
 

 
 

 

 

 

Facultad de Ciencias 

Departamento de Química Orgánica 

 

 

Novel Self-assembled 
Nanostructures based on the 

DNA Architecture 
 

 

Memoria presentada por 

Sonia Romero Pérez 
Para optar al grado de 

DOCTOR EN QUÍMICA ORGÁNICA 

 

 

Madrid, 2018  



 

 

 

 

 
 

 

 

 

La presente Tesis Doctoral ha sido realizada en el grupo de 
Materiales y Sistemas Moleculares Nanoestructurados, del 
Departamento de Química Orgánica de la Universidad Autónoma 
de Madrid, bajo la dirección del Prof. David González Rodríguez.  

Esta Tesis Doctoral fue financiada por un contrato para la 
Formación de Profesorado Universitario (Ref. FPU014/1222), así 
mismo, se recibieron fondos del Programa de Ayudas a la 
Movilidad para Estancias Breves y Traslados Temporales (Ref. 
EST16/00547). 

 

 

 

 

 

 

 

 

 

 

 

 



ABBREVIATIONS AND ACRONYMS  
Common abbreviations and acronyms in organic chemistry have been used following 

the recommendations published by the American Chemical Society in their “Guidelines for 
Authors” (J. Org. Chem. 2015).1 Some other abbreviations have been used and are detailed 
below: 

1D/2D/3D one-/two-/three-dimensions 

A   Acceptor (Hydrogen-bonding/Energy) 

A   2-aminoadenine/2-aminoadenosine 

AcOEt  ethyl acetate 

AFM  Atomic Force Microscopy 

APS  Ammonium Persulfate 

ASPS  Automated Solid Phase Synthesis 

BzCl  benzoic chloride 

BzOBz  benzoic anhydride 

C  cytosine/cytidine 

C  concentration 

CAN  ammonium cerium (IV) nitrate 

CD  Circular Dichroism 

CPG  Controlled Porosity Glass 

CyHex  cyclohexane 

D  Donor (Hydrogen-bonding/Energy) 

dA  2’-deoxyadenosine 

dC  2’-deoxycytidine 

DFT  Density Functional Theory 

dG  2’-deoxyguanosine 

DBIA  dibromoisocyanuric acid 

DIAD  diisopropyl azodicarboxylate 

DIPEA  N,N-dimethylisopropylamine 

DMF  dimethylformamide 

DMSO  dimethyl sulfoxide 

DMTr  4,4’-dimethoxytrityl 

DNA  deoxyribonucleic acid 

dNxTPs  modified 2’-deoxyribonucleoside triphosphates 

DOSY  Diffusion-Ordered Spectroscopy 

dU  2’-deoxyuridine 

DX  double crossover 

EM  Effective Molarity 

eq.  equivalent 

ESI  Electrospray Ionization 

EXSY  Exchange spectroscopy 

FAB  Fast Atom Bombardment 

FRET  Förster Resonance Energy Transfer 

                                                             
1 http://pubs.acs.org/paragonplus/submission/joceah/joceah_authguide.pdf 



G  guanine, guanosine 

gHMBC  gradient-selected Heteronuclear Multiple Bond Coherence 

h  hours 

HPLC  High Performance Liquid Chromatography 

HRMS  High Resolution-Mass Spectrometry 

IUPAC  International Union of Pure and Applied Chemistry 

K  association constant 

M  molar (mol/L) 

MALDI  Matrix-Assisted Laser Desorption/Ionization 

MIBK  methyl isobutyl ketone 

MS  Mass Spectrometry 

NBS  N-iodosuccinimide 

NDI  1,4,5,8-naphthalenetetracarboxylic acid diimide 

NBS  N-bromosuccinimide 

NMR  Nuclear Magnetic Resonance 

NOESY  Nuclear Overhauser Effect Spectroscopy 

PacOPac phenoxyacetic anhydride 

PCR  polymer chain reaction 

ppm  parts-per-million 

py  pyridine 

PYR  pyrene 

Q-TOF  quadrupole time-of-flight 

rA  2-aminoadenosine 

RNA  ribonucleic acid 

r.t.  room temperature 

sat.   saturated 

SAFS  síntesis automatizada en fase sólida 

SIdI  Servicio Interdepartamental de Investigación 

T  thymine/thymidine 

TBAF∙3H2O hydrated tetrabutylammonium fluoride 

TBDMS  tertbutyldimethylsilane 

TBE  tris/Borate/EDTA 

TEAA  triethylammonium acetate 

THF  tetrahydrofuran 

TEMED  tetramethylethylenediamine 

TMS  trimethylsilyl 

TMSA  trimethylsilylacetylene 

T-ROESY rotating frame Overhause Effect Spectroscopy 

U  uracil/uridine 

ΔH  change in enthalpy 

ΔS  change in enthropy 
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1. SUPRAMOLECULAR CHEMISTRY & MOLECULAR SELF-ASSEMBLY 

1.1. NON-COVALENT INTERACTIONS 
In the last decades, since the field of supramolecular chemistry was founded,2 

chemists have widened their knowledge on how to combine non-covalent interactions for 

the synthesis of complex nanoarchitectures and objects from “chemically programmed” 

molecules.3 This “chemistry beyond the molecule”4 refers to supramolecular entities formed 

by the association of covalent chemical species held together by non-covalent 

intermolecular forces (Figure 1). 

Non-covalent interactions are very broad in nature and binding strength (0.4 - 80 

kJ/mol)5 since they range from purely electrostatic bonds to dispersion forces. These 

interactions comprise metal-ligand complexation, 6  ion-pair interactions, halogen 7  and 

hydrogen (H)-bonding,8 π-π stacking,9 or van der Waals interactions10 among others. Non-

covalent bonds offer the supramolecular chemist subtle differences in binding strength, 

kinetics and directionality, as well as in the choice of the most convenient solvent media. 

 

Figure 1. Non-covalent interactions along with their typical range of binding strength. 

                                                             
2 a) J. M. Lehn, Angew. Chem. Int. Ed .1988, 27, 89-112; b) D. J. Cram, Angew. Chem. Int. Ed. 1988, 27, 1009-

1020; c) C. J. Pedersen, Angew. Chem. Int. Ed. 1988, 27, 1021-1027; d) J. M. Lehn, Science, 2002, 295, 2400-
2403. 
3 See the special issue on the status of self-assembly at the beginning of the XXI century, Science, 2002, 295. 
4 J. M. Lehn, Chem. Soc. Rev. 2007, 36, 151-160. 
5 H. J. Schneider, Angew. Chem. Int. Ed .2009, 48, 3924-3977. 
6 W. Y. Sun, M. Yoshizawa, T. Kusukawa, M. Fujita, Curr. Opin. Chem. Biol. 2002, 6, 757-764. 
7 a) P. Metrangolo, F. Meyer, T. Pilati, G. Resnati, G. Terraneo, Angew. Chem. Int. Ed. 2008, 47, 6114-6127; b) 

L. C. Gilday, S. W. Robinson, T. A. Barendt, M. J. Langton, B. R. Mullaney, P. D. Beer, Chem. Rev. 2015, 115, 
7118-7195. 
8 a) G. A. Jeffrey, W. Saenger, Hydrogen Bonding in Biological Structures, Springer, Berlin, 1994; b) G. A. 

Jeffrey, An Introduction to Hydrogen Bonding, Oxford University Press, New York, 1997; c) G. R. Desiraju, T. 
Steiner, The Weak Hydrogen Bond, Oxford University Press, Oxford, 1999. 
9 H. Adams, C. A. Hunter, K. R. Lawson, J. Perkins, S. E. Spey, C. J. Urch, J. M. Sanderson, Chem. Eur. J. 2001, 7, 

4863-4877. 
10 K. Mueller-Dethlefs, P. Hobza, Chem. Rev. 2000, 100, 143-168. 
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In the last years, supramolecular chemistry has spread into diverse topics such as 

molecular self-assembly, folding, molecular recognition, dynamic covalent chemistry, host-

guest chemistry and mechanically interlocked architectures. 

Supramolecular processes are dynamic in nature, which is characterised for the 

exchange of molecular components until the thermodynamic equilibrium of the system is 

reached. Therefore, although there are an increasing number of studies focused on the 

kinetic control of supramolecular organization, supramolecular chemistry has been classically 

characterized by a thermodynamic control. In other words, it relies on the proper design of 

basic building blocks to perform “proof reading” tests and yield the most stable assembled 

structure, independently of the transition states. In some cases, hierarchical self-

organization processes can lead to highly complex matter with a structural control at the 

nanoscale, which is the basis of the bottom-up approach to nanotechnology.11 

1.2. COOPERATIVITY IN SELF-ASSEMBLED PROCESSES 

Non-covalent interactions are weak by itself, but they can form much more stable 

structures through the sum of cooperative effects. These effects, which are ubiquitous in 

complex biological systems, arise from the interplay of two or more interactions, so that the 

system as a whole behaves in a different manner as it would be expected from the 

properties of the isolated individual interactions. 

Such coupling of interactions may cause: 1) positive/synergistic cooperativity, 

provided the subsequent binding is stronger than the precedent one, encouraging the 

growth of the target structure; 2) negative/interfering cooperativity, when the second 

binding event is weaker than the previous one; and 3) non-cooperative, if all the binding 

effects of the recognition sites are identical.12 In order to assess the cooperativity of self-

assembled events, diverse features must be taken into consideration: 1) effective 

concentrations13 of interacting groups within the multivalent receptor or 2) the additivity of 

free energies.14 

The precise engineering of non-covalent architectures is usually assisted by positive 

cooperative effects. In Figure 2, we describe diverse cooperativity modes that act in both in 

the biological world and artificial systems.  

• Supramolecular aggregation is a common process used by nature where univalent 

protein-ligand binding (Figure 2a) is weak in order to achieve a tighter binding (actin fiber).15 

Supramolecular polymerization processes, which can follow cooperative mechanistic 

pathways, are later summarized in this Introduction. 

                                                             
11 a) S. J. Rowan, S. J. Cantrill, G. R. L. Cousins, J. K. M. Sanders, J. F. Stoddart, Angew. Chem. Int. Ed. 2002, 41, 

898-952; b) Y. Jin, C. Yu, R. J. Denman, W. Zhang, Chem. Soc. Rev. 2013, 42, 6634-6654; c) Y. Jin, Q. Wang, P. 
Taynton, W. Zhang, Acc. Chem. Res. 2014, 47, 1575-1586. 
12 K. A. Connors, Binding Constants, Wiley, New York, 1987. 
13 G. Ercolani, J. Am. Chem. Soc. 2003, 125, 16097-16103. 
14 P. I. Kitov, D. R. Bundle, J. Am. Chem. Soc. 2003, 125, 16271-16284. 
15 a) R. T. Lee, Y. C. Lee, Glycoconjugate J. 2000, 17, 543-551; b) M. Mammen, S. K. Choi, G. M. Whitesides, 

Angew. Chem. Int. Ed. 1998, 37, 2755-2794; c) J. J. Lundquist, E. J. Toone, Chem. Rev. 2002, 102, 555-578. 
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• Allosteric cooperativity is a form of cooperativity in which conformational and/or 

electronic effects produced by the first interaction can affect subsequent binding events. It is 

classically exemplified by the oxygenation of haemoglobin, which can bind four oxygen 

molecules with increasing affinity, until the four binding sites of the protein are occupied,16 

as schematically described in Figure 2b.  

• Intramolecular/Chelate cooperativity is another cooperative process where an 

intermolecular binding event is preferred over the corresponding intramolecular one and is 

present in nature in, for instance, protein folding (Figure 2c). This kind of cooperativity is 

responsible for the formation of cyclic species, as will be further developed in the next 

Section, and for the multivalency phenomena found in some supramolecular systems. The 

latter refers to the interaction between a host/receptor and a guest/ligand that both bear 

more than one binding sites connected through spacers. A single binding site may not enjoy 

much stability and is easily released by external agents, but many of them together form a 

strong connection resisting even denaturation environments. By organising the respective 

binding sites within the molecule, the geometry of supramolecular complexes can be 

controlled.  

• Interannular Cooperativity is an intermolecular process in which the interaction of 

the first divalent guest produces a change in the shape and conformation of the host, 

leading the system to a “frozen” conformation that facilitates the association of a second 

guest molecule to yield a final rigid assembly. This process is illustrated in nature by self-

chaperoning quaternary light-harvesting proteins, as shown in Figure 2d. 

 

Figure 2. Representation of supramolecular processes that display positive cooperativity. a) Supramolecular 
aggregation, b) Allosteric, c) Intramolecular and d) Interannular cooperativity.13,17 

                                                             
16 W. A. Eaton, E. R. Henry, J. Hofrichter, A. Mozzarelli, Nat. Struct. Bio. 1999, 6, 351-358. 
17 C. A. Hunter, H. L. Anderson, Angew. Chem. Int. Ed. 2009, 48, 7488-7499. 
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1.3. SUPRAMOLECULAR POLYMERIZATION 

Covalent polymers are constituted by the sum of different monomers linked under 

kinetic conditions, meaning that the potential barrier for the forward reaction is much lower 

than the back reaction (depolymerization). In contrast, supramolecular or non-covalent 

polymers are defined as: “polymeric arrays of monomeric units that are brought together by 

reversible and highly directional secondary interactions, resulting in polymeric properties in 

dilute and concentrated solution as well as in the bulk. The directionality and strength of the 

supramolecular bonding are important features of systems that can be regarded as polymers 

and that behave according to well-established theories of polymer physics”. 18  Such 

supramolecular polymers can be first classified on the basis of the physical nature of the 

binding interaction, such as H-bonds, π-π interactions, hydrophobic interactions or metal-

ligand binding. A second classification is based on the progress of the Gibbs free energy (G) 

of the supramolecular polymer as the conversion (α) goes from α = 0 (monomer) to α = 1 

(full conversion). This approach classifies supramolecular polymerization mechanisms in 

three different groups, as depicted in Figure 3. 

 

Figure 3. Schematic representation of the supramolecular polymerization of a monomer following:  
a) isodesmic; b) cooperative or c) ring-chain mediated polymerization. 

1) Isodesmic Polymerization (Figure 3a) refers to case where the addition of each monomer 

to a growing assembly (n-mer) has the same G (or the same association constant; K), 

meaning that the binding sites of the monomer that form the polymer show the same 

reactivity regardless of the length of the polymer. When one follows the degree of 

aggregation as a function of concentration/temperature/solvent nature, sigmoidal curves 

are obtained that are characteristic of this type of polymerization.  

                                                             
18 a) T. F. A. De Greef, M. M. J. Smulders, M. Wolffs, A. P. H. J. Schenning, R. P. Sijbesma, E. W. Meijer, Chem. 

Rev. 2009, 109, 5687-5754; b) T. F. A. de Greef, E. W. Meijer, Nature 2008, 453, 171-173. 
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2) Cooperative Polymerization (Figure 3b) occurs in two differentiated and consecutive 

steps. Nucleation, the first one, is assumed to be a homogenous process that has its own 

Gn (or Kn). Once a nucleus is formed, the second step is the addition of monomer entities to 

build the polymer. This process is called elongation and is governed by another Ge (or Ke) 

that, if the process displays positive cooperativity, is lower than the nucleation one and, as in 

the isodesmic model, is independent of the length of the polymer. Due to the presence of a 

nucleation step, this kind of polymerizations can enjoy a lower polydispersity and higher 

polymer lengths than those regulated by isodesmic mechanisms. 

3) Ring-Chain Equilibria (Figure 3c). If a given ditopic monomer is flexible enough or has a 

predisposition to cyclize, intramolecular events leading to closed, ring-like systems will 

compete with the formation of polymer chains. In this scenario, each addition of the 

respective monomer supposes a new interplay between closed systems or open oligomers. 

The predisposition of the system to form cyclic species depends on different factors, like 

steric hindrance within the monomer or the nature and rigidity of the central block linking 

the noncovalently interacting motifs. The ratio between intra- and intermolecular 

association constants (Kintra/Kinter), defined as the Effective Molarity (EM), and the overall 

concentration will determine if the system will preferably form cyclic or linear systems in 

solution.  

In these supramolecular polymerizations, the average degree of polymerization can be 

controlled by limiting the growth of the chain via addition of end-capping units19 or tuning 

the nucleation-elongation processes.20 However, the supramolecular product is most often a 

mixture of different systems with variable chain lengths.21 

1.4. NON-COVALENT SYNTHESIS 

The term supramolecular synthesis or non-covalent synthesis is used when a targeted 

uniform and monodisperse structure is reached by mastering the tools of self-assembly.22 A 

key term here is fidelity, which defines the ability of a given monomer to produce the 

desired supramolecular assembly over all the possible ones.23 Due to the complexity of most 

supramolecular structures, the monomers involved in supramolecular growth must present 

suitable self-assembling directors encoded in their structure, which provide the required 

chemical information to drive molecular association to a given precise structure, or to 

                                                             
19 a) S. P. Dudek, M. Pouderoijen, R. Abbel, A. P. H. J. Schenning, E. W. Meijer, J. Am. Chem. Soc. 2005, 127, 

11763-11768; b) S. A. Schmid, R. Abbel, A. P. H. J. Schenning, E. W. Meijer, R. P. Sijbesma, L. M. Herz, J. Am. 
Chem. Soc. 2009, 131, 17696-17704; c) M. Numata, R. Sakai, Chem. Lett. 2014, 43, 1890-1892; d) P. Besenius, 
J. Polym. Sci., Part A: Polym. Chem. 2017, 55, 34-78. 
20 I. W. Hwang, T. Kamada, T. K. Ahn, D. M. Ko, T. Nakamura, A. Tsuda, A. Osuka, J. Am. Chem. Soc. 2006, 128, 

7670-7678. 
21 a) J. S. Moore, Curr. Opin. Colloid Interface Sci. 1999, 4, 108-116; b) F. W. Zeng, S. C. Zimmerman, S. V. 

Kolotuchin, D. E. C. Reichert, Y. G. Ma, Tetrahedron, 2002, 58, 825-843; c) J. M. Lehn, Polym. Int. 2002, 51, 
825-839; d) U. Michelsen, C. A. Hunter, Angew. Chem. Int. Ed. 2000, 39, 764-767. 
22 a) L. J. Prins, D. N. Reinhoudt, P. Timmerman, Angew. Chem. Int. Ed. 2001, 40, 2382-2426; b) D. N. 

Reinhoudt, M. Crego-Calama, Science, 2002, 295, 2403-2407; c) C. Rest, R. Kandanelli, G. Fernández, Chem. 
Soc. Rev. 2015, 44, 2543-2572. 
23 E. M. Todd, J. R. Quinn, T. Park, S. C. Zimmerman, Isr. J. Chem. 2005, 45, 381-389. 



 
 
1. Supramolecular Chemistry & Molecular Self-Assembly 

 

8 

 

structured matter in the nanoscale. In addition, a knowledge of the individual non-covalent 

interactions, their synergy and directionality when all of them work together, as well as how 

the entire system is affected by environmental changes such as solvent polarity, 

temperature or concentration, is demanded.17,24,25 Furthermore, orthogonality between 

noncovalent interactions, some acting in a given direction and some others in a different one, 

can be sought in molecular association events for a fine control of the size, shape and 

function of the desired structure. 

The design of “programmed” systems, controlled by molecular information, 

represents an interesting strategy in materials engineering for the preparation of functional 

nanostructured supramolecular materials. In general, researchers can follow two different 

approaches to build a target nanostructure or nano patterns, as schematically described in 

Figure 4. A top-down approach corresponds to a miniaturization, through the use of existing 

micro-/nanofabrication and nanopatterning techniques. By means of these techniques a 

larger entity is carved into different nanoscale objects/patterns by using externally 

controlled tools. This method presents some limitations: higher accuracies than 100 nm 

cannot be easily reached, and the level of organization is often not optimal either. In 

contrast, in the bottom-up scenario, one can start from building blocks holding interesting 

physical and chemical properties and make them grow to form the desired architectures via 

self-organization or self-assembly.26 Those starting single molecules/ions (monomers) carry 

the necessary information (size, shape and functionality) to yield a final structure equipped 

with the desired properties. Consequently, the bottom-up approach deals with increased 

complexity at the molecular level and maintains a molecule-by-molecule control, where 

molecular self-assembly and molecular recognition hold an important role.27 

 

Figure 4. Illustration of the a) top-down and b) bottom-up approaches. 

                                                             
24 J. C. Badjic, A. Nelson, S. J. Cantrill, W. B. Turnbull, J. F. Stoddart, Acc. Chem. Res. 2005, 38, 723-732. 
25 a) G. Ercolani, L. Schiaffino, Angew. Chem. Int. Ed. 2011, 50, 1762-1768; b) Focus Issue on Cooperativity. 

Nat. Chem. Biol. 2008, 4, 433-507. 
26 J. V. Barth, G. Costantini, K. Kern, Nature, 2005, 437, 671-679. 
27 J. K. Gimzewski, C. Joachim, Science, 1999, 283, 1683-1688. 
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2. DNA SELF-ASSEMBLY& NANOTECHNOLOGY 

Double-stranded deoxyribonucleic acid (DNA), the universal carrier of genetic 

information in all living organisms, is a remarkable self-assembled structure. 28  Two 

oligonucleotide chains, comprising a nucleobase sequence linked to a 2’-deoxyribose-

phosphate backbone, wind up to generate a duplex that is held together by a combination of 

non-covalent forces (as schematically illustrated in Figure 5). Hydrophobic interactions are 

responsible for exposing the sugar-phosphate backbone towards the aqueous environment, 

hence forcing the bases to interact by π-π stacking within the same strand and by H-bonding 

with the other strand. The matching Watson-Crick pattern between complementary 

nucleobases in DNA (G≡C and A=T) is the essential feature that makes two sequence-

complementary strands recognize each other and bind more tightly than any other possible 

structure. 

