substrate for DNA polymerases. These studies 

should address but the efficiency of incorporation of the novel pair and its selectivity vs natural 

bases.  

The halogen bonding base pairs studies in Chapter IV has the greatest opportunity for 

impactful follow up experiments. Not only was a halogen bond likely demonstrated between the 

DBPh and 3-Pyr residues but optimization of the geometry of the halogen and Lewis base 

resulted in improved duplex stabilities. This suggests the halogen bond in the context of DNA 

duplexes may be quite tunable. For example: placing an electron withdrawing group para to the 

bromine of a phenyl residue results in a more electropositive σ-hole cavity on the surface of the 

bromine (Figure 5.1). Conversely, based on the research on the DANB and DABN nucleosides 

of Chapter III, the Lewis basicity of a functional group can be further increased by placing an 

electron donating group para to that functional group.  

Another possible pairing scheme that may take further advantage of halogen bonding 

stabilization in DNA duplexes would be to incorporate functional groups on a nucleobase residue 

where multiple halogen bonding interactions are possible (Figure 5.2). For example, the addition 

of a second halogen bonding site increases the number of directional halogen bond interactions. 

This can potentially increase the base pairing specificity and allow for multiple orthogonal  

  



233 
 

 

  

Figure 5.1: ESP models of bromotoluyl residues highlighting the effect 

an electron withdrawing group para to a halogen can have on the 

electropositive σ-hole. 
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Figure 5.2: A non-natural base pair with two 

potential sites of halogen bonding.  
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halogen-bonded base pairs to be developed. The addition of a second energetically favorable 

interaction may also enhance the stabilities of the halogen-bonded pairs.  

Finally, when highly stable halogen bonding DNA duplexes are observed, the next step 

must be structural characterization. There has not yet been described such an interaction 

involving base-pairing between ssDNA polymers in the literature, and without structural 

evidence, it would be difficult to definitively state that a halogen bond has in fact been observed.  
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