 

Figure 5. Schematic representation of B-DNA structure (2013 Nature Education rights). 

In this Section, we are firstly presenting the most important structural characteristics 

regarding H-bonding interactions between nucleobases, before analysing diverse 

conformations and binding modes in the DNA structure, and finally describing the 

extraordinary evolution of DNA Nanotechnology produced in the last decades. 

 

 

 

                                                             
28 E. C. Long, "Fundamentals of nucleic acids", New York: Oxford University Press. 1996, pp. 4–10. 

http://www.nature.com/nature_education
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2.1. DNA STRUCTURE 

2.1.1. H-BONDING BETWEEN COMPLEMENTARY NUCLEOBASES 

First introduced in 1935 by Bernal and Huggins,29 H-bonds are electrostatic in nature 

and occur when a donor (D) group with a free acidic hydrogen atom interacts with an 

acceptor (A) group, carrying available non-bonding electron lone pairs. H-bonding is highly 

directional, selective and provides exceptionally controlled geometric and spatial features. 

H-bonds show a maximum energy value for a 180° angle and, accordingly, a linear binding 

geometry is preferred. The strength of this interaction depends mainly on the solvent (it can 

compete for vacant H-bonding sites); the chemical nature of the H-bonding functions (an 

isolated H-bond is stronger when the basicity of the H-acceptor site and the acidity of the 

donor site are maximized); and on the total number of H-bonds involved (the forces are 

additive) and their spatial disposition.30 

H-bonding Modules. Apart from the number of bonds engaged, the sequence of 

multiple H-bonds in a particular molecular fragment supposes an important parameter 

regulating its strength. In this context, the spatial disposition of the H-bonding D and A 

functionalities is considered as a decisive factor. This phenomenon has an electrostatic 

character, as Jorgensen and co-workers demonstrated,31 attractive secondary interactions 

between positively and negatively polarized atoms in adjacent H-bonds increase the H-

bonding strength. However, repulsive interactions between two positively or negatively 

polarized atoms lead to destabilization. As a result of these secondary interactions, the DD–

AA motif is expected to be more favourable than the DA–AD motif.32 At the same time, for 

systems containing three H-bonds: the DDD–AAA pattern is more stable than the DDA–AAD, 

which in turn is more stable than the ADA-DAD pattern. Sartorius and Schneider32 proposed 

a simple empirical rule to predict the binding strength of a given complex. The free energy 

for dimerization could be calculated by adding a contribution of 7.87 kJ/mol for each H-bond 

and ±2.9 kJ/mol for each attractive or repulsive secondary interaction.  

Hydrogen-bonding between nucleobases. Much of the inspiration in the 

supramolecular chemistry field originally came from the double strand assembly found in 

DNA and RNA. As mentioned previously, these complementary purine-pyrimidine Watson-

Crick pairs are adenine (A)-thymine (T)/uracil (U), and guanine (G)-cytosine (C) (see Figure 5 

and Figure 6a). 

                                                             
29 a) J. D. Bernal, H. D. Megaw, Proc. R. Soc. Lond. A. 1935, 151, 384–420; b) M. L. Huggins, J. Org. Chem. 

1936, 1, 407-456. 
30 a) R. P. Sijbesma, E. W. Meijer, Chem. Commun. 2003, 0, 5-16; b) L. Brunsveld, B. J. B. Folmer, E. W. Meijer, 

R. P. Sijbesma, Chem. Rev. 2001, 101, 4071-4097; c) J. L. Sessler, C. M. Lawrence, J. Jayawickramarajah, 
Chem. Soc. Rev. 2007, 36, 314-325; d) S. Sivakova, S. J. Rowan, Chem. Soc. Rev. 2005, 34, 9-21; e) S. K. Yang, 
S. C. Zimmerman, Isr. J. Chem. 2013, 53, 511-520. 
31 a) W. L. Jorgensen, J. Pranata, J. Am. Chem. Soc. 1990, 112, 2008-2010; b) J. Pranata, S. G. Wierschke, W. L. 

Jorgensen, J. Am. Chem. Soc. 1991, 113, 2810-2819. 
32 J. Sartorius, H. J. Schneider, Chem. Eur. J. 1996, 2, 1446-1452. 
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The guanine-cytosine (G≡C) pair, with 3 H-bonds, is far stronger than the adenine-

uracil one (A=U), with only two H-bonds.33 Even when considering 2-aminoadenine, the 

binding constant with uracil is significantly lower than between guanine and cytosine, even if 

both pairs employ three H-bonds to bind.29 In fact, the formation of the G≡C complex (ADD–

DAA array) involves two attractive and two repulsive secondary interactions, whereas in the 

2-aminoadenine–uracil dimer (DAD–ADA array), all the secondary interactions are repulsive, 

resulting in an association constant that is two orders of magnitude lower in CHCl3 (Figure 

6b).  

 

Figure 6. a) Guanine (G), Cytosine (C), Adenine (A) and Uracil (U) nucleobases. Dashed bonds indicate H-
bonding donor (blue) and acceptor (red) sites; b) Illustration of secondary H-bonding interactions in triply H-

bonded G≡C and A≡U pairs. 

Purines have three different H-bonding interfaces: the Hoogsteen edge, the Watson-
Crick edge, and an additional edge comprising N-9, N-3 and (in G) the exocyclic amino group 
at C-2, which may become competitive specially if N-9 is unsubstituted. Other arrangements 
of the H-bonding D and A groups are also possible due to nucleobase tautomerization34 or 
ionization, but are far less common. This implies that Watson-Crick pairing is not the only 
mode of interaction between nucleobases. Actually, there are 28 possible binding motifs 
that involve at least 2 H-bonds between any pair out of the four common nucleobases 
(Figure 7). 35  These comprise reverse Watson-Crick, Hoogsteen and “wobble” (or 
mismatched) base pairs. In addition to 1:1 pairs, 2:1 complexes (and higher-order 
ensembles) may also be formed.36 Natural DNA avoids these non-specific interactions by 
providing a proper conformational environment for Watson-Crick pairing along the 
polymeric double strand. However, that does not mean that these secondary interactions 
are not found in biological media.  

                                                             
33 A. J. Wilson, Soft Matter, 2007, 3, 409-425. 
34 Y. P. Wong, J. Am. Chem. Soc. 1973, 95, 3511-3515. 
35 W. Saenger, Principles of Nucleic Acid Structures, Springer, New York, 1984. 
36 V. Malnuit, M. Duca, R. Benhida, Org. Biomol. Chem. 2011, 9, 326-336. 
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Figure 7. Diverse binding motifs between nucleobases involving at least 2 H-bonds. 

In addition to the formation of hetero-associated pairs, each of the nucleobases can 
dimerize or oligomerize with diverse association strengths. In particular, G is the base that 
presents the most versatile supramolecular chemistry, having relatively large dimerization 
constants (Ka ~ 103 M-1 in CHCl3)37 and the highest number of H-bonding sites. Commonly, G 
derivatives self-associate in apolar solvents into a mixture of oligomeric species by formation 
of different pairs of self-complementary H-bonds (Figure 8).38 Linear ribbons may be 
obtained by interaction between Watson-Crick and Hoogsteen edges (ribbon I) or between 
the Watson-Crick amide fragment and the aminopyridine fragment (ribbon II).39 One of 
these oligomeric species is a cyclic tetramer, commonly called G-quartet,40 assembled by DD-
AA interactions between Watson-Crick and Hoogsteen edges, whose formation can be 
templated in the presence of Na+ or K+ salts.  

 

Figure 8. Guanine self-association in different oligomeric species by self-complementary H-bonds. 

                                                             
37 a) J. Sartorius, H. J. Schneider, Chem. Eur. J. 1996, 2, 1446-1452; b) G. Gottarelli, S. Masiero, E. Mezzina, G. 

P. Spada, P. Mariani, M. Recanatini, Helv. Chim. Acta, 1998, 81, 2078-2092. 
38 a) J. T. Davis, Angew. Chem. Int. Ed. 2004, 43, 668-698; b) J. T. Davis, G. P. Spada, Chem. Soc. Rev. 2007, 36, 

296-313. 
39 T. Giorgi, F. Grepioni, I. Manet, P. Mariani, S. Masiero, E. Mezzina, S. Pieraccini, L. Saturni, G. P. Spada, G. 

Gottarelli, Chem. Eur. J. 2002, 8, 2143-2152. 
40 a) J. L. Sessler, M. Sathiosatham, K. Doerr, V. Lynch, K. A. Abboud, Angew. Chem. Int. Ed. 2000, 39, 1300-

1303; b) Y. Inui, M. Shiro, S. Fukuzumi, T. Kojima, Org. Biomol. Chem. 2013, 11, 758-764. 
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2.1.2. DNA CONFORMATIONAL AND MULTIPLE-HELIX VARIANTS 

DNA may come in many forms.41 Certain sequences and conditions produce unusual 

helix structures and conformational variants. Diverse forms in which DNA can naturally 

appear are shown in Figure 9.  

 

Figure 9. Side and top view of different forms in which two strands of DNA can self-assemble.42 

B-form of DNA is the most common one at physiological pH, this double helix presents 

right-handedness, with the major and minor groove of equal depth. The base pairs are 

perpendicular to the helix, and the supramolecular structure has an antiparallel sense, which 

means that the 5’-end of one strand is paired to the 3’-end of the complementary strand. 

However, certain sequences and conditions produce unusual helix structures other than the 

canonical B-DNA. For instance, A-DNA (which is predominant under dehydration 

conditions)43 is also right-handed and antiparallel, but it provides a shorter, more compact 

helical structure and the base pairs are not perpendicular to the helix axis. The major groove 

is deep and narrow due to the increased number of bases per turn, while the minor one is 

wide.44 These changes are promoted by a change in the conformation of the sugar. While in 

B-DNA it adopts a C-2’ endo conformation, in A-DNA the sugar adopts the C-3’ endo 

conformation. Z-DNA is also a well-known conformation. Its main feature is that the two 

strands are ordered in a left-handed, anti-parallel manner, and thereof the backbone has a 

zig-zag shape.41a This form is typical in oligonucleotides containing alternating purines and 

pyrimidines and the nucleobases adopt alternatively anti and syn conformations.41b As a 

consequence, the major groove becomes convex on the exterior of the structure. The B- to Z 

                                                             
41 a) A. Rich, Gene, 1993, 135, 99-109; b) L. A. Yatsunyk, O. Mendoza, J. L. Mergny, Acc. Chem. Res. 2014, 47, 

1836-1844. 
42 J. C. García-Ramos, R. Galindo-Murillo, F. Cortés-Guzmán, L. Ruiz-Azuara, J. Mex. Chem. Soc. 2013, 57, 

160-174. 
43 D.R Whelan, T. J. Hiscox, J. I. Rood, K. R. Bambery, D. McNaughton, B. R. Wood, J. R. Soc. Interface 2014, 

11, 20140454.  
44 R. E. Dickerson, Methods in Enzymology, 1992, 211, 67-111. 
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-DNA transition is facilitated by DNA methylation, cations at high concentration, 

supercooling of DNA or by the presence of certain ligands.45 Other typical structural DNA 

variants are depicted in Figure 10.  

 
Figure 10. Common structural DNA variants. 

In Parallel DNA the bases are perpendicular to the helix axes as in B-DNA, although 

the driving force is the symmetrical self-pair interaction between AantiAanti/GsynGsyn or reverse 

Watson-Crick base pairing between A and T. The formation of these duplexes is mostly 

attributed to pH conditions and specific sequences. Hairpin DNA can also become stabilized 

for certain sequences, since DNA is a flexible polymer and two complementary remote 

sections can bind in a single strand to generate a U-turn. This structure is entropically 

favoured although enthalpically less stable than duplex DNA.46 

Triplex DNA generally consists of a single strand binding by Hoogsteen-type 

interactions with a purine-rich strand that is simultaneously interacting with a 

complementary oligonucleotide by Watson-Crick H-bonding. 47  The archetypes of 

Quadruplex DNA are found in G- (G-quadruplex) or C-rich (i-motif) sequences. The 

formation of these four-stranded structures is induced at high salt contents or low pHs, 

respectively. 48 a,b Some special sequences can also cause bi-loop tetraplexes.48c G-

quadruplexes are driven by the formation of Hoogsteen H-bonds between G nucleobases 

(see the G-quartet structure in Figure 8) from at least two stacks of purines. These 

supramolecular structures show various morphologies49 and are normally classified as a 

function of their stoichiometry or strand-orientation. The i-motif comprises two parallel-

stranded DNA duplexes held together in an antiparallel orientation by intercalated, C-CH+ 

base pairs. Finally, cruciforms or DNA junctions, as will be further detailed below, rely on the 

self-assembly through complementary sequences of two pieces of DNA that recognize each 

other and hybridize together. 

                                                             
45 M. Behe, G. Felsenfeld, Proc. Natl. Acad. Sci. U.S.A. 1981, 78, 1619-1623. 
46 K. Sakamoto, H. Gouzu, K. Komiya, D. Kiga, S. Yokoyama, T. Yokomori, M. Hagiya, Science, 2000, 288, 

1223-1226. 
47 D. P. Arya, Acc. Chem. Res. 2011, 44, 134-146. 
48 a) P. Murat, S. Balasubramanian, Current Opinion in Genetics & Development 2014, 25, 22-29; b) J. T. 

Davis, Angew. Chem. Int. Ed. 2004, 43, 668-698; c) S. A. Salisbury, et al. Proc. Nat. Acad. Sci. 1997, 94, 5515-
5518. 
49 A. T. Phan, FEBS J. 2010, 277, 1107-1117. 
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2.2. EVOLUTION OF DNA NANOTECHNOLOGY AND DNA-BASED MATERIALS 

DNA is a biopolymer with predictable and programmable interactions. This fact, 

together with the rapid development of tools for the synthesis of any arbitrary DNA 

sequence using automated phosphoramidite chemistry50 or DNA-modifying enzymes, allured 

scientists from different fields to use it as a versatile building block in Nanotechnology.51 

DNA Nanotechnology can now be regarded as a fruitful and potent research field on its 

own.52 

N. C. Seeman was a pioneer in this field. In 1982, inspired by the naturally occurring 

Holliday junction, he and his team envisioned the manner of connecting DNA Junctions52 in 

order to extend structures with defined spacing and patterns. The cohesion of 4-arm 

structures was feasible when programming the self-assembly of complementary single-

stranded ends on two DNA pieces to hybridize together,53 as shown in Figure 11a.  

 

Figure 11. The evolution of DNA Tile-assembly from simple junctions to well-defined 3D nanoobjects. 

                                                             
50 A. Ellington, J. D. Pollard, "Synthesis and purification of oligonucleotides" in Current Protocols in Molecular 

Biology, 2001. 
51 See special issue on DNA nanotechnology in Nature Nanotech. 2011, Volume 6. 
52 N. C. Seeman, Annual Review of Biochemistry, 2010, 79, 65-87. 
53 N. C. Seeman, J. Theor. Biol. 1982, 99, 237-247. 
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Years later, Fu and Seeman extended the concept towards the creation of double 

crossover (DX) DNA Tiles,54 which comprise “two parallel double-stranded helices with 

individual strands crossing between the helices at two crossover points, each of which was a 

topologically four-arm junction”.55 The constrains lead to double rigidity than in the case of 

linear DNA, so tiles could act as building blocks for complex nanostructures. From this 

starting point, scientists created highly ordered 2D crystalline surfaces of deliberately 

designed geometries and periodicities (Figure 11b). Extensively, tile-based 3D DNA 

nanostructures are exemplified by the development by Mao and co-workers of the 

polyhedral solids with tuneable flexibility56 or their successful periodic assembly of DNA 

crystal by taking advantage of tensegrity triangles57 (Figure 11c/d). 

The previous technology presented certain disadvantages: the formation of lattices 

demanded the exact control over the stoichiometry, and often isolation of the tiles would 

result in error-prone structures. Furthermore, this strategy is limited to simple geometric 

shapes and the repetition of a moiety.58a A breakthrough within this scenario occurred in 

2006 as Rothemund introduced the concept of DNA Origami,58b which comprises the folding 

of a single DNA strand into a tailored pattern by the summed action of short “staple strands” 

that makes the selected parts of the DNA to come together. 2D Non-periodic nanostructures 

of arbitrary complexity, such as smiley faces or stars, were designed and visualised by 

microscopic techniques, as exemplified in Figure 12a.  

DNA origami was soon brought to the third dimension. For instance, Gothelf and co-

workers contributed with the construction of a box with a controllable lid by combining six 

origami sheets stitched together by linking strands, as shown in Figure 12b.59 Another 

interesting example was provided by Ke et al., who strategically built a scaffold for a DNA 

tetrahedron which resembled the icosahedral structure of viral particles.60 Shih et al. utilized 

staple crossovers bridging different layers of double helixes to come together, inducing 

highly packed structures named multilayered origami.61 An alternative strategy, that does 

not require the presence of a big scaffold, was developed by Yin et al. and named as DNA 

Brick in 2012.62 It relies on the use of a set of single-stranded tiles with four binding sites 

that can be assembled to form any desired shape by the formation of staggered duplexes, as 

                                                             
54 T. J. Fu, N. C. Seeman, Biochemistry 1993, 32, 3211-3220. 
55 K. E. Bujold, A. Lacroix, H. F. Sleiman, Chem. 2018, 4, 1-27. 
56 Y. He, T. Ye, M. Su, C. Zang, A. E. Ribbe, W. Jiang, C. Mao, Nature, 2008, 452, 198-201. 
57 J. Zheng, J. J. Birktoft, Y. Chen, T. Wang, R. Sha, P. E. Constantinou, S. L. Ginell, C. Mao, N. C. Seeman, 

Nature, 2009, 461, 74-77.  
58 a) B. Sacca, C. M. Niemeyer, Angew. Chem. Int. Ed. 2012, 51, 58-66; b) P. K. Rothemund, Nature, 2006, 

440, 297-302.  
59 a) J. Song, Z. Zhang, S. Zhang, L. Liu, Q. Li, E. Xie, K. V. Gothelf, F. Besenbacher, M. Dong, Small, 2013, 9, 

2954-2959; b) Z. Zhang, J. Song, F. Besenbacher, M. Dong, K. V. Gothelf, Angew. Chem. Int. Ed. 2013, 52, 
9219-9223. 
60 Y. Ke, J. Sharma, M. Liu, K. Jahn, Y. Liu, H. Yan, Nano Lett. 2009, 9, 2445-2447. 
61 S. M. Douglas, H. Dietz, T. Liedl, B. Högberg, F. Graf, W. M. Shih, Nature, 2009, 459, 414-418. 
62 a) Y. Ke, L. L. Ong, W. M. Shih, P. Yin, Science, 2012, 338, 1177-1183; b) B. Wei, M. Dai, P. Yin, Nature, 

2012, 485, 623-626. 
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illustrated in Figure 12c. In principle, these two approaches own a distinct limitation, that is 

the need of hundreds of DNA strands of different sequences.  

 
Figure 12. Schematic representation of DNA Origami a) on surfaces, b) nanobjects; c) DNA Brick approach. 

The use of these tools and methods encouraged researchers to address long-range 

order assembly through the construction of 1D DNA Nanotubes.63 These nanoarchitectures 

are built using double-stranded DNA technology from 2D arrays that can wrap on itself (as 

exemplified in Figure 13a),64 helix bundles, or stacking cyclic DNA along a longitudinal axis. 

Sometimes the curvature of planar 2D arrays is induced by modifications or the 

incorporation of additional components, such as the introduction of porphyrin 

connectors,65a the use of disulphide bonds,65b or in the presence of Au nanoparticles65c (this 

latter example shown in Figure 13b).These methodologies give rise to nanotubes with varied 

circumferences. However, the helix bundles approach offers enhanced programmability, as 

it was firstly proposed by Seeman and co-workers, who modified the nucleotide separation 

                                                             
63 a) K. M. M. Carneiro, N. Avakyan, H. F. Sleiman, WIREs Nanomed. Nanobiotechnol. 2013, 5, 266-285; b) O. 

Vaughan, Nature Nanotech. 2008, 3, 522-523; c) F. A. Aldaye, et al. Nature Nanotech. 2009, 4, 349-352; d) O. 
I. Wilner, R. Orbach, A. Henning, C. Teller, O. Yehezkeli, M. Mertig, D. Harries, I. Willner, Nature Commun. 
2011, 2, 540-548. 
64 H. Liu, Y. Chen, Y. He, A. E. Ribbe, C. Mao, Angew. Chem. Int. Ed. 2006, 45, 1942-1945. 
65 a) M. Endo, N. C. Seeman, T. Majima, Angew. Chem. Int. Ed. 2005, 44, 6074-6077; b) D. Liu, S. H. Park, J. H. 

Reif, T. H. LaBean, Proc. Natl. Acad. Sci. USA 2004, 101, 717-722; c) J. Sharma, R. Chhabra, A. Cheng, J. 
Brownell, Y. Liu, H. Yan, Science, 2009, 323, 112-116.  
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between strand crossover points producing 120° dihedral angles between helices (Figure 

13c).66 Contrary to this rigid morphology, the approach developed by Sleiman and co-

workers was based in a modular approach of longitudinal assembly of cyclic building blocks, 

which facilitated the control over various geometrical, compositional and structural 

parameters, see example in Figure 13d. The first application was the creation of DNA 

nanotubes of triangular or square shape,67 rather the common cylindrical geometry enabled 

before. Furthermore, the addressability of the approach was used to selectively encapsulate 

and release cargo,68 or develop junctions based on metal-ligand interactions,69 among others. 

 

Figure 13. Diverse approaches towards DNA Tubes: a) by wrapping 2D Tiles; b) from DX tiles assisted by gold 
nanoparticles; c) helix bundles and d) modular construction. 

                                                             
66 F. Mathieu, S. Liao, J. Kopatsch, T. Wang, C. Mao, N. C. Seeman, Nano Lett. 2005, 5, 661-665. 
67 a) F. A. Aldaye, P. K. Lo, P. Karam, C. K. McLaughlin, G. Cosa, H. F. Sleiman, Nat. Nanotechnol. 2009, 4, 349-

52; b). A. A. Hariri, G. D. Hamblin, Y. Gidi, H. F. Sleiman, G. Cosa, Nat. Chem. 2015, 7, 295-300. 
68 P. K. Lo, P. Karam, F. A. Aldaye, C. K. McLaughlin, G. D. Hamblin, G. Cosa, H. F. Sleiman, Nat. Chem. 2010, 2, 

319-328. 
69 a) H. Yang, A. Z. Rys, C. K. McLaughlin, H. F. Sleiman, Angew. Chem. Int. Ed. 2009, 48, 9919-9923; b) H. 

Yang, C. K. McLaughlin, F. A. Aldaye, G. D. Hamblin, A. Z. Rys, I. Rouiller, H. F. Sleiman, Nat. Chem. 2009, 1, 
390-396. 
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In recent years, scientists have also explored novel strategies to build nanostructures 

from single-stranded RNA, and so far in vivo assembly has been demonstrated.70 In 2017, 

Dietz and co-workers71 explored another approach in which the DNA origami is guided by 

protein staples that build loops, as they recognise and bind certain sequences. 

In general, current research has focused on imparting functionality to the system, 

sometimes supported by the incorporation of additional organic, inorganic and polymeric 

molecules.72 Nowadays, the application scope of DNA nanostructures is impressive. These 

are being studied for very diverse potential applications,73 like scaffolds for the organization 

of enzyme cascades73a or for nanophotonics and nanoelectronics,73b functional 

nanoobjects73c and dynamic nanodevices,73d computing and logic circuits,73e molecular 

conductors,73f DNA enzymes, sensors and aptamers for the interaction with the cellular 

world,73g and other DNA-based biomedical applications.73h 

Scientists have developed powerful tools for imaging that are supported on DNA 

origami, such as a new fluorescence microscopy technique called DNA-Paint74 (Points 

accumulation for imaging in nanoscale topography) by Yin et al., or the achievement of 

visualizing biological events by high-speed AFM by Sugiyama and co-workers, as shown in 

Figure 14a.75 DNA can also be used as a scaffold to arrange and position diverse elements. 

For instance, Gothelf’s group reported that a conjugated polymer chain attached to short 

DNA strands could adopt any arbitrary geometry due to hybridization to complementary 

patterns in DNA origami (Figure 14b).76 Shortly afterwards, Yang et al. decorated DNA rings 

and cages with lipids in the interior and were able to induce the formation of liposomes with 

any arbitrary size.77 These templates can also be transient and re-usable, as in the use of 3D 

origami as containers to specifically template the growth of monodispersed gold 

nanoparticles,78 or the efficient transfer and print of DNA onto gold nanoparticles (Figure 

14c),79 illustrated by Sleiman and co-workers. 

                                                             
70 a) C. Geary, P. W. Rothemund, E. S. A. Andersen, Science, 2014, 345, 799-804; b) K. A. Afonin, E.  

Bindewald, A. J. Yaghoubian, N. Voss, E. Jacovetty, B. A. Shapiro, L. Jaeger, Nat. Nanotechnol. 2010, 5, 676-
682; c) C. J. Delebecque, A. B. Lindner, P. A. Silver, F. A. Aldaye, Science, 2011, 333, 470-474. 
71 F. Praetorius, H. Dietz, Science, 2017, 355, 5488-5496.  
72 a) Y. Zhang, J. Tu, D. Wang, H. Zhu, S. K. Maity, X. Qu, B. Bogaert, H. Pei, H. Zhang, Adv. Mater. 2018, 30, 

1703658; b) N. C. Seeman, H. F. Sleiman, Nature Reviews, 2017, 3, 17068. 
73 a) M. Tintoré, R. Eritja, C. Fábrega, Chem. Bio. Chem. 2014, 15, 1374-1390; b) F. Zhang, J. Nangreave, Y. Liu, 

H. Yan, J. Am. Chem. Soc. 2014, 136, 11198-11211; c) G. Zhang, S. P. Surwade, F. Zhoub, H. Liu, Chem. Soc. 
Rev. 2013, 42, 2488-2496; d) C. Song, Z. G. Wang, B. Ding, Small, 2013, 9, 2382-2392; e) H. M. Sauro, K. H. 
Kim, Nature, 2013, 497, 572-573; f) E. Scheer, Nature Nanotech. 2014, 9, 960-961; g) Y. Lu, J. Liu, Curr. 
Opinion Biotech. 2006, 17, 580-588; h) Z. G. Wang, C. Song, B. Ding, Small, 2013, 9, 2210-2222. 
74 R. Jungmann, M. S. Avendano, J. B. Woehrstein, M. Dai, W. M. Shih, P. Yin, Nat. Methods, 2014, 11, 313-

318. 
75 Y. Suzuki, M. Endo, Y. Katsuda, K. Ou, K. Hidaka, H. Sugiyama, J. Am. Chem. Soc. 2014, 136, 211-218. 
76 J. B. Knudsen et al. Nat. Nanotechnol. 2015, 10, 892-898. 
77 Y. Yang, J. Wang, H. Shigematsu, W. Xu, W. M. Shih, J. E. Rothman, C. Lin, Nat. Chem. 2016, 8, 476-483. 
78 a) S. Helmi, C. Ziegler, D. J. Kauert, R. Seidel, Nano Lett. 2014, 14, 6693-6698; b) W. Sun, E. Boulais, Y. 

Hakobyan, W. Li Wang, A. Guan, M. Bathe, P. Yin, Science, 2014, 346, 1258361. 
79 T. G. Edwardson, K. L. Lau, D. Bousmail, C. J. Serpell, H. F. Sleiman, Nat. Chem. 2016, 8, 162-170. 
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Lastly, we have assisted to the development of new DNA motifs, as programmed 

assembly of dA into triple helices with cyanuric acid to create long fibers with hexameric 

rosette pores.80 Some of the very recent research directions in DNA materials explored the 

chance of introducing a semiconductor81 within a self-assembled 3D DNA crystal based on 

tensegrity angles, as well as other working devices, as shown by Hao et al. in Figure 14d.82 

 

Figure 14. Representation of some current research lines in DNA Nanotechnology: a) DNA origami based 
visualization system; b) routing of polymers in designed patterns; c) DNA-imprinted nanoparticles and d) 

device within DNA-crystal. 
.

                                                             
80 N. Avakyan, A. A. Greschner, F. Aldaye, C. J. Serpell, V. Toader, A. Petitjean, H. F. Sleiman, Nat. Chem. 

2016, 8, 368-376. 
81 X. Wang, R. Sha, M. Kristiansen, C. Hernandez, Y. Hao, C. Mao, J. W. Canary, N. C. Seeman, X. Wang, 

Angew. Chem. Int. Ed. 2017, 56, 6445-6448. 
82 Y. Hao, M. Kristiansen, R. Sha, J. J. Birktoft, C. Hernandez, C. Mao, N. C. Seeman, Nat. Chem. 2017, 9, 824-

827. 
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3. SEQUENCE-CONTROLLED POLYMERS 

Great progress has been achieved in manipulating the supramolecular behaviour of 

polymeric materials, though the exact control over the sequential arrangement at the 

monomer level remains challenging.83 Sequence-controlled polymers are macromolecules 

with well-defined molecular weight, and also precisely controlled microstructure in terms of 

the distribution of monomeric units along the chain”.83,84 The relevance of these polymers 

can be foreseen in technological applications such as data storage, catalysis or 

nanoelectronics. In this scenario, two promising strategies have emerged: 1) the inspiration 

from biological concepts that are optimised for regulation (such as enzymes applied to PCR 

technology). These methods can also be adapted to non-natural monomers, as in the case of 

a rotaxane-based machine travelling along a track of amino acids and coupling them in a 

controlled way;85 2) the use of synthetic chemistry, which offers outstanding variability in 

terms of chemical structures. Recent research in this last topic will be briefly described along 

this Section.  

Synthetic polymers with a precise sequence of monomers can be prepared through 

various approaches in a controlled manner, making use of (but not limited to) solid-phase 

chemistry, click reactions and chemical affinity of the monomers. Depending on the type of 

chemical processes employed, the different approaches can be divided in two main groups:86 

step-growth and chain-growth polymers. 

• Chain-growth polymers. This first type is characterised by fast growing of the chains 

due to the action of free radicals, carbocations or carbanions. 

Radical Polymerization. In the case of radical-mediated polymerizations, the results 

obtained by Haddleton and co-workers are remarkable. These researchers were able to 

precisely define multiblock polyacrylates by utilizing a UV-light controlled single electron 

transfer living radical polymerization (SET-LRP) medium with a catalyst.87 On the other hand, 

Perrier et al. reported the effective synthesis of multiblock copolymers by tuning a reversible 

activation-fragmentation chain transfer polymerization (RAFT) process, as illustrated in 

Figure 15a.84 In this last example, researchers developed an one-pot, multistep sequential 

polymerization process to create functional multiblock copolymers. Up to 20 diverse blocks 

were incorporated, consisting each one in 100 identical units as maximum. 

Ionic Polymerization. In principle, this methodology permits to control the length and 

distribution, although the reactants are by far more sensitive to impurities. A mixture of up 

to five diverse aziridine-based monomers were polymerized by Wurm and co-workers in a 

controlled fashion due to reactivity preferences as a function of the different electron-

                                                             
83 J. F. Lutz, M. Ouchi, D. R. Lui, M. Sawamoto, Science 2013, 341, 1238149. 
84 G. Gody, T. Maschmeyer, P. B. Zetterlund, S. Perrier, Nat. Commun. 2013, 4, 2505. 
85 B. Lewandowski, G. De Bo, J. W. Ward, M. Papmeyer, S. Kuschel, M. J. Aldegunde, P. M. E. Gramlich, D. 

Heckmann, S. M. Goldup, D. M. D’Souza, A. E. Fernandes, D. A. Leigh, Science 2013, 339, 189-193. 
86 J. K. Szymański, Y. M. Abul-Haija, L. Cronin, Acc. Chem. Res. 2018, 51, 649-658. 
87 A. Anastasaki, V. Nikolaou, G. S. Pappas, Q. Zhang, C. Wan, P. Wilson, T. P. Davis, M. R. Whittaker, D. M. 

Haddleton, Chem. Sci. 2014, 5, 3536-3542. 
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withdrawing strength of their substituents,88 an example being showed in Figure 15b. In 

their approach, the most reactive monomers were completely consumed in the same time in 

which the least reactive had reached just 20% conversion.  

 

Figure 15. Examples of different sequence-controlled polymerization: a) radical; b) ionic and c) ring-opening 

approach. 

Ring-opening Polymerization. Its main feature is that monomers are cyclic and the 

chain grows by subsequent ring-opening and reaction within the active centers. The control 

can be achieved by tuning the catalyst’s properties, so as to induce its affinity towards 

diverse monomers. This can be illustrated by Guo and co-workers’ research, who reported 

that the addition of a BrØnsted base could switch the catalyst affinity towards cyclic lactones 

or L-lactide polymerization.89 Additionally, researchers as Diaconescu and co-workers have 

also implemented redox-responsive catalysts.90 When the oxidation state of the catalytic 

metal is changed, it can be switched between active or inactive. What is more, the catalyst 

                                                             
88 E. Rieger, A. Alkan, A. Manhart, M. Wagner, F. R. Wurm, Macromol. Rapid Commun. 2016, 37, 833-839. 
89 X. Wang, J. Liu, S. Xu, J. Xu, X. Pan, J. Liu, S. Cui, Z. Li, K. Guo, Polym. Chem. 2016, 7, 6297-6308. 
90 X. Wang, A. Thevenon, J. L. Brosmer, I. Yu, S. I. Khan, P. Mehrkhodavandi, P. L. Diaconescu, J. Am. Chem. 

Soc. 2014, 136, 11264-11267. 
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can be tuned to be reactive towards a specific class of monomers. This concept was further 

developed by Williams and colleagues,91 as illustrated in Figure 15c, they evidenced that 

mixtures of different functional monomers could be selectively polymerized by changing the  

oxidation state of dizinc catalyst. 

• Step-growth and Multistep-growth polymers. This category encompasses the 

sequential incorporation of monomer units to a growing chain.  

Step-growth polymers are typically polyesters or polyamides and their synthesis 

involve the reaction between functional groups on chain ends. In this regard, click 

chemistry92 was utilized by Han and co-workers93 to induce the sequential incorporation of 

thiol groups to triple bonds, resulting in periodic and linear copolymers. Besides, 

multicomponent reactions have successfully being exploited, for example by Tao and co-

workers,94 who used a Biginelli reaction between an aldehyde, a keto ester and an urea to 

produce well-defined structures. There are additional examples in which both approaches 

are combined, like in the two consecutive multicomponent reaction of amine-thiol-ene 

conjugation followed by alkyne-azide-amine coupling in one-pot developed by Zhang et al.,95 

as shown in Figure 16a. This strategy allowed to first obtain an ABCBA-sequenced molecule 

with two alkyne units from a mixture of methacrylate (A), thiolactone (B) and diamine (C). 

Afterwards, copper catalysed a three-component polymerization in the presence of an azide 

(D) and diamine (E) to provide a DABCBADE-sequence with high molecular weight.  

Multistep-growth polymers. This term is applied to solid-phase iterative synthesis,96 

where the chain can only grow on one extreme, as the other is tethered to a solid-support. 

This method is typically exemplified by solid-phase peptide97 or oligonucleotide synthesis98 

(as illustrated in Figure 16b), and enables to reach control in polymers composed of over 100 

monomer units.99 The oligonucleotide synthesis will be further commented in Section 4 of 

this Introduction. 

                                                             
91 C. Romain, Y. Zhu, P. Dingwall, S. Paul, H. S. Rzepa, A. Buchard, C. K. Williams, J. Am. Chem. Soc. 2016, 138, 

4120-4131. 
92 W. Xi, T. F. Scott, C. J. Kloxin, C. N. Bowman, Adv. Funct. Mater. 2014, 24, 2572-2590. 
93 J. Han, Y. Zheng, B. Zhao, S. Li, Y. Zhang, C. Gao, Sci. Rep. 2014, 4, 4387. 
94 H. Xue, Y. Zhao, H. Wu, Z. Wang, B. Yang, Y. Wei, Z. Wang, L. Tao, J. Am. Chem. Soc. 2016, 138, 8690-8693. 
95 Z. Zhang, Y. Z. You, D. C. Wu, C. Y. Hong, Macromolecules 2015, 48, 3414-3421. 
96 J. F. Lutz, J. M. Lehn, E. W. Meijer, K. Matyjaszewski, Nat. Rev. Mater. 2016, 1, 16024. 
97 A. S. Knight, E. Y. Zhou, M. B. Francis, R. N. Zuckermann, Adv. Mater. 2015, 27, 5665-5691. 
98 A. Al Ouahabi, L. Charles, J. F. Lutz, J. Am. Chem. Soc. 2015, 137, 5629-5635. 
99 A. Al Ouahabi, M. Kotera, L. Charles, J. F. Lutz, ACS Macro Lett. 2015, 4, 1077-1080. 
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Figure 16. Examples of a) step-growth polymers by consecutive multicomponent reactions and b) multistep-
growth polymers by phosphoramidite approach.  

Lastly, hybrid polymers are the combination of synthetic and biological polymers, and 

provide highly promising nanomaterials which integrate robustness and information-derived 

activity. 100  In this context, Sleiman and co-workers reported the coupling of 

perfluorocarbons together with non-natural polymers as well as nucleic acids taking 

advantage of phosphoramidite chemistry.101 The direct effect was the increased nuclease 

resistance and improvement of the thermal stability when compared with regular DNA 

strands. In Section 5.1, a brief selection of hybrid examples between DNA and chromophores 

will be displayed. 

3.1. DONOR-ACCEPTOR FOLDAMERS 

The term “foldamer” refers to synthetic discrete chain macromolecule/oligomer 

which in solution folds to adopt well-defined conformationally ordered state, such as helices 

or β-sheets.102 

One of the very first examples was developed by Iverson and Lokey, 103  who 

demonstrated the folding of DAN-NDI oligomers with flexible amino acid linkers and pendant 

carboxylic acid groups (Figure 17a). UV-vis studies showed the appearance of a red-shifted 

                                                             
100 T. G. W. Edwardson, K. M. M. Carneiro, C. J. Serpell, H. F. Sleiman, Angew. Chem. Int. Ed. 2014, 53, 4567-

457. 
101 D. de Rochambeau, M. Barlog, T. G. W. Edwardson, J. J. Fakhoury, R. S. Stein, H. S. Bazzi, H. F. Sleiman, 

Polym. Chem. 2016, 7, 4998-5003. 
102 a) G. Guichard, I. Huc, Chem. Commun. 2011, 47, 5933-5941; b) D. W. Zhang, X. Zhao, J. L. Hou, Z. T. Li, 

Chem. Rev. 2012, 112, 5271-5316. 
103 R. S. Lokey, B. L. Iverson, Nature 1995, 375, 303-305. 



 
 

Introduction 

 

25 

 

charge-transfer band, as well as a reduction in absorption intensities. Furthermore, they 

demonstrated that the chemical shift of aromatic protons changed and NOE studies 

confirmed this hypothesis. 

Ramakrishnan and Ghosh considered the folding of a polyimide polymer 

encompassing pyromellitic diimide acceptor and DAN donor, interconnected by 

hexa(ethyleneglycol) (HEG) spacers.104 The addition of a suitable potassium cation led to 

HEG complexation and the subsequent folding of the structure. Another approach to induce 

folding was to add an external cationic donor agent to an acceptor oligomer, which could 

complex the HEG groups and interact by donor-acceptor stacking between complementary 

dyes.105 Finally, these two methods could be combined to reach two-step folding of a 

polymer chain encompassing randomly distributed D-A and A-A segments, as shown in 

Figure 17b.106 

 

Figure 17. a) Folding of DAN-NDI foldamers; b) Two-step folding mainly directed by cation complexation and 

charge transfer effects.107 

Iverson and co-workers proposed that multiple pendant chromophores on either NDI 

or DAN chains can interact to create a purple network in aqueous media (see Figure 18a).108 

Similar strategies were followed for organic solvents by Weck’s group,109 or by Wilson and 

co-workers.110 Colquhoun’s group studied the high binding affinity of two bisamide endowed 

with pyrene donors and a pyromellitimide acceptor, driven by both H-bonding and charge 

transfer interactions (as shown in Figure 18b).111 The approach was further extended to 

                                                             
104 S. Ghosh, S. Ramakrishnan, Angew. Chem. Int. Ed. 2004, 43, 3264-3268. 
105 S. Ghosh, S. Ramakrishnan, Angew. Chem. Int. Ed. 2005, 44, 5441-5447. 
106 S. G. Ramkumar, S. Ramakrishnan, Macromolecules 2010, 43, 2307-2313. 
107 Images credits: A. Das, S. Ghosh, Angew. Chem. Int. Ed. 2014, 53, 2038-2054. 
108 J. J. Reczek, B. L. Iverson, Macromolecules 2006, 39, 5601-5603. 
109 J. Romulus, S. Patel, M. Weck, Macromolecules 2012, 45, 70-77. 
110 N. S. S. Kumar, M. D. Gujrati, J. N. Wilson, Chem. Commun. 2010, 46, 5464-5466. 
111 H. M. Colquhoun, Z. Zhu, D. J. Williams, Org. Lett. 2003, 5, 4353-4356. 
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examine the folding of NDI polymers by a pyrene-tweezer, which resulted in improved 

mechanical properties due to higher affinities between chromophores.112 

 

Figure 18. a) Cross-linked polymer network; b) Pyrene-tweezer directing folding of NDI polymer.107 

Some of the most recent research include Sada and co-workers’ modifications of the 

lower critical temperature (LCST) of a polymer bearing pendant pyrenes in organic solvents, 

by tuning the interaction with acceptor dyes.113 Würthner’s group introduced a spiral 

oligo(phenylene-ethynylene) perylene bisimide system with well-defined stacking of the PBI 

groups and semirigid backbone (Figure 19a).114 The expected folding was confirmed by 

diverse techniques such as DOSY experiments, GPC or absorption/emission experiments. 

Häner and colleagues described that amphiphilic 2,7-linked pyrene trimers in water 

were able to further aggregate to create nanosheets or nanotubes via helical 

intermediates.115 The concept was further utilized to arrange photo-reactive 1,4-phosphate-

linked anthracene foldamers in aqueous solution and, subsequently, light-induce 

dimerization could convert them into covalent polymers.116 More recently, this design was 

expanded to 2,7-disusbstituted phosphodiester-linked phenantrene trimers. When the 

resulting H-aggregates were combined with pyrene, the system acted as light-harvesting 

nanotubes (Figure 19b).117 In an application scenario, it is interesting to briefly comment the 

interest in foldamers as sensors 118 or the possibility to induce electron transfer and hole 

migration through well-defined segments (Figure 19c).119 

 

                                                             
112 S. Burattini, B. W. Greenland, W. Hayes, M. E. Mackay, S. J. Rowan, H. M. Colquhoun, Chem. Mater. 2011, 

23, 6-8. 
113 S. Amemori, K. Kokado, K. Sada, Angew. Chem. Int. Ed. 2013, 52, 4174-4178. 
114 V. Dehm, M. Büchner, J. Seibt, V. Engel, F. Würthner, Chem. Sci. 2011, 2, 2094-2100. 
115 M. Vybornyi, Y. B. Hechevarria, M. Glauser, A. V. Rudnev, R. Häner, Chem. Commun. 2015, 51, 16191-

16193.  
116 H. Yu, R. Häner, Chem. Commun. 2016, 52, 14396-14399. 
117 C. D. Bösch, S. M. Langenegger, R. Häner, Angew. Chem. Int. Ed. 2016, 55, 9961-996. 
118 J. B. Xiong, H. T. Feng, J. H. Wang, C. Zhang, B. Li, Y. S. Zheng, Chem. Eur. J .2018, 24, 2004-2012. 
119 X. Li, N. Markandeya, G. Jonusauskas, N. D. McClenaghan, V. Maurizot, S. A. Denisov, I. Huc, J. Am. Chem. 

Soc. 2016, 138, 13568-13578. 
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Figure 19. Recent research in D-A foldamers: a) foldamer with a spiral perylene bisimide staircase aggregate 
structure; b) light-harvesting nanotubes from aromatic oligophosphates and c) photoinduced electron 

transfer and hole migration in foldamers. 
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4. OLIGONUCLEOTIDE SYNTHESIS 

For over 60 years, since the very first report on the synthesis of a dinucleoside 

phosphate by Todd and Michelson,120 the chemical synthesis of DNA has experienced a 

revolutionary development and has become a powerful technology. In this perspective, we 

first briefly review the evolution of methodologies to then focus in the most versatile 

technique: the phosphoramidite approach in automated-solid phase synthesis (ASPS). 

4.1. EVOLUTION OF DNA SYNTHESIS 

The early years of the field were dominated by the phosphodiester approach 

introduced by Khorana and co-workers. 121  Their proposal relied on unprotected 

internucleotide linkages through the assembly of the sequence, as shown in Figure 20a. 

However, the group made emphasis on the protection of the nucleobases and hydroxyl 

functionalities that were not involved in the coupling reaction. Another relevant 

innovation122 was the use of MMTr or DMTr protecting groups for the 5’-OH at the 

deoxyribose, since their milder deprotection conditions, when compared to trityl group, 

implied a minimum amount of glycosidic cleavages.  

In the second half of 1960s, great effort was directed towards the improvement of 

this method. The ensuing research of Mahadevan, Eckstein and Rizk, among others123, led to 

the phosphotriester approach, which studied the choice of the protecting group for the 

linkages above the synthetic strategies (Figure 20b). Out of the three proposed moieties 

(2,2,2-trichloroethyl, phenyl and 2-cyanoethyl group) only the latter has become the 

protecting group of choice. The phenyl group provided intermediates that were easy to 

manipulate, but its deprotection resulted in O-phosphoryl cleavage, while the deprotection 

of 2,2,2-trichloroethyl group resulted in unsatisfactory yields.124  

Considerable progress was achieved in the late 1970s as the phosphorylation and 

coupling procedures were improved by Reese and co-workers.125 Their contribution was the 

utilization of 2-chlorophenyl phosphorodi-(1,2,4-triazolide) in three-fold excess, which 

induced the monophosphorilation and increased the reactivity as a bifunctional 

phosphorylating agent when compared to the phosphorodichloridate. At this time, Narang 

et al. showed that arenesulfonyl derivatives of 1,2,4-1H-triazole produced higher yields 

                                                             
120 A. M. Michelson, A. R. Todd, J. Chem. Soc. 1955, 2632-2638. 
121 a) H. G. Khorana, G. M. Tener, J. G. Moffatt, Pol. Chem. Ind. 1956, 1523; b) P. T. Gilham, H. G. Khorana, J. 

Am. Chem. Soc. 1958, 80, 6212-6222. 
122 H. Schaller, G. Weimann, B. Lerch, H. G. Khorana, J. Am. Chem. Soc. 1963, 85, 3821-3827. 
123 a) R. L. Letsinger, V. Mahadevan, J. Am. Chem. Soc. 1965, 87, 3526-3527; b) R. L. Letsinger, K. K. Ogilvie, P. 

S. Miller, J. Am. Chem. Soc. 1969, 91, 3360-3365; c) F. Eckstein, I. Rizk, Angew. Chem. Int. Ed. 1967, 6, 695-
696. 
124 a) T. E. England, T. Nielson, Can. J. Chem. 1976, 54, 1714–1721; b) J. H. van Boom, P. M. J. Burgers, P. H. 

van Deursen, R. Arentzen, C. B. Reese, Tetrahedron Lett. 1974, 3785-3788. 
125 a) J. B. Chattopadhyaya, C. B. Reese, Tetrahedron Lett. 1979, 5059-5062; b) J. B. Chattopadhyaya, C. B. 

Reese, Nucleic Acids Res. 1980, 8, 2039-2053. 
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together with reduced reaction times,126 which led to the development of efficient coupling 

agents during the 1980s and 1990s.  

 

Figure 20. Schematic representation of different methods towards the synthesis of oligonucleotides by: a) 
phosphodiester, b) phosphotriester, c) phosphite and d) phosphoramidite approaches. 

In 1976, Letsinger and Lunsford showed that P(III) is considerably more reactive than 

the commonly used P(V) and this finding led to the implantation of the phosphite 

approach,127 schematically represented in Figure 20c. Afterwards, Beaucage and Caruthers 

reported the incorporation of monofunctional phosphoramidites,128 achieving 90% yields. 

Results were further improved when derivatives of 1H-tetrazole were introduced in the 

reaction mixture as activators, revealing fast reaction rates and higher yields, but above all, 

no traces of symmetrical dimers that were common when phosphorodichloridites were 

used.127 Since that date, 2-cyanoethyl N,N-diisopropylphosphoramidite has been used 

almost exclusively in the synthesis of DNA following the phosphoramidite approach (Figure 

20d). The widely-spread use of this technique was encouraged by the commercial availability 

of automatic synthesizers,129 whose main features will be described below.  

4.2. AUTOMATED SOLID PHASE SYNTHESIS (ASPS): PHOSPHORAMIDITE APPROACH 

During the past decades nearly all oligonucleotide synthesis has been performed on 

solid support due to its efficiency. This term refers to the incorporation of one 

oligonucleotide at a time to an immobilized strand supported on controlled-pore glass 

                                                             
126 a) N. Katagiri, K. Itakura, S. A. Narang, J. Chem. Soc. Chem. Commun. 1974, 325-326; b) J. Stawinski, T. 

Hozumi, S. A. Narang, Can. J. Chem. 1976, 54, 670-672. 
127 R. L. Letsinger, W. B. Lunsford, J. Am. Chem. Soc. 1976, 98, 3655-3661. 
128 S. L. Beaucage, M. H. Caruthers, Tetrahedron Lett. 1981, 22, 1859-1862. 
129 C. B. Reese, Org. Biomol. Chem. 2005, 3, 3851-3868. 
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functionalised with alkylamine chains, 130 a or on cross-linked polysterene bearing an 

aminomethyl group.130b On a regular basis, a 3’-terminal nucleobase is attached through a 

succinoyl moiety to the support. The solid support is maintained between porous filters that 

allow the passing of reagents and solvents through. Among all the advantages of ASPS the 

following ones are remarkable: 1) it allows to use large excesses of reagents to enhance 

yields, and 2) after each cycle impurities/reactants are washed and rinsed off the column, so 

no intermediate purification is needed.  

4.2.1. Protecting Groups 

As it was previously stated, the phosphoramidite method relies on the replacement of 

an amino group by nucleophilic attack. The ensuing implication is that, to prevent side 

reactions, all reactive nucleophiles (phosphite moiety, amino and hydroxyl groups) should be 

orthogonally blocked.131 It is also important to note that phosphoramidites are quite reactive 

and should be kept under inert atmosphere. 

3’-O-Phosphoramidite (marked as R in Figure 21). By far, the most commonly used 

phosphite protection carries a 2-cyanoethyl group, as it can be removed in concentrated 

ammonia, which is compatible with the deprotection in one step of amine base-sensitive 

protecting groups. Other functionalities, such as methyl group, are much less employed, 

which is attributed to the need of longer deprotection times and stronger conditions. 

5’-O-Protection (marked as R). The most popular manner to block this hydroxy group 

is tritylation. As the electron-donating properties of the arene groups increase (by 

incorporating p-methoxy substituents), the more sensitive to acid the trityl moiety becomes. 

Nowadays, DMTr is exclusively used because of its equilibria between robustness and labile 

character. Moreover, the deprotected bright orange carbocation acts as an indicator of the 

efficiency of the coupling process, which can be monitored by absorbance measurements.131 

 

Figure 21. Typical protecting/activating groups for nucleobases, 2’-deoxyriboses, and phosphorous. 

                                                             
130 a) G. R. Gough, M. J. Brunden, P. T. Gilham, Tetrahedron Lett. 1981, 22, 4177-4180; b) C. McCollum, A. 

Andrus, Tetrahedron Lett. 1991, 32, 4069-4072. 
131 X. Wei, Tetrahedron 2013, 69, 3615-3637. 
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Exocyclic amine protection (marked as PG). These base-sensitive groups must be 

stable during the whole synthetic process of the oligonucleotide and are removed along with 

the phosphate protection and the cleavage from the solid support. Thymine in DNA or uracil 

in RNA do not possess such amino groups susceptible of interfering and, hence require no 

protection. Standard procedures suggest the use of acyl-like groups (Bz, Ac, iBu, etc). The 

drawback 132  is that deprotection conditions imply long periods of time and high 

temperatures (NH4OH, overnight, 55 °C) which may lead to degradation of the strand. 

Nonetheless, provided short reaction times or room temperature conditions are needed, 

more labile groups (i. e. PAC or dmf-imine) are utilized.  

4.2.2. Cyclic Events in Automated Solid-Phase Synthesis 

The synthesis of oligonucleotides commonly consists of a four-step cycle that 

incorporates new nucleobases, one at a time, to a growing chain by: 1) deblocking, 2) 

activation and coupling, 3) capping and 4) oxidation. Finally, cleavage and deprotection 

releases the target single-stranded oligonucleotide.133  

• Deblocking. Firstly, a DMTr-protected nucleobase attached to the solid support is 

deprotected in presence of acid (normally di/trichloroacetic acid) to release a free alcohol in 

the 5’-O position.134 As the rest of the functionalities are blocked, this nucleophile is the only 

reactive one. The deblocking step is short to prevent the acid-catalyzed depurination.  

• Activation and Coupling. The following process is the incorporation of a new 

activated phosphoramidite along with a tetrazole derivative that acts as activator. The 

diisopropylamino group of the phosphoramidite is protonated by the tetrazole and thereby 

converted into a good leaving group.135 It is rapidly displaced by nucleophilic attack of the 5’-

OH of the support-attached nucleoside, generating an unstable phosphite triester moiety.  

• Capping. Despite the high efficiency of the coupling reactions and the usage of both 

phosphoramidite and activator in excess, a small percentage of the 5’-OH sites may remain 

unreacted and therefore active.131 These groups must be blocked in order to avoid their 

reaction with the upcoming phosphoramidite, which would result in (n-1) shorter oligomers 

and more complicated purifications. This capping is performed with acetic anhydride and N-

methylimidazole to acetylate alcohols. A small amount of pyridine is usually added to ensure 

the basicity of the media and prevent detritylation by the acetic acid formed as a side-

product.135 

• Oxidation. As stated before, the P(III) in the phosphite triester is unstable, so it is 

converted into P(V) prior to the subsequent deblocking that would start a new cycle. In 

general, a mixture of iodine and pyridine in the presence of water is employed. To yield the 

oxidized pentavalent state, water displaces the iodine-pyridine adduct formed with the 

                                                             
132 A. Somoza, Chem. Soc. Rev. 2008, 37, 2668-2675. 
133 R. A. Hughes, A. D. Ellington, DNA synthesis and assembly: putting the synthetic in synthetic biology, Cold 

Spring Harb. Perspect. Biol. 2017, 9, a023812. 
134 S. Kosuri, G. M Church, Nature Methods, 2014, 5, 499-507. 
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phosphite triester.137 The resulting structure is a DNA backbone of phosphate triester groups 

in which the phosphorous is protected by a 2-cyanoethyl functionality to avoid undesired 

reactions.  

 

Figure 22. Typical solid-phase oligonucleotide synthesis through automated cyclic events: deblocking, 
activation & coupling, capping and oxidation, followed by the final deprotection and release. 

The cycle can be repeated as many times as necessary to reach the desired sequence 

and length. Once this objective is accomplished, the oligonucleotide strand is cleaved from 

the solid-support by basic treatment, which also deprotects the exocyclic amines on 

nucleobases and the phosphate by β elimination of the cyanoethyl group. Normally, 

concentrated ammonium hydroxide is the standard choice, but milder methodologies 

including ethylenediamine136a or K2CO3
136b can be effective, accomplishing diverse synthetic 

demands.  

RNA strand chemical synthesis is identical137 to the ASPS explained before, except for 

the necessary protection at 2’-O position of the ribose. On a regular basis, this functionality 

is blocked with tert-butyldimethyl silyl groups, which are sufficiently robust throughout the 

synthetic cyclic and can be orthogonally removed in the presence of fluoride ions.  

 

                                                             
136 a) R. I. Hogrefe, M. M. Vaghefi, M. A. Reynolds, K. M. Young, L. J. Arnold, Nucleic Acids Res. 1993, 21, 

2031-2038; b) Q. Zhu, M. O. Delaney, M. M. Greenberg, Bioorg. Med. Chem. Lett. 2001, 11, 1105-1107.  
137 A. Elligton, J. D. Pollard, “Synthesis and purification of oligonucleotides” Protocols in Molecular Biology, 

2001. 
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4.3. ENZYMATIC DNA SYNTHESIS 

4.3.1. Polymer Chain Reaction: Enzymatic DNA Synthesis 

A revolutionary discovery in the DNA field was the application of DNA polymerase to 

automation, which called is Polymer Chain Reaction (PCR) as shown in Figure 23. This 

sensitive method relies on the enzymatic amplification of DNA sequences by performing 

successive thermal cycles.138 Apart from the DNA polymerase, free oligonucleotides and 

primers are required. Nucleobases act as building blocks to be incorporated to the growing 

PCR product, while primers are short fragments of DNA complementary to the strand that 

must be amplified, they serve as an elongation points for the DNA polymerase.  

The amplification process starts with the denaturing of the double helix by increasing 

the temperature, which permits the separation of the two strands (Figure 23). Subsequently, 

the temperature is lowered to induce the recognition of the primers to the complementary 

sequences in the 3’ end of the single-stranded DNA (annealing). Finally, in the elongation 

step, the temperature is then raised again, allowing the DNA polymerase to extend the 

primers by incorporating the oligonucleotides present in the mixture. 

 

Figure 23. Schematic representation of PCR automated process (Image by Smart Bio Labs). 

Some of the limitations138 this technique encounters are: 1) the need of adding some 

prior sequence information in the primers, 2) the error-prone behaviour of DNA polymerase, 

and 3) the specificity of the generated strand can be altered by non-specific binding of the 

primers. 

4.3.2. Enzymatic Synthesis of Modified DNA 

Polymerases can also be employed to oligomerise modified 2’-deoxyribonucleoside 

triphosphates (dNxTPs).139 Generally, these dNxTPs can be prepared by tris-phosphorylation 

in the presence of POCl3, followed by reaction with pyrophosphate and triethylammonium 

bicarbonate.140 Alternatively, they can be synthetized by cross-coupling reactions. In this 

                                                             
138 L. Garibyan, N. Avashia, J. Invest. Derm. 2013, 133, 1-4. 
139 J. Dadova, H. Cahova, M. Hocek, Modified Nucleic Acids, Nucleic Acids and Molecular Biology, 31, Chapter 

6, 2016. 
140 M. Hocek, J. Org. Chem. 2014, 79, 9914-9921. 
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regard, recently, C-C formation in aqueous media has been successfully developed using 

triphenylphosphine-3,3’,3’’-trisulfonate141 as shown in Figure 24. 

 

Figure 24. Synthesis of dNxTPs by a) phosphorylation reaction and b) cross-coupling approach. 

Quite a few polymerases have been tested for the incorporation of modified 
nucleotides. exo- (polymerases lacking the 3’-exonuclease activity) are normally more 
tolerant to modifications. However, even exo+ polymerases can efficiently incorporate 
dNxTPs. In general, the best results are achieved when using thermostable polymerases as 
KOD XL,142 Vent (exo-) or Pwo in the range of 50-70 °C. Additionally, the Holliger and Marx 
groups have prepared new polymerases with improved characteristics and efficiency.143 

There are various enzymatic synthesis using polymerases. The use of one or the other 

will depend on the final objective: 

• PEX (primary extension). A primer bearing a fluorescent label can bind its complementary 

template (being 5’-overhang), as shown in Figure 25a. DNA polymerase can incorporate 

complementary nucleotides and thereof extend it. It is possible to add just one or several 

modifications, either spaced by natural bases or next to each other. 

• PCR. This concept is further explained in Section 4.3.1 and is represented here in Figure 

25b. This method is more challenging, since apart from incorporating dNxTPs, the 

polymerase must read the modified template as cycles continue. However, it is a good 

method when the target is a duplex DNA with modifications in both strands in the major 

groove. 

                                                             
141 K. H. Shaughnessy, Eur. J. Org. Chem. 2006, 8, 1827-1835. 
142 M. Kuwahara, Y. Takano, Y. Kasahara, H. Nara, H. Ozaki, H. Sawai, A. Sugiyama, S. Obika, Molecules 2010, 

15, 8229-8240. 
143 a) N. Ramsay, A. S. Jemth, A. Brown, N. Crampton, P. Dear, P. Holliger, J. Am. Chem. Soc. 2010, 132, 5096-

5104; b) N. Steiger, A. Marx, Chem. Bio. Chem. 2010, 11, 1963-1966. 
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• Site-specific single modification.144 The previous methods had a common disadvantage, 

they are not able to introduce single modifications at a specific site. This novel approach 

consists in the usage of two different templates when one modified dNxTPs must be 

followed by an unmodified nucleobase of the same class (Figure 25c). Once the primer has 

hybridized with the biotinylated template, the PEX with dNxTP is carried out and then, the 

oligonucleotides are magnetically separated. The primer is again annealed, and the other 

part of the sequence is synthetized by standard PEX. 

• Nicking enzyme amplification reaction.145 This is a very useful strategy when the targets 

are short oligonucleotides, as shown in Figure 25d. The first step is the annealing of the 

template with a primer that owns a recognition sequence for a nicking endonuclease. Then, 

once PEX has been performed, the nicking endonuclease recognises the sequence and 

cleaves the primer next to it. The cleaved strand is not long enough to continue hybridised, 

so it unbinds restoring the primer template complex. The synthetized modified strands can 

be used as primers for PEX or PCR. 

 
Figure 25. Enzymatic approaches utilized to incorporate dNxTPs in oligonucleotide strands. 

• TdT (terminal deoxynucleotidyl transferase) is useful for 3’-tail labelling146 as one can 

observe in Figure 25e. This approach centres on incorporating between 10 and 20 

                                                             
144 P. Ménová, H. Cahová, M. Plucnara, L. Havran, M. Fojta, M. Hocek, Chem. Commun. 2013, 49, 4652-4654. 
145 P. Ménová, M. Hocek, Chem. Commun. 2012, 48, 6921-6923. 
146 P. Horáková, H. Macíčková-Cahová, H. Pivoňková, J. Špaček, L. Havran, M. Hocek, M. Fojta, Org. Biomol. 

Chem. 2011, 9, 1366-1371. 



 
 
4. Oligonucleotide Synthesis

 

36 

 

modifications at the 3’-end of the strand with narrow dispersion. One notable advantage is 

that no template is needed in this process. 

The applications of this field are numerous for nanomaterial science, chemical biology 
or bioananlysis.139 These techniques have been used to label DNA with fluorescent147 or 
redox groups.147 This labelling also allows the study of DNA-protein interaction148 or to 
monitor the modifications in the DNA secondary structure.149 Post-synthetic bioconjugation 
is also appealing to perform Cu-catalysed click reactions,150 Diels-Alder cycloadditions,151 
Suzuki cross-coupling,152 or even photoclick chemistry,153 among others.  

 

                                                             
147 a) E. Palecek, M. Bartosik, Chem Rev 2012, 112, 3427-3481; b) A. A. Tanpure, M. G. Pawar, S. G. Srivatsan, 

Isr. J. Chem. 2013, 53, 366-378.  
148 J. Riedl, R. Pohl, N. P. Ernsting, Chem. Sci. 2012, 3, 2797-2806. 
149 J. Riedl, R. Pohl, L. Rulíṧek, M. Hocek, J. Org. Chem. 2012, 77, 1026-1044.  
150 a) P. M. E. Gramlich, C. T. Wirges, A. Manetto, T. Carell, Angew. Chem. Int. Ed. 2008, 47, 8350-8358; b) F. 

Seela, V. R. Sirivolu, Org. Biomol. Chem. 2008, 6, 1674-1687. 
151 a) V. Borsenberger, S. Howorka, Nucleic. Acids Res. 2009, 37, 1477-1485; b) J. Schoch, M. Wiessler, A. 

Jäschke, J. Am. Chem. Soc. 2010, 132, 8846-8847.  
152 a) H. Cahová, A. Jäschke, Angew. Chem. Int. Ed. 2013, 52, 3186-3190; b) L. Lercher, J. F. Gouran, B. M. 

Kessler, C. J. Schofield, B. G. Davis, Angew. Chem. Int. Ed. 2013, 52, 10553-10558.  
153 S. Arndt, H. Wagenknecht, Angew. Chem. 2014, 53, 14580-14582.  
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5. MODIFIED OLIGONUCLEOTIDES 

A new frontier in organic chemistry has the goal of redesigning DNA by incorporation 

of non-natural bases or skeletons other than the ribose-phosphate in oligonucleotide 

sequences via automated DNA chemical synthesis (see Introduction, Section 4.2). A plethora 

of modified oligonucleotides has been developed to test noncanonical H-bonding pair 

motifs.154 Artificial genetic sets are now available to provide a deeper insight into how DNA 

works and how far can we push DNA assembly away from Watson-Crick binding.  

Some of the modified nucleotides incorporated in DNA sequences try to mimic 

enzymatically introduced modifications, lesions attributed to UV irradiation or reaction of 

DNA with reactive oxygen species (see examples illustrated in Figure 26a). Some others 

include modifications that alter their shape and size or replace some of the functional groups 

that are responsible for Watson-Crick H-bonding pairing.155 Scientists have thus been 

focused on using analogues in which functional groups are rearranged, added, blocked or 

deleted. Even the polar groups in natural bases can be replaced by non-polar functionalities, 

as shown in Figure 26b. In this context, the main modification approaches (some exemplified 

in Figure 26c) can be categorized in: a) benzo-homologation (xDNA and yDNA), that consists 

in the addition of a benzene ring; b) purine-purine base pairs, comprising an anti-anti 

arrangement; c) base pairs containing naphthyridine or imidazopyridopyrimidine, to provide 

a quadruple H-bonding interface; and d) alkynyl-substituted base pairs, in which different 

units are coupled to the nucleobases through an acetylene group.  

 

Figure 26. a) Some examples of non-canonical nucleobases that mimic lesions produced in DNA; b) 
illustration of shape-modified and c) size-modified nucleobases. 

                                                             
154 a) T. Carrell, et al. Angew. Chem. Int. Ed. 2012, 51, 7110–7131; b) S. A. Benner, Acc. Chem. Res. 2004, 37, 

784-797. 
155 a) E. T. Kool, J. C. Morales, K. M. Guckian, Angew. Chem. Int. Ed. 2000, 39, 990–1009; b) M. Winnacker, E. 

T. Kool, Angew. Chem. Int. Ed. 2013, 52, 12498–12508; c) B. Mohapatra, Pratibha, S. Verma, Chem. Commun. 
2017, 53, 4748-4758. 
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It has been reported that hydrophobic packing and base-stacking between 

nucleobases can increase the duplex stability.156 Hirao and co-workers157 focused their 

approach on derivatizing nucleobases to obtain shape-complementary unnatural base 

pairing (as shown in Figure 27a). Interestingly, some of these pairs were successfully 

replicated by DNA polymerase.158 On the other hand, in Romesberg’s laboratories the focus 

was on nucleobase analogues with little or no homology to their counterparts 159 

(exemplified in Figure 27b), that culminated in the creation of the unnatural pairs able to 

store and retrieve information.160  

 

Figure 27. Unnatural base pairs based on: a) shape-complementarity; b) analogues with no homology. 

One of the research fields that has been impressively developed over the last years is 

the nucleobase metal-bonded pairs,161 sometimes encouraged by the development of metal-

based antitumor drugs.162 In general, in metal-mediated base-pairing “the complementary 

nucleobases in a nucleic acid duplex are connected by coordinative bonds to an embedded 

metal ion rather than by H-bonds” and an increasing number of applications are being 

reported,163 including metal-sensors.164 Predominantly, metal ions coordinate to the N-3 

position of pyrimidines bases, or the N-1 and N-7 of purines. These positions are on the 

Watson-Crick face and consequently metal ions can bridge two antiparallel strands,165 as 

illustrated in Figure 28a. 

                                                             
156 a) G. H. Clever, C. Kaul, T. Carell, Angew. Chem. Int. Ed. 2007, 46, 6226-6236; b) K. Tanaka, G. H. Clever, Y. 

Takezawa, Y. Yamada,C. Kaul, M. Shionoya, T. Carell, Nat. Nanotechnol. 2006, 1, 190-195. 
157 I. Hirao, M. Kimoto, R. Yamashige, Acc. Chem. Res. 2012, 45, 2055-2065. 
158 K. Betz, M. Kimoto, K. Diederichs, I. Hirao, A. Marx, Angew. Chem. Int. Ed. 2017, 56,12000-12003. 
159 A. W. Feldman, F. E. Romesberg, Acc. Chem. Res. 2018, 51, 394-403. 
160 a) D. A. Malyshev, K. Dhami, T. Lavergne, T. Chen, N. Dai, J. M. Foster, I. R. Correa, F. E. Romesberg, 

Nature 2014, 509, 385-388; b) Y. Zhang, J. L. Ptacin, E. C. Fischer, H. R. Aerni, C. E. Caffaro, K. San Jose, A. W. 
Feldman, C. R. Turner, F. E. Romesberg, Nature 2017, 551, 644-647. 
161 B. Lippert, P. J. S. Miguel, Acc. Chem. Res. 2016, 49, 1537-1545.  
162 A. Collado, M. Gómez-Gallego, M. A. Sierra, Eur. J. Org. Chem. 2018, 1617-1623. 
163 B. Jash, J. Müller, Chem. Eur. J. 2017, 23, 17166-17178. 
164 W. Zhou, R. Saran, J. Liu, Chem. Rev. 2017, 117, 8272-8325.  
165 S. Taherpour, O. Golubev, T. Lönnberg, Inor. Chim. Acta 2016, 452, 43-49. 
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Halogen-bonding has also been exploited as an alternative to H-bonding in DNA.166 A 

remarkable fact in this regard was the demonstration by Ho and co-workers that in Holliday 

junctions, when T was replaced by 5-bromouracil, the structure was stabilized due to short 

Br:O contacts (see Figure 28b).167  

 

Figure 28. a) Metal-mediated base-pairing in double strands; b) Halogen-bonding in duplex DNA. 

Finally, functional DNA strands bearing chromophores are reviewed in Section 5.1 due 

to their relevance with respect to some of the topics developed along this Doctoral Thesis. 

5.1. DNA-APPENDED CHROMOPHORIC HYDRID POLYMERS 

The introduction of nucleobases in π-conjugated polymers is a useful approach to 

modulate and guide polymer folding.168 In this context, ASPS is a powerful tool to achieve 

precise control over the distance and orientation between dyes. DNA double helix induces a 

helical twist between chromophores that affords the reduction of the typical self-quenching 

occurring in chromophore aggregates.169 In general, the chromophores can be incorporated 

as DNA base substitutions or DNA base modifications:170 

• Chromophores attached to pre-assembled oligonucleotides.171 This strategy is 

based on the presence of latent functional groups that are sometimes incorporated during 

                                                             
166 a) M. H. Koláŕ, O. Tabarrini, J. Med. Chem. 2017, 60, 8681-8690; b) P. Metrangolo, G. Resnati, Science 

2008, 321, 918-919. 
167 a) M. Carter, A. R. Voth, M. R. Scholfield, B. Rummel, L. C. Sowers, P. S. Ho, Biochemistry 2013, 52, 4891-

4903; b) P. Auffinger, F. A. Hays, E. Westhof, P. S. Ho, Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 16789-16794. 
168 M. Surin, Polym. Chem. 2016, 7, 4137-4150. 
169 P. Ensslen, H. A. Wagenknecht, Acc. Chem. Res. 2015, 48, 2724-2733. 
170 W. Schmucker, H. A. Wagenknecht, Synlett 2012, 23, 2435-2448. 
171 a) T. S. Zatsepin, D. A. Stetsenko, M. J. Gait, T. S. Oretsakaya, Bioconjugate Chem. 2005, 16, 471- 489; b) S. 
H. Weisbrod, A. Marx, Chem. Commun. 2008, 0, 5675-5685. 
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oligonucleotide synthesis, so the dyes can then react and bind them. The scope of this 

method is limited as additional deprotection/conjugation strategies are needed.172 

• Chromophores replacing oligonucleotides. In this case, dyes can be properly 

customised with the standard protecting groups utilized in phosphoramidite chemistry and, 

consequently, subjected to oligomerization and incorporation to the growing 

oligonucleotide strand. One of the major advantages of this method is its high versatility 

regarding the control over the number, type and placement of chromophores.172 

• Chromophores linked to nucleoside phosphoramidites. The third type consists of 

polyaromatic rings attached to the sugar or the nucleobase by, for instance, Pd-catalysed 

cross-coupling reaction.173 Normally, the position of choice is the C-5 position of pyrimidines, 

because it does not interfere with complementary base-pairing.  

In addition to these different synthetic approaches, there are diverse locations and 

strategies to assemble in a DNA framework, and the interactions between these functional 

units will be dependent on numerous factors, such as size, hydrophobicity, charge, 

aromaticity or H-bonding capacity.174  

For instance, the Intercalative binding approach stabilizes abasic sites (i.e. sugar sites 

in the backbone where no base is present) with aryl-substituted nucleosides. Using this 

strategy, Häner and colleagues demonstrated the strong affinity between non-nucleosidic 

phenantroline and pyrene,175a while Wengel and co-workers reported a double helix 

construction which contained pyrenes at various abasic positions, as shown in Figure 29a. 

Furthermore, these authors observed strong fluorescence increase of the pyrene 

chromophore upon hybridisation.175b The study highlighted the potential of N-2′-

functionalized 2′-amino-α-L-LNA as building blocks in nanomaterial engineering and also 

nucleic acid based diagnostics.  

The periphery of the DNA double helix can also be utilized as a scaffold for dye 

assembly. The appended chromophores can be localised either in the minor or major groove 

as a function of their site of attachment. Wengel and co-workers demonstrated that 

excimers are obtained in the minor groove with pyrene endowed with 2’-amino-LNA.176 

Years later, they were also able to show that the introduction of pyrene in a nucleotide 

analogue of the type 3’-O-amino-UNA (Figure 29b) implied a remarkable thermal 

stabilization of DNA duplexes, that also exhibited pyrene excimer behaviour, and extended 

the studies towards triplexes. 177  It is also interesting to note that the mismatch 

discrimination was improved whereas the CD spectra evidenced not much differences 

between unmodified and modified duplexes. Cho and colleagues theoretically studied the 

                                                             
172 V. L. Malinovskii, D. Wenger, R. Häner, Chem. Soc. Rev. 2010, 39, 410-422. 
173 A. J. A. Cobb, Org. Biomol. Chem. 2007, 5, 3260-3275. 
174 E. A. Meyer, R. K. Castellano, F. Diederich, Angew. Chem. Int. Ed. 2003, 42, 1210-1250. 
175 a) S. M. Langenegger, R. Häner, Chem. Bio. Chem. 2005, 6, 848-851; b) T. S. Kumar, A. S. Madsen, M. E. 

Ostergaard, J. Wengel, P. J. Hrdlicka, J. Org. Chem. 2008, 73, 7060-7066. 
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effects of the cyanine molecules allocated in the minor groove.178 These researchers 

demonstrated that DFT calculations were in agreement with the stated disposition and the 

predicted CD spectra fitted the experimental one. Kim and co-workers showed that excimer 

formation in the major groove can be achieved when pyrenes are appended at positions C-5 

for U and C-8 for A.179 Another example of dye localization on the major groove is illustrated 

by the work in Seela’s group, who connected chromophores to the C-7 position of 

deazaguanosine or to the 2’-deoxyribofuranose by click chemistry, as exemplified in Figure 

29b. 180 In this case, short linkers would destabilize DNA while long ones would increase the 

stability of the duplex. Additionally, with single dye incorporation the length proved to be 

relevant on the emission characteristics, and a “superchromophore” was formed by the 7-

deaza-20-deoxyguanosine ethynylpyrene conjugate displaying strong red shifted 

fluorescence emission at 495 nm. 

 

Figure 29. Formation of arrays in a) Intercalative positions using pyrene-functionalized 2′amino-α-L-LNA 
monomers; b) Minor groove by 3’-pyrene-modified unlocked nucleic acids; major groove by pyrene 

conjugates with 1,2,3-triazolyl or ethynyl linkers. 

                                                             
178 M. Maj, J. Jeon, R. W. Góra, M. Cho, J. Phys. Chem. A 2013, 117, 5909-5918. 
179 G. T. Hwang, Y. J. Seo, B. H. Kim, Tetrahedron Lett. 2005, 46, 1475-1477. 
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Polyaromatic π-conjugated dyes can also interact through interstrand stacking. Some 

examples of stacked chromophores are shown in Figure 30. Häner et al. described the 

formation of long pyrene coaxial helical stacks embedded into double-stranded DNA, and 

studied its relative stability along with spectroscopy data (as shown in Figure 30a).181,182 

More recently, they showed that double-stranded hybrids could accommodate up to four 

consecutive porphyrins without perturbing the overall B-DNA form, as shown in Figure 30b. 

Spectroscopy techniques revealed that chromophores were forming H-aggregates and 

displayed strong excitonic coupling.183 

 

Figure 30. a) Interstrand stacking of 1,6-triazolylpyrenes incorporated to duplex DNA and temperature-
dependent CD spectra; b) 5,15-bisphenyl-substituted porphyrin moieties incorporated into complementary 

strands and the resulting CD spectra. 

Over recent years there is a growing interest in the combination of 

multichromophoric stacks. Iverson and colleagues combined electron-rich (DAN) and/or 

electron-deficient (NDI) naphthalenes in the interior of DNA.184 In the literature it is cited 

that, in aqueous solution, NDI and DAN association constant is 1 or 2 orders of magnitude 

larger,185 mainly due to electrostatic interactions that predispose the dyes in face-centered 

stacking geometry. Häner’s group prepared PDI/pyrene hybrid H-aggregates appended to 

complementary DNA strands and reported the co-existence of two independent excitonic 

states in the polyaromatic alternating stacks as well as electronic coupling among dyes of the 

same kind.186  

                                                             
181 V. L. Malinovskii, F. Samain, R. Häner, Angew. Chem. Int. Ed. 2007, 46, 4464-4467. 
182 S. Werder, V. L. Malinovskii, R. Häner, Org. Lett. 2008, 10, 2011-2014. 
183 M. Vybornyi, A. L. Nussbaumer, S. M. Langenegger, R. Häner, Bioconjugate Chem. 2014, 25, 1785-1793. 
184 B. A. Ikkanda, S. A. Samuel, B. L. Iverson, J. Org. Chem. 2014, 79, 2029-2037. 
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Jana and colleagues explored FRET phenomena as a manner to gain information about 

the positional status of chromophores in chimeric DNA duplexes. They described the 

capability of acceptor triazolyl-phenanthrene to induce FRET effects when properly 

hybridized with fluorescently labelled nucleosides.187 FRET effects were also studied by 

Asanuma and collaborators.188 They proposed a system composed of acceptor perylene and 

donor pyrene spaced at variable distance by intervening A:T pairs (Figure 31). They proved 

that fluorescence emission dropped every 5 base pairs, which corresponds to a half-turn of 

the helix, thus highlighting the importance of the relative positioning of the dyes. 

 

Figure 31. Graphical representation of the FRET phenomena in interstrand stacking, together with 
absorption and emission spectra of donor pyrene and acceptor perylene.  
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6. OLIGONUCLEOTIDE-TEMPLATED STACKING OF CHROMOPHORES 

The precise control over not only the length but also the relative positioning189 of 

functional π-conjugated molecules in columnar − stacked architectures has always 

intrigued chemists, since the properties of this novel 1D nanomaterials are dependent on 

the monodisperse size and internal chromophores sequence. This goal cannot be fulfilled 

relying solely on π-π stacking or solvophobic interactions. Instead, additional strong 

directional interactions are required to accurately guide the stacking assembly.190 In this 

regard, one of the most appealing and promising approaches considers the use of well-

defined DNA (or PNA) strands as templates, taking advantage of H-bonding interaction to 

create helical assemblies as shown in Figure 32.  

 

Figure 32. Graphical representation of the templated self-assembly of functional π-molecules guided 
by the oligonucleotide sequence. 

Additional attributes that these oligomers offer are: 1) the array of nucleobases in 

each strand is commercially available in any desired design, regarding length and sequence; 

2) they are chemically versatile, since DNA strands are soluble in aqueous media while PNA 

can be dissolved in organic solvents; 3) solid phase automatic synthesis191 enables the 

chance of precisely incorporate modified oligonucleotides or even different functional 

molecules; 4) the nucleobase motifs selectively recognise moieties with complementary H-

bonding pattern and their programmed binding may spontaneously lead to chiral stacked 

assemblies; 5) finally, a tailored design can give rise to any 1D, 2D or 3D nanoobject by 
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controlled sticky end cohesion. In the sections below, a brief discussion on the most 

appealing and outstanding research in this field will be described.192 

6.1. HELICAL STACKS WITH A SINGLE DNA STRAND 

One of the major contribution to this field is attributed to Meijer and Schenning.193,194 

These researchers demonstrated that a single DNA strand can guide the assembly of 

naphthalene or OPV guests. 195  Interesting results were achieved when thymidine 

oligonucleotides of different lengths (Tn) templated the supramolecular organization of the 

achiral naphthalene guest, which was properly customised with a complementary 

diaminotriazine or 2,6-diaminopurine H-bonding array (as shown in Figure 33).196  

 

Figure 33. a) Detail of the molecular structure of the guest AA1 and host Tn; b) CD spectra of the 1:1 mixture 
for pH values ranging from 9 to 2; c) Schematic representation of the pH-switchable helicity of the stack. 
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W. Meijer, A. P. H. J. Schenning, Chem. Commun. 2010, 46, 109-111; d) M. Surin, P. G. A. Janssen, R. 
Lazzaroni, P. Leclére, E. W. Meijer, A. P. H. J. Schenning, Adv. Mater. 2009, 21, 1126-1130. 
196 P. G. A. Janssen, A. Ruiz-Carretero, D. Gonzalez-Rodriguez, E. W. Meijer, A. P. H. J. Schenning, Angew. 

Chem. Int. Ed. 2009, 48, 8103-8106. 
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In the previous case, the confirmation of the binding to the template was provided by 

UV-vis and CD experiments, as a blue-shifted band together with a positive Cotton effect in 

the naphthalene region appeared. More intriguingly, the Cotton effect was of reverse sign 

when the pH was changed from basic to acid. Further investigations indicated that this helix 

switch was closely related to the protonation of the guest in N-3 position of the purine in 

AA1, which would lead to another conformation and consequently to a rearrangement of 

the supramolecular fiber. 

It is quite relevant to comment on some findings by Meijer and Schenning on the 

templated self-assembly between dTq and G1 (see Figure 34a).195b Apart from analysing in 

depth the self-recognition process, these researchers studied the effect of the length of the 

template, by performing titrations as shown in Figure 34b. Surprisingly, they found that 

saturation of the signal was obtained at guest/host ratios greater than 1. Furthermore, the 

smaller the template, the less efficient the binding was and more than stoichiometric 

amounts of G1 were needed to reach a high degree of binding. Additionally, as illustrated in 

Figure 34c, the CD signal decreases as a function of the smaller size of the template. These 

facts imply that the guest interactions happening on the template do stabilize the complex, 

which is also supported by temperature-dependent experiments showing that larger 

templates further stabilize the resulting naonarchitectures (Figure 34d).  

 

Figure 34. a) Molecular structures; b) Titration of G1 into dTq; c) CD spectra of G1-dTq mixtures; d) 
fraction of occupied sites θ as a function of temperature for different dTq template lengths; e) schematic 

drawing of the proposed model. 

Schenning and co-workers proposed a theoretical model (schematized in Figure 34e), 

which explained that G1 would interact with an oligonucleotide-template having q binding 

sites with a negative binding free energy g. Provided another G1 binds at a neighbouring 
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position, they interact with a stacking free energy ɛ that is negative and cooperative. It was 

also stated that short templates are bound to be filled one-by-one, even at moderate 

fractions of bound sites. However, in the case of large templates, they have firstly 

alternating sequences of filled and empty areas, and later on, when large fractions of bound 

sites are reached, virtually all of the binding sites for all template lengths are filled. 

Balaz et al. have actively worked on multichromophoric supramolecular polymers.197 

These researchers have designed helical multiporphyrin nanoarchitectures with impressive 

chiroptical properties and modular structure (Figure 35). The evidences suggested that 

achiral Por-AA is effectively assembled to create helical nanoladders of defined size guided 

by the dT40 single strand template. When an annealing process is slowly performed from 85 

to 20 °C, the columnar stacking is confirmed by a 60% hypochromicity of the Soret band as 

well as the appearance of a new band at 491 nm. Remarkably, the handedness of these 

templated systems can be controlled by the annealing rate and ionic strength (in the 

presence of NaCl) during nanoassembly formation. Slow annealing rates yielded 

preferentially right-handed nanostructures, whereas fast annealing yielded left-handed 

nanostructures.198 

 

Figure 35. a) Schematic representation and molecular structures of the Por-AA and its organised stacked 
self-assembly in the presence of T40 template. Variable temperature experiments for the (Por-AA-dT40) helix 

in: b) UV-vis spectra and c) CD measurements. Inset: normalised CD (481 nm) and absorption (439 nm) 
signals as a function of temperature.  

                                                             
197 a) G. Sargsyan, B. L. MacLeod, U. Tohgha, M. Balaz, Tetrahedron 2012, 68, 2093-2099; b) G. Sargsyan, A. 
A. Schatz, J. Kubelka, M. Balaz, Chem. Commun. 2013, 49, 1020-1022; c) G. Sargsyan, B. M. Leonard, J. 
Kubelka, M. Balaz, Chem. Eur. J. 2014, 20, 1878-1892. 
198 G. Sargsyan, A. A. Schatz, J. Kubelka, M. Balaz, Chem. Commun. 2013, 49, 1020-1022.  
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The control of multichromophoric stacks is very interesting for functional 

optoelectronic applications that require efficient electron and/or energy transfer 

processes. 199  In the group of Wagenknecht, 200  researchers have developed a system 

composed of a dA20 conjugate that templates the assembly of two different dye guests: 

pyrene (Py-dU) and nile red (Nr-dU), equipped with 2’-deoxyuridine nucleobases (see Figure 

36 below). Despite the sequence control was not really addressed in this system, 

fluorescence spectroscopy experiments displayed energy transfer effects between the 

complementary chromophores, which indicated random co-assembly along the 

oligonucleotide template. Furthermore, when a fullerene is covalently attached to the dA20 

template (fullerene-dA20), fluorescence quenching is significantly enhanced in mixed 

assemblies of different chromophore ratios. This fact evidences that firstly there is a process 

of charge separation, followed by charge propagation through the helical stack onto the 

fullerene. The outcome of these studies motivated testing these materials in organic solar 

cells, reaching photovoltages of 670 mV. Other systems have also been explored using other 

supramolecular assembly modes, in combination with DNA assembly, that focus on energy 

and/or electron transfer applications.201  

 

Figure 36. Representation of the assembled fullerene-dA20+(Nr-dU, Py-dU) and scheme of the 
photophysical pathway upon photoexcitation. 

6.2. HELICAL STACKS WITH A DOUBLE DNA STRAND 

Shimizu, Iwaura and colleagues developed bolaamphiphile molecules that bear 

chromophores in the central lipophilic area. This choice was not fortuitous, since π-

conjugated surfaces strengthen stacking and provide novel optical properties. The authors 

tested the efficiency of the assembly between guests carrying an oligo(p-phenylenevinylene) 

motif in the bolaamphiphile that would interact with dA20, as can be observed in Figure 

                                                             
199 P. Ensslen, H. A. Wagenknecht, Acc. Chem. Res. 2015, 48, 2724-2733. 
200 a) P. Ensslen, S. Gärtner, K. Glaser, A. Colsmann, H. A. Wagenknecht, Angew. Chem. Int. Ed. 2016, 55, 

1904-1908; b) S. Sezi, H. A. Wagenknecht, Chem. Commun. 2013, 49, 9257-9259; c) P. Ensslen, Y. Fritz, H. A. 
Wagenknecht, Org. Biomol. Chem. 2015, 13, 487-492. 
201 a) N. Zhang, X. Chu, M. Fathalla, J. Jayawickramarajah, Langmuir 2013, 29, 10796-10806; b) K. Börjesson, 

J. Tumpane, T. Ljungdahl, L. M. Wilhelmsson, B. Nordén, T. Brown, J. Mårtensson, B. Albinsson, J. Am. Chem. 
Soc. 2009, 131, 2831-2839. 
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37.202 In this case, since there are two recognition moieties for H-bonding, the resulting 

supramolecular nanoobject is a double helical nanofiber with defined diameter, as observed 

by microscopy techniques. The success of this design was extended to analogous guest 

structures carrying an anthracene instead. 203  UV-vis and CD temperature-dependent 

experiments in aqueous solution were performed and revealed helical J-aggregates, which 

were visualised by AFM measurements.  

 

Figure 37. a) Molecular structure of guest dTp-OPV-dTp and template dA20; b) Binary self-assembled 
nanofiber and the corresponding; c) AFM images. 

Wong, Lo et al. used an oligoadenine to guide the self-assembly of donor-acceptor 

dye distyrylbenzene functional molecules end-capped with thymines. 204  In these 

architectures, the dipole-dipole interactions demonstrated to be essential to enhance the 

stability even though they caused a slight twist in the assembled structure (see Figure 38). H-

bonding leading to helical arrangements could be demonstrated by diverse CD experiments 

as well as imaging on surfaces, in which long nanofibrous objects were observed.  

                                                             
202 R. Iwaura, F. J. M. Hoeben, M. Masuda, A. P. H. J. Schenning, E. W. Meijer, T. Shimizu, J. Am. Chem. Soc. 

2006, 128, 13298-13304. 
203 a) R. Iwaura, M. Ohnishi-Kameyama, T. Iizawa, Chem. Eur. J. 2009, 15, 3729-3735; b) R. Iwaura, H. Yui, Y. 
Someya, M. Ohnishi-Kameyama, J. Photochem. Photobiol. B Biol. 2014, 130, 199-204. 
204 a) W. Yang, P. F. Xia, M. S. Wong, Org. Lett. 2010, 12, 4018-4021; b) W. Yang, Y. Chen, M.S. Wong, P. K. 

Lo, Biomacromolecules 2012, 13, 3370-3376. 
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Figure 38. a) Molecular structure of the guest DSB-DAT; b) AFM images and detail of the cross-sectional 
profile of DSB-DAT+dA20; c) TEM images of the double helix nanoladders; d) CD spectra of the host, guest 

and complex after a heating-cooling cycle; e) Molecular model proposed for the assembly. 

The self-assembly of planar π-conjugated molecules into stacked wire-like structures 

is considered one of the most promising architectures in organic materials. In this regard, 

the control over the sequence of chromophores in the stack may play a crucial role in the 

applications and behaviour of the system. Nevertheless, the control over the length and 

sequence of this nanoarchitectures remains unachieved and challenging, despite the efforts 

made so far by diverse research groups. 
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1. ONGOING PROJECTS IN MSMN 

This Thesis has been developed in the Nanostructured Molecular Systems and 

Materials (MSMn) group at the Universidad Autónoma de Madrid, under the supervision of 

Dr. David González Rodríguez.  

Research in MSMn (Figure 39) is centered in Molecular Engineering. The group 1) 

designs and 2) synthesizes new functional molecules – from biologically relevant molecules 

to π-conjugated dyes or polymers –, 3) programs them with specific supramolecular 

information - in order to guide their assembly into a given nanostructure -, and 4) studies 

how the system properties relate to molecular structure and supramolecular architecture. In 

collaboration with several groups of chemical physicists and molecular biologists, the group 

wants to explore unconventional and exciting applications of nanostructured systems and 

materials in diverse multidisciplinary areas, such as organic optoelectronics, molecular 

recognition and catalysis, advanced materials or biomedicine. The group’s main final 

objective would be to improve or create new functions in organic systems and materials by 

rationally ordering molecules at the nanoscale using the tools of supramolecular chemistry. 

 

Figure 39. Main research lines in the Nanostructured Molecular Systems and Materials Group. 

With this main aim in mind, the group’s interest along the last years has been focused 

on different highly interrelated subprojects that can be classified in 6 main topics (Figure 39) 

and that are briefly summarized below: 1) the study and comprehension on noncovalent 

macrocyclization processes in solution; 2) the formation of 2D networks and 3D crystalline 
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frameworks with well-defined nanocavities; 3) molecular organization into custom-tailored 

nanotubes, assembled via orthogonal coupling of cooperative effects; 4) the self-assembly of 

nucleosides and oligonucleotides into novel DNA-like architectures (in which this Thesis is 

enclosed); 5) nanostructured functional systems and materials for applications in organic 

optoelectronics, where molecular organization may lead to unprecedented properties; and 

6) the development of smart polymeric materials by applying some concepts of non-covalent 

chemistry. 

1. Non-Covalent Macrocyclization Processes205,206,207,208,209,210 

This first topic aims at the study of cyclization processes in solution from ditopic 

monomers bearing H-bonding complementary units. Research in this line has been so far 

focused on the self-assembly of dinucleoside monomers leading to cyclic tetramers via 

complementary Watson-Crick interactions (see the next Section for further details). The 

group pays particular attention to the evaluation of intermolecular (or chelate) cooperative 

effects, which are quantified by the EM, and provide an assessment on the increase in 

stability achieved when an open, linear system is converted into a closed cyclic one. Much of 

the work developed in this project constitutes the core of a finished Thesis (C. Montoro 

García, “Multicomponent Hydrogen-bonded Macrocyclic Assemblies from a DNA Base 

Toolkit”, July 2017). However, other ongoing Thesis, that are being currently developed, 

focus on key aspects, such as: the impact of monomer structure, including the nature of the 

nucleobases and the central block linking them, on chelate cooperativity; the non-covalent 

synthesis of multicomponent macrocycles; the generation of functional/switchable cyclic 

systems, or the self-assembly of discrete three-dimensional prism-like objects. 

2. 2D Networks and 3D Frameworks with Tailored Nanocavities211,212 

The group is also studying how to transfer all this rich and versatile supramolecular 

macrocyclization chemistry onto surfaces, so as to characterize and study cyclic assemblies 

by Scanning Tunnelling Microscopy (STM) and other surface-based techniques. Three 

different deposition techniques and interfaces were employed to study the 2D self-assembly 

                                                             
205 J. Camacho-García, C. Montoro-García, A. M. López-Pérez, N. Bilbao, S. Romero-Pérez, D. González-
Rodríguez, Org. Biomol. Chem. 2015, 13, 4506-4513. 
206 C. Montoro-García, J. Camacho-García, A. M. López-Pérez, N. Bilbao, S. Romero-Pérez, M. J. Mayoral, D. 
González-Rodríguez, Angew. Chem. Int. Ed. 2015, 54, 6780-6784. (VIP Paper). 
207 S. Romero-Pérez, J. Camacho-García, C. Montoro-García, A. M. López-Pérez, A. Sanz, M. J. Mayoral, D. 
González-Rodríguez, Org. Lett. 2015, 17, 2664-2667. 
208 C. Montoro-García, J. Camacho-García, A. M. López-Pérez, M. J. Mayoral, N. Bilbao, D. González-
Rodríguez, Angew. Chem. Int. Ed. 2016, 55, 223-227. 
209 C. Montoro-García, M. J. Mayoral, R. Chamorro, D. González-Rodríguez, Angew. Chem. Int. Ed. 2017, 56, 
15649-15653. 
210 C. Montoro-García, N. Bilbao, I. M. Tsagri, F. Zaccaria,  M. J. Mayoral, C. Fonseca Guerra, D. González-
Rodríguez, Chem. Eur. J. 2018, DOI: 10.1002/chem.201801704. 
211 N. Bilbao, I. Destoop, S. De Feyter, D. González-Rodríguez, Angew. Chem. Int. Ed. 2016, 55, 659-663. (Hot 
Paper) 
212 N. Bilbao, V. Vázquez-González, M. T. Aranda, D. González-Rodríguez, Eur. J. Org. Chem. 2015, 32, 7160-
7175. 
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process: 1) solid-liquid interface, after drop-casting deposition onto Highly Ordered Pyrolytic 

Graphite (HOPG); 2) solid-vacuum interface, by sublimating the molecules under ultra-high 

vacuum and depositing them on metallic substrates, such as Ag (111) or Au (111), by 

molecular beam epitaxy; and 3) solid-air interface via the preparation of Langmuir-Blodgett 

films. The final goal would be to obtain nanostructured surfaces with well-defined cavities 

that are able to recognize and host specific molecules as a function of their size, shape and 

chemical structure. Most of the work developed in this project constitutes the core of a 

finished Thesis (N. Bilbao Bustinza, “Porous 2D Nanostructured Networks via Nucleobase 

Self-Assembly”, February 2016). More recent research in this line is now focused on the 

generation of crystalline Watson-Crick H-bonded organic frameworks with defined 

nanocavities from covalently-fused monomers. 

3. Self-assembled Nanotubes via Coupling of Orthogonal Supramolecular Interactions212 

The main goal within this line is to investigate the possibility of using cyclic tetramer 

assemblies as monomers in supramolecular polymerization processes. Being a cyclic 

structure, the resulting polymer would be tubular in nature. In order to drive and guide the 

polymerization process, the group is studying the role of parallel directors. These are simple 

amide or urea substituents, or peptide fragments that typically form -sheets in structural 

proteins, which can polymerize parallel to the stacking axis and that are strategically placed 

at the periphery of the molecules. By adjusting the monomer structure, size, composition 

and function, the resulting nanotubes can be rationally tailored at the nanoscale.  

These polymerization processes are being studied both in apolar organic solvents and 

in water, by respectively equipping the monomers with lipophilic or water-solubilizing chains. 

Much of the work developed for polymerization in organic solvents represent the core of 

another finished Thesis (V. Vázquez González, “Custom-tailored Self-assembled Nanotubes 

via Hierarchical Coupling of Cooperative Effects”, September 2018). Furthermore, if 

amphiphilic central blocks are incorporated in the monomer, one may reach the control over 

the chemical coating of the central nanotube pore, in order to make it either hydrophilic or 

hydrophobic. The self-assembled nanotubes produced in this way can selectively host 

diverse guest molecules as a function of their size and the relative affinity between the 

external solvent media and the interior of the tube.  

4. DNA-related Self-assembly213,214,215,216 

The current Thesis is centred within this research line. It covers diverse topics in which 

the group employs nucleosides or oligonucleotides to drive self-assembly processes. One of 

the initial research directions in the group has been focused on studying G-quadruplex self-

                                                             
213 D. González-Rodríguez, J.L. van Dongen, M. Lutz, A. L. Spek, A. P. H. J. Schenning, E. W. Meijer, Nature 
Chem. 2009, 1, 151-155. 
214 D. González-Rodríguez, P. G. A. Janssen, R. Martín-Rapún, I. De Cat, S. De Feyter, A. P. H. J. Schenning, E. 
W. Meijer, J. Am. Chem. Soc. 2010, 132, 4710-4719. 
215 M. García-Iglesias, T. Torres, D. González-Rodríguez, Chem. Commun. 2016, 52, 9446-9449. 
216 E. Fadaei, M. Martín-Arroyo, M. Tafazzoli, D. González-Rodríguez, Org. Lett. 2017, 19, 460-463. 
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assembly in the presence of alkaline salts, in order to produce monodisperse objects with a 

defined number of (functional) molecules.  

Another project deals with DNA-templated self-assembly, in which single 

oligonucleotide strands are employed to guide stacking interactions of π-conjugated 

molecules. In this way, the group expects to have a fine control on the polydispersity, length 

and sequence of the functional stacks.  

Finally, the group is investigating the possibility to introduce the cyclic tetramer motif 

into oligonucleotides with the aim to radically alter DNA self-assembly at the deepest level: 

the interaction between bases, so as to produce Tubular Quadruplex DNA. For such a goal, 

the pyrimidine moiety in 2’-deoxynucleoside monomers is properly functionalized to react in 

a DNA synthesizer through phosphoramidite chemistry, so as to prepare length- and 

sequence-tailored oligonucleotides. Since each base is substituted with the complementary 

one in an adequate geometry, the spontaneous self-recognition of 4 oligonucleotide strands 

via Watson-Crick interactions is expected to yield a quadruplex DNA structure, having a 

cyclic section and a chiral, tuneable inner pore. 

5. π-Functional Nanostructured Materials217,218,219,220,221 

The main purpose of this research line is to improve or create new functions in π-

conjugated organic materials through a rational, controlled self-organization of 

semiconducting molecules. One of the initial directions in this line, in collaboration with Prof. 

T. Torres, focused on the organization of cone-shaped molecules with axial dipoles, 

Subphthalocyanines, into non-centrosymmetric columnar assemblies that can lead to 

semiconducting liquid crystalline materials with permanent or switchable (i.e. ferroelectric) 

polarization.  

Other research directions are linked to the previous line and use DNA-related 

assembly modes. One of them aims to produce well-defined monodisperse nanoclusters, 

made from chromophores that assemble into discrete G-quadruplexes, that display 

markedly different properties than in the monomeric state, and that are stable and 

persistent enough to be studied as single entities and transferred onto solid supports 

without losing their integrity.  

More recent research in the group focuses on the utilization of the cyclic tetramer 

structure and the resulting nanotubular polymers to guide the assembly of functional 

molecules. Such function comes from the electronic properties of the π-conjugated 

                                                             
217 J. Guilleme, J. Aragó, E. Ortí, E. Cavero, T. Sierra, J. Ortega, C. L. Folcia, J. Etxebarria, D. González-
Rodríguez, T. Torres, J. Mater. Chem. C 2015, 3, 985-989. 
218 J. Guilleme, M. J. Mayoral, J. Calbo, J. Aragó, P. M. Viruela, E. Ortí, T. Torres, D. González-Rodríguez, 
Angew. Chem. Int. Ed. 2015, 54, 2543-2547. 
219 J. Guilleme, E. Cavero, T. Sierra, J. Ortega, C. L. Folcia, J. Etxebarria, T. Torres, D. González-Rodríguez, Adv. 
Mater. 2015, 27, 4280–4284. 
220 A. V. Gorbunov, M. Garcia Iglesias, J. Guilleme, T. D. Cornelissen, W. S. C. Roelofs, T. Torres, D. González-
Rodríguez, E. W. Meijer, M. Kemerink, Sci. Adv. 2017, 3, e1701017. 
221 R. Chamorro, L. de Juan-Fernández, B. Nieto-Ortega, M. J. Mayoral, S. Casado, L. Ruiz-González, E. M. 
Pérez, D. González-Rodríguez, Chem. Sci. 2018, 9, 4176-4184. 
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semiconducting blocks installed in the central part of the dinucleobase monomer, as 

illustrated in the next Section. This research line is aiming at the development of 

nanostructured materials for optoelectronic applications, in which the precise organization 

of p- and n-type organic semiconductors at the nanoscale may help us to understand charge 

separation and exciton/charge migration phenomena in order to optimize device 

performance.  

The group also realized that the incorporation of specific dyes into the monomer 

structure, that can give rise to resonance energy transfer events between them, represented 

a useful way to study as well diverse issues related to the first research line, such as 

cyclotetramerization processes, 222  self-sorting phenomena, and multicomponent 

macrocyclic assemblies. 

6. Smart Polymeric Materials 

Finally, research at MSMn has been very recently directed to apply supramolecular 

chemistry approaches to polymeric materials. One of the projects in this line ultimately 

targets to the preparation of adhesive polymer coatings where bonding: 1) occurs under a 

pressure-sensitive contact mechanism; 2) can be classified as weak; 3) is reversible; and 4) 

takes place between two complementary surfaces. In other words, the group aims at 

chemically mimicking the operation of materials like magnets or Velcro® by using 

complementary noncovalent interactions between molecules attached at the surface of 

hydrophobic polymer films. A second project plans to introduce cooperative interactions in 

supramolecular polymers with the aim to target self-healing thermoplastic polymers and 

hydrogels. Once again, the cyclic tetramer structure studied in the group will be profited to 

control the self-assembled state of flexible polymer chains, so that a sharp transition 

between high and low Tg states is achieved and self-healing properties are accessed in a 

narrow temperature range. 

                                                             
222 M. J. Mayoral, D. Serrano-Molina, J. Camacho-García, E. Magdalena-Estirado, M. Blanco-Lomas, E. Fadaei, 
D. González-Rodríguez, Chem. Sci. 2018, DOI: 10.1039/c8sc03229g. 
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2. THE CYCLIC TETRAMER 

As was described in the previous Section, the so-called Cyclic Tetramer is a common 
supramolecular structure used in many of the projects that are developed in each of these 
different research lines within MSMn. Since it is also a fundamental self-assembled system 
that will be employed in this Thesis, we will describe herein the monomer structure and 
geometric requirements that are needed to build such H-bonded assembly.  

This macrocycle is generated by Watson Crick H-bonding interactions between four 

dinucleoside monomers (Figure 40). The monomer structure basically comprises a rigid π-

conjugated central block that is disubstituted at both termini at an exact 180° angle with H-

bonding nucleobase directors through ethynylene spacers. 

 

Figure 40. Essential structural features that lead to cyclic tetramer assembly. 

The nucleobase directors are responsible for the cyclotetramerization process that 

generates the cyclic tetramer. They can be naturally occurring uracil U, cytosine C and 

guanine G; or non-natural 2-aminoadenine A, isoguanine iG and isocytosine iC. Three 

complementary Watson-Crick couples can be thus identified G:C, A:U, iG:iC. It is worthy to 

note that adenine was replaced by 2-aminoadenine to provide more robust supramolecular 

structures as they form a three-fold H-bonding pattern. Electrophilic halogenation reactions 

lead to selective substitution on position C-8 for purines and C-5 for pyrimidines (X in Figure 

40). These positions are later functionalised with ethynyl spacers by palladium-catalysed 

reactions. When the complementary purine-pyrimidine couples interact via H-bonding 

through their Watson-Crick edges, an exact angle of 90° is formed between these positions. 
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Finally, the positions marked as R (N-9 for purines and N-1 for pyrimidines) can be custom-

tailored at will and always point to the exterior of the tetramer. These are the locations 

where the ribose in RNA or the 2’-deoxyribose in DNA are placed, and solubilising groups can 

be introduced in these sugars so as to accomplish different design requirements. 

Furthermore, in MSMn, a large number of lipophilic and hydrophilic motifs have been 

incorporated in these positions by alkylation reactions for diverse purposes.  

The central blocks are rigid moieties that are linearly disubstituted at both ends. They 

comprise π-conjugated motifs endowed with halogen atoms, so they can be subjected to 

Sonogashira couplings with the ethynylated nucleobase directors to generate the monomer. 

Diverse lateral groups can be introduced to impart solubility or fulfil application 

requirements (R in Figure 40). In addition, their length can be modified by introducing an 

increasing number of -conjugated moieties. In recent years, diverse functional 

chromophores have been incorporated as central blocks accomplishing the prerequisite of 

linear di-substitution and offering the possibility of studying diverse photophysical events 

between monomers. 

 

Figure 41. Potential π-conjugated central blocks with electronic functionality as electron-donor/acceptor. 

The selected option for the spacers between nucleobases and central blocks was an 

ethynyl group. Sufficient to say, these groups are rigid, planar and, among all, they maintain 

the required linear substitution. Besides that, they supply minimum steric hindrance and 

rotational liberty to allow some conformational freedom between the units in the monomer. 

Another advantage is the existence of electronic coupling between nucleobases and central 

blocks, since the ethynyl groups are π-conjugated. Last but not least, they own wide 

chemical versatility,223 and the group benefited from this fact to conveniently couple central 

blocks and nucleobases by Sonogashira reactions. 

As a summary, the right angle between monomers provided by H-bonding 

interactions between nucleobase directors, together with the linearity of central blocks, 

allows the spontaneous generation of unstrained rectangular-shaped cyclic tetramers 

displaying high stability. 

                                                             
223 R. Chinchilla, C. Nájera, Chem. Rev. 2014, 114, 1783-1826. 
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3. RELEVANT RESULTS IN MSMN 

Due to the interconnection and relevance of some of the results obtained so far in 

our research group with respect to the contents of the current work, the following Section 

contains a summary of the most important results achieved in our laboratory that served as 

a starting basis for this Doctoral Thesis. 

Supramolecular Macrocyclization in Solution205,206,208,209,210 

The research summarized below corresponds to the core of Carlos Montoro García’s 

Thesis, entitled “Multicomponent Hydrogen-Bonded Macrocyclic Assemblies from a DNA 

Base Toolkit" (UAM, July 2017). 

In order to study the self-assembly of the dinucleoside molecules exposed in the 

previous Section into cyclic tetramers, a simple monomer, equipped with complementary 

nucleobases (G and C) and a rigid linear p-phenylene-ethylene group was first prepared 

(GCrib1; Figure 42). Bulky liphophilic substituents were incorporated at the ribose, since these 

groups would afford solubility and prevent stacking interactions. This strategy facilitates to 

focus on the cyclotetramerization process, which was studied mainly by 1H NMR and optical 

spectroscopic techniques.  

 

Figure 42. Self-assembly of a G-C dinucleoside monomer (M, GCrib1) into linear oligomers Mn or a cyclic 

tetramer cM4. 

This monomer has been designed to be rigid, so rotation around σ bonds leads to two 

main conformations, anti and syn, depending if the H-bonding groups involved in Watson-

Crick pairing are oriented to opposite or the same sides. When the experimental conditions, 

such as solvent, temperature and concentration, are adequate, G:C pairing between two 

monomers (M) can be promoted with the corresponding association constant (Kref). Further 
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association between monomer ends may give rise to a mixture of supramolecular oligomers 

of different lengths (Mn), as shown in Figure 42, depending on the interplay between 

enthalpy (ΔH) and the entropy (ΔS) of the system. However, the exclusive participation of 

the syn conformation is responsible for the formation of the smallest unstrained cyclic 

species, the tetramer (cM4), due to the geometric characteristics of the monomer and the 

Watson-Crick binding interaction, as explained in the previous Section. The increased 

stability when an open tetramer system is converted into the cyclic species is represented by 

the product Kref · EM, where Kref indicates the additional interaction to form the cycle and 

EM stands for Effective Molarity and takes into account that this last interaction is 

intramolecular rather than intermolecular. 

 

Figure 43. All experiments were performed at C = 1.0 x 10-2 M, T = 25 °C: a) Amide region of the 1H NMR 
spectrum of GC upon increasing the volume fraction of DMSO-d6 in CDCl3; b) 2D-DOSY NMR spectrum of GC 

with mesytilene as external reference in DMF-d7, showing GC and cGC4 signals with different diffusion 
coefficients; c) EXSY spectrum of GC in DMF-d7 at a 200 ms mixing time.  



 
 

3. Relevant Results in MSMn 

 

62 
 

Using this first GCrib1 molecule, a large number of experiments, some of them shown 

in Figure 43, (including 1D and 2D NMR, DOSY, absorption, CD and emission spectroscopies, 

etc) determined that the tetrameric cyclic system is formed quantitatively in a wide range of 

apolar solvents. Next, the research group investigated the shift of the equilibria towards 

dissociation through different approaches: a) addition of polar solvents such as DMSO; b) 

temperature- and concentration-dependent experiments; or c) competition experiments 

with a complementary mononucleoside. The outcome of these experiments revealed a high 

thermodynamic and kinetic stability for the cyclic tetramer, which mainly resides in the 

record chelate cooperativities attained (EM ≈ 102 - 103 M). Upon dissociation, only an 

equilibrium between the monomer and the macrocycle was detected, which underlines the 

strong “all-or-nothing” behaviour of this supramolecular system.  

Next, the group decided to prepare analogous A-U and iG-iC monomers (Figure 44) 

and compare their self-assembly in solution with the previous G-C monomer.  

 

Figure 44. Structure of G-C, iG-iC and A-U monomers and association into cyclic tetramers by 

complementary Watson-Crick pairing. 

Whereas the iG-iC cyclic tetramer showed similar stability to G-C, being formed 

quantitatively in apolar solvents, the A-U monomer generated less stable macrocycles and 

displayed a much weaker “all-or-nothing” behaviour (Figure 45). This fact was somehow 

expected, since A:U binding constant is approximately two orders of magnitude lower than 

G:C or iG:iC binding, which is explained by the Jorgensen model.31a It regards the different 

stabilizing/destabilizing effects of secondary H-bonding. While in the A:U DAD-ADA H-



 
 

Background in MSMn 

 

63 
 

bonding pattern all secondary interactions are destabilizing, the G:C or iG:iC ADD-DAA or 

DDA-AAD patterns is composed of one repulsive and one attractive interaction.  

 

Figure 45. 1H NMR spectra of a) GC and b) AU in CDCl3 at different concentrations at room temperature. 

However, further experiments revealed that the lower stability of the A-U cyclic 

tetramers, is additionally due to a much lower chelate cooperativity. This last finding is 

supposed to be related again to the nature of the H-bond pattern in each dinucleoside 

(Figure 46). While G-C and iG-iC present an unsymmetric pattern (ADD-DAA and DDA-AAD, 

respectively), the A-U monomer presents a symmetric ADA-DAD pattern. This pattern allows 

the A-U dinucleosides to bind, among other modes, via Watson-Crick or reverse Watson 

Crick interactions with similar strength. This property provides additional degrees of 

freedom in the linear oligomers that are not available for G-C and iG-iC dinucleosides, and 

that must be lost upon cyclotetramerization. For this reason, the entropy loss in the 

formation of the c(A-U)4 cyclic tetramer is larger than in the case of c(G-C)4 and c(iG-iC)4, and 

this is reflected in EM values that are 3-4 order of magnitude lower (EM (A-U) ≈ 10-2 - 10-1 

M). 
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Figure 46. Different H-bonding patters lead to diverse conformational possibilities, while for G:C and iG:iC 
only the Watson-Crick interaction is possible, for A:U there are additional H-bonding modes that produce a 

higher number of degrees of freedom in the linear oligomers, which drastically decreases EM. 

Cyclic Tetramer Self-Assembly onto Surfaces.211,212 

The work described below constitutes the core of Nerea Bilbao Bustinza’s Thesis, 

entitled “Porous 2D Nanostructured Networks via Nucleobase Self-Assembly” (UAM, 

February 2016). This work is devoted to transfer all the supramolecular chemistry studied in 

solution onto substrates, so as to obtain 2D nanostructured surfaces with well-defined 

nanocavities. 

A wide number of G-C and A-U monomers were designed and synthetized, now 

bearing simple alkyl tails at the nucleobases instead of the bulky riboses, in order to favour 

the interactions with the substrates. The goal was to achieve stable networks of cyclic H-

bonded tetramers via Watson-Crick interactions on 2 dimensions. The formation of the cyclic 

tetramer in solution was highly favoured in most cases, as was demonstrated by the group. 

Nevertheless, deposition onto a surface may not led to the formation of cycles as the major 

species, since the molecules are concentrated in 2 dimensions, and intramolecular and 

intermolecular binding may begin to compete. However, after optimization of the conditions, 
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stable networks of cyclic tetramers build by G-C and A-U monomers were successfully 

obtained.  

 
Figure 47. Schematic strategy towards self-assembled nanoporous networks. 

The stabilization of the networks was caused by the partial occupation of the inner 

pore by alkoxy chains, and also by the establishment of secondary interactions between 

nucleobases from different tetramers. In the G-C tetramer network, the secondary 

interactions consist on additional H-bonding between aminopyrimidine fragments from the 

G base (Figure 48a,b). For the A-U system, the additional H-bonds were established between 

the external U carbonyl lone pair and A-amine proton that were not participating in Watson-

Crick pairing, so the A-U tetramers were bound through their corners (Figure 48c,d).These 

nanostructured surfaces were able to selectively recognize and host molecules that are 

complementary in size and shape, like coronene. 

 

Figure 48. Nanostructured porous networks onto HOPG. Dashed red lines mark Watson-Crick interactions 
and dashed blue ones indicate secondary H-bonding interactions between cycles. a) STM images and b) 

proposed model, chemical structure and stabilizing motif of G-C. c) STM image and d) proposed model along 
with molecule structure and stabilising motif of A-U. 
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Self-assembled Nanotubes via Hierarchical Coupling of Cooperative Effects 

The research line described here constitutes the core of Violeta Vázquez González’s 

Thesis, entitled “Custom-tailored Self-assembled Nanotubes via Hierarchical Coupling of 

Cooperative Effects” (UAM, September 2018). The aim of this project is to establish 

unconventional and versatile strategies towards self-assembled nanotubes whose size, 

composition, internal structure, and function can be rationally predesigned and controlled at 

the nanoscale.  

In a first stage (Figure 49), specific cyclic tetramers are formed from 4 monomeric π-

conjugated subunits by H-bonding interactions between perpendicular nucleobase directors, 

as described previously. These discrete macrocycles then stack into highly ordered tubular 

nanostructures guided by the cooperative action of parallel directors located at the 

periphery. The combination of computational chemistry and diverse spectroscopy and 

microscopy techniques allowed the research group to study the thermodynamics, kinetics 

and mechanistic pathways of the different supramolecular processes intervening in 

nanotube assembly. 

 

Figure 49. Schematic representation of the polymerization process leading to nanotubes by combination of 
Watson-Crick H-bonding, responsible for the formation of the tetrameric cyclic section, and the interaction 
between amide parallel directors, that guide the polymerization process and the growth of the nanotube.  

The ditopic monomers were equipped with solubilizing planar groups at the 

nucleobase periphery and with chiral chains at the central block, in order to promote a 

helical stacking process that could be monitored by CD. It is interesting to note that 

depending on the polarity of the solvent media, temperature and concentration, it was 

possible to differentiate the cyclotetramerization process from the monomer and the 

polymerization from preorganised tetramers, and therefore study separately both 

supramolecular stages. However, this was only the case of the G-C monomers, that 
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displayed strong chelate cooperativities. For the related A-U monomer, having weaker 

chelate effects, supramolecular polymerization occurred directly, without observation of the 

cyclic species. Microscopy techniques proved to be a useful tool to image the 

supramolecular aggregates. In this regard AFM, STM and TEM were successfully employed to 

observe the polymeric nanotube. 

 

Figure 50. CD spectra at diverse THF/Heptane ratios at C = 3.0 x 10-5 M for a) GC showing the equilibria 
between the species monomer, tetramer and polymer and, also b) AU for which only the equilibria between 

monomer and polymer is directly observed. c) Tubular nanoarchitectures of G-C monomers by different 
microscopy techniques such as: TEM (left), SEM (center) and AFM (right).  

Nanotubular Systems Self-Assembled through Solvophobic Interactions 

Nanostructuration into tubular polymers can also be accomplished in aqueous media 
and these studies are part of Raquel Chamorro Mendiluce’s Thesis to be defended in 2019.  

To fulfil this goal, instead of parallel directors, a new set of solvophobic non-covalent 
interactions were wisely employed (Figure 51). The moieties on the nucleobases and central 
blocks are amphiphilic, which increases hydrophobic interactions, prevents water from 
interfering in H-bonding interaction, and enhances solubility in aqueous media.  
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Figure 51. Representation of the polymerization process to generate nanotubes by combination of Watson-
Crick H-bonding, responsible for the formation of the tetrameric cyclic section, and solvophobic forces, 

leading to supramolecular polymerization. 

A novel feature of this design is the possibility of tailoring the interior of the nanotube 
and endowing it with function for selective host uptake. As in the previous research line, 
chiral chains were incorporated to helically guide the supramolecular aggregation. The 
process leading to the nanotube in water has been demonstrated by several spectroscopic 
and microscopy techniques, and provides a solid proof of concept for some of the projects 
described in the current Doctoral Thesis.  

 

Figure 52. a) Molecular structure of the amphiphilic GC monomer; b) Temperature-dependent CD spectra in 
aqueous media showing the equilibria between monomer and polymer; c) AFM images of the polymer 

showing a 2.2 nm single nanotube height. 
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This Doctoral Thesis aims to contribute to the fields of Supramolecular Chemistry, 

Molecular Self-Assembly, and Nanochemistry with the study of finely-tuned DNA-based 

nanoarchitectures driven by Watson-Crick H-bonding interactions and other non-covalent 

forces. The supramolecular properties of nucleobases in terms of the directionality and 

selectivity of the H-bonding patterns are essential tools in our scheme. We aim to develop a 

versatile, unconventional and reliable strategy, based on non-covalent interactions, for the 

custom-tailored preparation of nanostructured assemblies. The common thread among the 

diverse strategies is our bioinspiration from DNA structure and self-assembly, illustrated by 

the employment of either the backbone and/or its supramolecular organization.  

In this Thesis diverse objectives are distributed in 4 main Chapters, which can, at the 

same time, be organized in two groups:  

A) Tubular Quadruplex DNA  

Hydrophilic Assemblies (Chapter 1) 

Lipophilic Assemblies (Chapter 2) 

B) Controlled Stacking of -Conjugated Semiconducting Molecules 

Oligonucleotide-Templated Stacking of Semiconductors (Chapter 3) 

Sequence-Controlled Stacked Foldamers (Chapter 4) 

A) TUBULAR QUADRUPLEX DNA 

This research line has been conceived to make an impact within the interdisciplinary 

fields of DNA nanotechnology, self-assembly and structural biochemistry. Instead of focusing 

on the double strand of DNA as a building block to prepare nanomaterials, we propose to 

alter the supramolecular interaction between nucleobases. The combination of well-

established DNA automated synthesis protocols with the cooperative macrocyclization 

approach developed in our research group, led us to target the study of a novel form of 

DNA: Tubular Quadruplex DNA. Such supramolecular structure will spontaneously 

assemble from the programmed self-recognition of 4 oligonucleotide strands (Nmer). These 

ordered architectures would be endowed with a tetrameric cyclic section and a tunable 

inner pore (Figure 53). 

 

Figure 53. Structure of Duplex DNA vs Tubular Quadruplex DNA. 
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The key requirement for this novel DNA organization is the geometrically suitable 

functionalization of each ditopic monomer in the modified Nmer with complementary 

nucleobases (Figure 54). Hence, we will make use of the same structural characteristics of 

previously studied dinucleoside monomers. However, these dinucleoside units will be now 

properly equipped and activated to be subjected to DNA Automated Solid Phase Synthesis 

(ASPS), which will afford the target strands having defined length and sequence. The chiral 

nanotubes will be then generated by self-recognition of nucleobases through Watson-Crick 

H-bonding and the contribution of non-covalent interactions, such as π-π stacking and 

solvophobic forces.  

 
Figure 54. Key features for a general ditopic monomer (GC or AU). After solid-phase oligomerization, the 

resulting strands will self-assemble in an unstrained quadruplex structure via Watson-Crick pairing.  

Therefore, the novelty with respect to previous research in our group is that 

pyrimidines in the dinucleoside units are activated as phosphoramidites and therefore, 

oligomerised. Only one nucleobase in each monomer is made reactive in order to: 1) simplify 

the coupling reactions and enhance the flexibility of the system; 2) cancel any tendency to 

generate a duplex structure; 3) ensure that there is no strain in the phosphate backbone 

during self-assembly. Pyrimidines were selected since they offer lower steric hindrance 
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around the 3’ and 5’ ribose positions than purines.224 Additionally, purines are more valuable 

synthetically and thus they are obtained in smaller amounts. 

Since DNA is a flexible polymer, a hairpin-like structure (as explained in the 

Introduction) might spontaneously be assembled intramolecularly by folding of a single 

strand into a U-turn structure, which would prevent intermolecular association to form a 

quadruplex. In our concrete case, this phenomenon is likely to occur for long strands, since 

every nucleobase is equipped with its complementary one. In order to circumvent this 

problem, we will limit the length of our modified strands and we will carefully design the 

diverse sequences. 

Regarding the synthesis of the ditopic monomers, it is important to remark that two 

different approaches will be developed in this Thesis, either towards: a) Hydrophilic Tubular 

Quadruplex DNA (Chapter 1); or b) Lipophilic Tubular Quadruplex DNA (Chapter 2). We will 

design a modular synthetic pathway that would enable us to prepare monomer components 

in an optimum number of steps in a gram scale, as ASPS requires. Considerable effort will be 

dedicated to the synthesis of diverse precursors and nucleobase directors and therefore the 

synthetic sequences will be described in detail in both Chapters 1 and 2. 

1) HYDROPHILIC DNA QUADRUPLEXES  

In this research line, our intention is to synthetize DNA Quadruplexes that maintain 

the phosphate-2’-deoxyribose backbone of DNA, so the final structures would be thus 

soluble in aqueous media. In Scheme 1 we show the proposed retrosynthetic plan for the 

preparation of activated monomers G1dC2 and A1dU2 from diverse commercial precursors. 

In order to fulfil our goals and increase solubility in water, the purines are endowed 

with water-soluble groups such as glycolic chains (R groups marked in purple in Scheme 1). 

Furthermore, these functionalities at the purine N-9 positions offer little steric hindrance, 

which should favour the coupling between monomers. Two typical functionalities of ASPS131 

(marked in red or green in Scheme 1) will be also incorporated into the monomer structure: 

 

                                                             
224 S. Obeid, H. Bußkamp, W. Welte, K. Diederichs, A. Marx, J. Am. Chem. Soc. 2013, 135, 15667-15669.  
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Scheme 1. Retrosynthetic route for the preparation of hydrophilic activated G1dC2 and A1dU2 monomers, 
to be used in Automated Solid Phase Synthesis. 

• Base-sensitive protecting groups will be used to block the exocyclic amines of 

nucleobases, so as to avoid both association by H-bonding until the sequence has been 

completed and also the formation of side products generated by competitive amine attack 

to electrophilic species. In addition, base-sensitive groups are used to anchor the first 

monomer to the solid support. Moreover, the cyanoethoxy substituent on phosphorous is 

also base-labile, and releases charged phosphate groups that improve solubility in aqueous 

media. 

• Acid-sensitive protecting groups are employed to block the hydroxy functionality in 

the 5’-position in the 2’-deoxyribose of pyrimidines. Our selection will be 4,4’-

dimethoxytrityl (DMTr) moiety, since it is widely employed due to its balance between 

protection/deprotection yields and robustness. 

In order to synthesize the final ditopic monomers, suitably protected ethynylated 

nucleobases will be prepared in large amounts and they will be then subjected to 

consecutive Sonogashira Pd-catalysed cross-coupling reactions with the dihalogenated 

central block. The custom-tailored design of the block substituents (R1 and R2 in Figure 54) 

may allow the functionalization of the inner pore in the quadruplex and help in the 

functionalization of the final assemblies. Finally, the 3’-O position would be derivatised with 



 
 

Objectives 

 

75 

 

the corresponding phosphoramidite to provide activated G1dC2 and A1dU2, ready to be 

employed in ASPS. 

The solid phase synthesis commences with the anchoring of the activated monomers 

(exemplified for G1dC2 in Scheme 2) to the solid support through the 3’-O position of the 

pyrimidine. Afterwards, automated cyclic events would be sequentially performed: a) 

deprotection of DMTr with acid to release a hydroxy group in position 5’-O; b) 

phosphoramidite coupling of the free alcohol with an activated monomer; c) oxidation of the 

phosphite to phosphate, and d) capping of non-reacted sequences. Once the desired 

sequence and length are achieved, the compound is subjected to basic treatment which 

would result in the deprotection of the blocked amines and phosphate group, and the 

breakage of the link to the solid-support. Purification of the strands will be planned as a 

function of their nature. 

 

Scheme 2. Schematic representation of the cyclic events during solid-phase synthesis leading to the 
designed hydrophilic modified Nmer, taking G1dC2 as an example. 

2) LIPOPHILIC DNA QUADRUPLEXES  

At the time this Thesis was conceived, the research group had great expertise 

regarding the self-association of monomers into cyclic tetramers in non-polar organic 

solvents.205,206,208,209,210 Hence, we thought it would be a good idea to try to generate short 

DNA oligomers that are lipophilic and therefore soluble in organic solvents, in order to 

compare their self-assembly with the regular dinucleoside monomers previously studied. 

Consequently, this side objective was designed to be complementary to the previous one, 

and would also represent an alternative in case the self-assembly in water would not work 

as expected.  

The idea for this specific line is the additional use of fluoride-sensitive substituents 

(SiR3, marked in blue in Scheme 3) as substituents for non-reacting hydroxy groups in 

purines (either in 2’-deoxyribose groups or in oligo(ethyleneglycol) chains, see Scheme 3), 
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that will provide solubility in organic media. These motifs are robust silyl protecting groups, 

stable in mild acidic or basic media, which should resist ASPS protocols. The 

phosphite/phosphate functions can also bear this kind of moieties,225 since they would not 

be deprotected in basic media. On the other hand, pyrimidines will present the same 

substitution pattern as in the previous hydrophilic approach. Scheme 3 shows the planned 

retrosynthetic approach to this kind of lipophilic, activated dinucleoside monomers. 

 

Scheme 3. Retrosynthetic route for the preparation of lipophilic, silyl-protected dG2dC2 and A2dU2 
monomers, to be used in Automated Solid Phase Synthesis.  

The following step would be subjecting the ditopic monomeric units to ASPS protocols 

following the same scheme as in the previous point (exemplified for dG2dC2 in Scheme 4). 

Here, basic treatment should only result in the deprotection of the amine groups and the 

cleavage to the solid support, but it should respect all silyl-protecting groups. We expect the 

final target lipophilic Nmer to be soluble in the most common non-polar solvents. The novelty 

here is that the corresponding hydrophilic strands could be obtained by orthogonal cleavage 

of silane protections in just one step when using fluoride ions. Solubility in aqueous media 

could be achieved as hydroxy or anionic phosphate functionalities would be formed in this 

process. 

                                                             
225 T. Wada, M. Sekine, Tetrahedron Lett. 1994, 35, 757-760. 
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Scheme 4. The DNA solid-phase protocol to generate lipophilic or hydrophilic Nmer by means of acid, base or 

fluoride-sensitive orthogonal protecting groups.  

As a starting point to gain insight into the oligomerization process we aim to prepare 

the shortest possible oligomers (2mer) in our laboratories without the support of the DNA 

synthesizer. For this purpose, two different approaches are worthy to study (Scheme 5). The 

first approach (Approach 1 in Scheme 5) involves the coupling between two monomers 

which are complementarily customised in the pyrimidine moiety (i.e. 5’-O-DMTr and 3’-

OSiR3). The second one (Approach 2) consists of coupling two 5-iodo-pyrimidines and 

subjecting the resulting structure to a double Sonogashira cross-coupling to introduce the 

complementary purine. The resulting quadruplexes from the self-assembly of 2mer molecules 

(2mer)4, together with the monomer (1mer), would be highly valued as models for NMR 

studies and spectroscopic experiments. 

 

Scheme 5. Schematic representation of two retrosynthetic approaches towards lipophilic 2mer without the 
need of the DNA synthesizer, taking an AU monomer as an example. 
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The next objective would be to test our hypotheses on quadruplex self-assembly, on 

one hand, and on the other, demonstrate their potential versatility and increase their 

structural and functional complexity (Figure 55). The scope of our proposal will be explored 

at this point and the self-assembly of hydrophilic and/or lipophilic oligonucleotide strands 

into DNA quadruplexes in aqueous or organic media, respectively, with moieties bearing the 

GC or AU pairs, compared. Here we want to enumerate the main structural parameters that 

we could in principle control, as well as the specific issues that we ideally want to address: 

• Length & Monodispersity. The length of the structures can be modified as a 

function of the number of monomers incorporated in the oligonucleotide strands by 

phosphoramidite chemistry. As stated before, we will pay attention on the possibility of U-

turn formation for the longest strands and the way to avoid it depending on the sequence.  

• Sequence. This parameter can be controlled during SPS protocol. The plan is to 

prepare strands of a determined length (8mer, for example) in different manners: as a block 

oligomer (GC)4_(AU)4, an alternated Nmer (GC_AU)4, or using the same kind of monomers 

(GC)8 and (AU)8.  

 

Figure 55. Examples on structural control of DNA quadruplexes regarding their length and sequence. 



 
 

Objectives 

 

79 

 

B) CONTROLLED STACKING OF -CONJUGATED SEMICONDUCTING MOLECULES 

3) OLIGONUCLEOTIDE-TEMPLATED STACKING OF ORGANIC SEMICONDUCTORS 

DNA has been widely used as a robust template because it is able to organise organic 

structures in programmable architectures with high precision (see Introduction). This fact is 

attributed to: a) an optimum distance between nucleobases, which favours π-π stacking 

interactions; b) a precisely defined sequence and length, and c) high fidelity in terms of 

recognition. Chapter 3 of this Doctoral Thesis is devoted to exploring this research line by 

using single strands of DNA to organize a controlled stacking of planar, π-conjugated 

semiconducting molecules. 

Therefore, in our proposal, DNA would act as a building block for functional 

architectures taking advantage of the H-bonding interactions between complementary 

nucleobases, solvophobic forces and π-π interactions between extended polycyclic aromatic 

rings in aqueous media. Simple DNA oligonucleotide strands will guide the stacking of these 

functional organic systems. As stated in the Introduction (Section 6), this field has been 

active since the beginning of the 21st century and impressive advances have been produced 

so far. However, the novelty we target in this Doctoral Thesis is the control and 

programmability over the sequence and length of the stacks of π-conjugated 

electron/energy donor-acceptor chromophores, a topic that has never been addressed so far 

in oligonucleotide-templated systems.  

 

Figure 56. Schematic representation of the process in which two oligonucleotide chains guide the self-
assembly of π-conjugated donor/acceptor systems attached to nucleobase directors.  

Our objective would be to demonstrate that simple DNA strands are an efficient 

template not only to guide the supramolecular self-assembly process that generates new 

double helix systems with intercalated functional molecules, but also to control their 

stacking sequence and length due to the complementarity of H-bonding patterns, as shown 
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in Figure 57. Our research will be focused on double-helix systems (see Introduction; Section 

6.2) instead of single ones because this approach offers several advantages: 1) the resulting 

nanofibers will be more stable; 2) the control over the sequence could be reinforced by the 

cooperative action of a double template; 3) the supramolecular structure would be more 

rigid; 4) we could achieve precise control over the length of the nanofiber as the 

combination of different nucleobases in the same strand would lead to complete parallel 

alignment of the two oligonucleotide templates, while in the literature examples reported so 

far the stacks display length polydispersity (i.e. length control is not achieved because the 

two strands do not assemble in a parallel manner, but are mismatched); and finally 5) 

symmetrically substituted chromophores are easier to synthetize than asymmetrically 

substituted ones.226 

 

Figure 57. a) Monomeric units comprising chromophores disubstituted with identical G or A nucleobase 
directors; b) Different target stacks as a function of the sequence of the strand and the selected monomer. 

The precise control of the length and sequence of the obtained nanostructures in the 

semiconducting columnar stacks will be a function of the selection of oligonucleotide 

templates and the functionalization of chromophores with complementary nucleobases. The 

combination of both parameters will provide helixes with diverse sequences (see Figure 57). 

The oligonucleotide strands are commercially available with defined sequences and lengths. 

On a regular basis, a length between 20-40 units and combined sequences of thymidine T 

and 2’-deoxycytidine dC will be selected. Thus, pyrimidines will be placed in the DNA strand 

instead of purines because G oligonucleotides are usually more difficult to work with, due to 

their high propensity to auto-associate, especially in the presence of alkaline salts. On the 

other hand, the design of the dinucleoside monomers comprises chromophores as central 

blocks, that are linearly disubstituted by identical purine directors. Both components will be 

                                                             
226 a) R. Schroot, T. Schlotthauer, M. Jäger, U. S. Schubert, Macromol. Chem. Phys. 2017, 218, 1600534; b) L. 

R. Hart, N. A. Nguyen, J. L. Harries, M. E. Mackay, H. M. Colquhoun, W. Hayes, Polymer 2015, 69, 293-300; c) 
B. A. Ikkanda, S. A. Samuel, B. L. Iverson, J. Org. Chem. 2014, 79, 2029-2037. 
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functionalised to enhance solubility in aqueous media. π-Conjugated semiconducting donor 

pyrene227 and acceptor NDI228 systems were chosen as dyes. These two organic molecules 

are ideal since they have the same length and constitute a donor-acceptor pair for energy 

transfer processes.229 This fact will be used to demonstrate the efficient control on stack 

sequence by the analysis of fluorescence emission quenching. Besides, these chromophores 

absorb at different wavelengths, and therefore we expect to see induced CD of the stacks 

containing each achiral dye, which will be an evidence for their binding to the chiral DNA 

strand.230 Alternatively to pyrene, other NDI systems with different bay substitution could be 

employed. 

4) SEQUENCE-CONTROLLED STACKED FOLDAMERS  

This last objective, described in Chapter 4, was carried out within a 3-month research 

stay at Professor Hanadi F. Sleiman’s laboratories in McGill University (Montreal). The 

objective is related to the one targeted in Chapter 3, since we also try to control the length 

and sequence of stacked chromophores, although the strategy differs substantially. We will 

not use DNA to template and control the stacking, but we will inspire from its chemistry and 

backbone structure to generate covalent polymers, joined by phosphate units, that can fold 

into stacked architectures in aqueous media. In other words, we aim to prepare sequence-

controlled polymers by subjecting complementary chromophores to ASPS, with the 

objective of predefining their intramolecular stacking in aqueous media through folding 

interactions (Figure 58). Two structures (foldamers type I and type II; see Figure 58) will be 

targeted to provide polymers with different morphology, which allows the modification of 

structural parameters such as the rigidity and length of the linker between chromophores.  

In both model structures, chromophores would be adequately functionalised to be 

subjected to ASPS. However, the geometrical localization of these functionalities changes 

depending on the type of stacked foldamer. On the one hand, for the foldamer type I, the 

chromophores carry the 4,4’-dimethoxytrytil and phosphoramidite groups on benzylic units, 

which will be incorporated with a relative angle of 180° on the core (Figure 58a). On the 

other hand, in order to achieve folded stack type II, a versatile and flexible platform will be 

used (Figure 58b). This linker would afford a higher flexibility, so that the chromophores can 

arrange optimally for their interaction. The linker is based in a research line in current 

development in Professor Sleiman’s laboratory,231 in which different molecular moieties 

bearing azide can be coupled to a platform bearing a reactive terminal ethynyl group by 1,3-

dipolar cycloaddition reactions. 

                                                             
227 T. M. Figueira-Duarte, K. Müllen, Chem. Rev. 2011, 111, 7260-7314. 
228 a) S. L. Suraru, F. Würthner, Angew. Chem. Int. Ed. 2014, 53, 7428-7448; b) M. Al Kobaisi, S. V. Bhosale, K. 

Latham, A. M. Raynor, S. V. Bhosale, Chem. Rev. 2016, 116, 11685-11796. 
229 a) A. Das, S. Ghosh, Angew. Chem. Int. Ed. 2014, 53, 1092-1097; b) M. D. Gujrati, N. S. S. Kumar, A. S. 

Brown, B. Captain, J. N. Wilson, Langmuir 2011, 27, 6554-6558. 
230 V. L. Malinovskii, D. Wenger, R. Häner, Chem. Soc. Rev. 2010, 39, 410-422. 
231  D. de Rochambeau, Y. Sun, M. Barlog, H. S. Bazzi, H. F. Sleiman, J. Org. Chem. 2018 doi: 
10.1021/acs.joc.8b01184. 
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Figure 58. Complementary chromophores equipped for oligomerization by ASPS protocols to give rise to a) 
rigid and b) flexible foldamer.  

Once the diverse foldamers are synthetized as well as purified, we plan to perform 

self-assembly studies in aqueous media with the aid of spectroscopic techniques, such as 

absorption and emission experiments. These tests will be used to corroborate the effective 

stacking taking advantage of the complementary energetic behaviour of the chromophores. 
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1.1. MONOMER DESIGN & SYNTHETIC STRATEGY 

The key structural features required to generate self-assembled cyclic tetramers have 

already been described in the Background Section, and we will maintain such design. 

Therefore, monomers are based on rigid and planar central blocks that are substituted at 

both ends by customised nucleobases, which will interact by Watson Crick H-bonding in 90⁰ 

angle. The novelty can be found in the functionalization of nucleobases to be subjected to 

solid phase synthesis protocols for phosphoramidite chemistry, as explained in Objectives.  

 

Figure 1.1. Schematic representation of the target monomer, which consist of a central block substituted at 
both edges by complementary nucleobases (purines & pyrimidines). 

Central blocks have been chosen to address solubility in water as B1, or unsubtituted 

as B2, being both of them derivatives of phenylethylene moiety. Additionally, nucleobase 

directors will be equipped with hydrophilic moieties to provide solubility in aqueous media 

or functionalised to be subjected to solid phase synthesis protocols. It is important to note 

that their exocyclic amines will be properly protected. The synthetic sequence for each 

molecular component whose combination leads to water-soluble monomers will be 

explained in the following Section 1.2. Finally, the synthetic route leading to hydrophilic 

monomers for solid phase synthesis will be depicted in Section 1.3 while in Section 1.4 we 

will comment on the oligomerization and preliminary spectroscopic studies. 

1.1.1. CROSS-COUPLING BETWEEN NUCLEOBASES AND CENTRAL BLOCKS: THE SONOGASHIRA 

REACTION 

In this Doctoral Thesis, Sonogashira coupling reactions232,233,234 have a special key role 

to synthesize our target monomers from its precursors: nucleobase derivatives and central 

blocks. For the formation of sp2 / sp carbon-carbon bonds, coupling reactions catalysed by 

                                                             
232 R. Chinchilla, C. Nájera, Chem. Soc. Rev. 2011, 40, 5084–5121.  
233 R. Chinchilla, C. Nájera, Chem. Rev. 2007, 107, 874–922 
234 H. Doucet, J.-C. Hierso, Angew. Chem. Int. Ed. 2007, 46, 834–871. 
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palladium are one of the most commonly used methodologies. In particular, Sonogashira 

cross-coupling reaction is used to synthesize natural products, heterocycles, molecular 

electronic units, conjugated polymers or nanostructures; and many examples are available in 

the literature.235,236 The Sonogashira reaction consists in a Pd-catalyzed C-C bond formation 

process which can bond a sp2 carbon of an aryl or vinyl halide (or triflate) with a terminal sp 

hybridized carbon (Scheme 1.1).237 This process, which can be easily carried out at room 

temperature with a palladium catalytic source combined with a co-catalytic amount of CuI in 

an amine reductive solvent, was proved first in 1975 by the Japanese Sonogashira and his 

colleagues Tohda and Hagihara.  

 

Scheme 1.1. Scheme for a general Sonogashira cross-coupling reaction. 

Nowadays, it is assumed that two independent catalytic cycles form part of the 

reaction (Scheme 1.2).236 The catalytic pathway starts with the “palladium-cycle” and the 

active species Pd0L2, which can be generated from Pd0 complexes or PdII from complexes 

such as Pd(PPh3)Cl2, via formation of a [PdIIL2(C≡CR2)2] species. The latter gives [Pd0L2] after 

reductive elimination by forming a diyne (often referred to as “homocoupling product”). 

Amines may also reduce PdII to Pd0 through formation of iminium cations.238 Once complex 

[Pd0L2] has been formed, the first step in the catalytic cycle is initiated by oxidative addition 

of the aryl or vinyl halide, which is considered to be the rate-limiting step of the Sonogashira 

reaction. The barriers of oxidative addition of ArX (X = Cl, Br, I) increase in the order of ArI < 

ArBr < ArCl, as it is believed to be an electron-donating step.239 The formed [PdIIR1L2X] 

adduct is then transformed into a [PdIIL2R1(C≡CR2)] species after transmetalation with a 

copper acetylide formed in the “copper-cycle” (cycle B). This adduct suffers reductive 

elimination to the final alkyne, regenerating [Pd0L2]. 

 

 

 

 

 

 

                                                             
235 L. A. Agrofoglio, I. Gillaizeau, Y. Saito, Chem. Rev. 2003, 103, 1875–1916. 
236 R. Bielski, Z. J. Witczak, Chem. Rev. 2013, 113, 2205-2243. 
237 K. Sonogashira, Y. Tohda, N. Hagihara, Tetrahedron Lett. 1975, 16, 4467-4470. 
238 H. Li, G. A. Grasa, T. J. Colacot, Org. Lett. 2010, 12, 3332-3335. 
239 C. Gottardo, T. M. Kraft, M. S. Hossain, P. V. Zawada, H. M. Muchall, Can. J. Chem. 2008, 86, 410-415. 
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Scheme 1.2. Supposed mechanism for the copper-cocatalysed Sonogashira reaction.235a 

Due to the copper-mediated transmetalation of alkynes used in the catalytic cycle, it 

is necessary to deoxygenate before the solvent of the reaction through freeze-pump-thaw 

cycles, in order to avoid unwanted alkyne homocoupling products. If oxygen is still remaining 

in the reaction media, Pd0 complexes can be oxidized and placed out of the catalytic cycle. 

The alkyne derivatives could be then consumed forming homocoupling byproducts during 

the Sonogashira reaction. Their formation is explained by the Hay/Glaser reaction.240 

In order to reach the target monomers through the most straightforward and high-

yielding route from nucleobases and central blocks, two different Sonogashira pathways 

were evaluated (Figure 1.2): 

a) The ethynyl groups are placed in the central block and the halogen atom in the 

nucleobase precursor. 

b) The ethynyl group is placed in the nucleobase, and the halogen atoms at opposite 

sides of the central blocks. 

Three different groups of products are typically obtained in these reactions: 1) the 

doubly-coupled product; 2) the monocoupled product that can be used to form 

unsymmetrically substituted monomers in a subsequent coupling step, and 3) undesired 

homocoupled products, which are formed in minor amounts. 

 
 

                                                             
240 G. Evano, N. Blanchard, M. Toumi, Chem. Rev. 2008, 108, 3054–3131. 
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Figure 1.2. Two possible pathways to obtain the target monomers from halogenated/ethynylated central 

blocks and nucleobases via Sonogashira cross-coupling. 

Although both routes a) and b) are effective and in some cases one must be chosen 

over the other for practical reasons, the experience accumulated in the group in general, 

made us choose route b) as the most convenient for our purposes. The route was more 

convergent and all the products could be purified more easily. The reason is that only one 

homocoupled product, comprising two nucleobases, can be formed through route b), which 

is relatively easily differentiated and separated from the other reaction products. Besides, 

like the doubly-coupled product, the dinucleoside homocoupled product obtained through 

route b), having a diacetylene union, can be useful for the preparation of ABAB systems, so 

their isolation is typically interesting. In contrast, in route a) different useless homocoupled 

byproducts can be formed in minor amounts and some of them are tricky to separate from 

the target product(s) due to their similar polarity. Due to our preference for route b), we will 

describe hereafter the synthesis of dihalogenated central blocks, on one hand, and 5-

ethynyl-pyrimidine or 8-ethynyl-purine nucleobase derivatives, on the other.  
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1.2. SYNTHESIS OF THE HYDROPHILIC MONOMER COMPONENTS 

The synthesis of the different building units that will constitute the monomers, 

dihalogenated central blocks and ethynylated purine/pyrimidine nucleobases, is described in 

this Section. 

1.2.1. SYNTHESIS OF CENTRAL BLOCKS 

Two different p-diiodinated central blocks have been considered for the target 

monomers in Chapters 1 and 2 (Figure 1.3). Unsubstituted 1,4-Diiodobenzene (B2) is a 

commercial product and was used without further purification. In addition, we prepared a 

related central block (B1) that is equipped with amphiphilic chains at both sides. As stated 

above, this design was used with the aim to increase the solubility of the final monomers in 

aqueous (Chapter 1) / organic (Chapter 2) media and to try to favour self-assembly into 

tubular structures via solvophobic interactions, in case the unsubstituted central unit is not 

able to promote it.  

 
Figure 1.3. General structure of the targeted amphiphilic central block B1 and unsubtituted B2.  

The synthetic route to B1 (Scheme 1.3) starts from hydroquinone, which was reacted 

with octyl bromide to yield the monosubstituted product B1.2. A second Williamson reaction 

was then carried out with tosylate Alk1, which was obtained from the reaction of 

tetraethylenglycol monomethyl ether and tosyl chloride,241 to afford B1.1. Finally, compound 

B1.1. was subjected to an iodination reaction. Previous research in our group show that the 

use of strong acid conditions (fuming sulfuric acid, acetic acid and iodine) usually results in 

poor yields. However, the use of periodic acid in the presence of iodine allowed to obtain B1 

in good yields.242  

 

Scheme 1.3. Synthetic route from tetraethylenglycol monomethyl ether to generate B1. 

                                                             
241 A. L. Wolfe, K. K. Duncan, J. P. Lajiness, K. Zhu, A. S. Duerfeldt, D. L. Boger, J. Med. Chem. 2013, 56, 6845-

6857. 
242 E. W. Chi Chan, P. Baek, D. Barker, J. Travas-Sejdic, Polym. Chem. 2015, 6, 7618–7629. 

http://pubs.acs.org/author/Wolfe%2C+Amanda+L
http://pubs.acs.org/author/Duncan%2C+Katharine+K
http://pubs.acs.org/author/Lajiness%2C+James+P
http://pubs.acs.org/author/Zhu%2C+Kaicheng
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1.2.2. SYNTHESIS OF NUCLEOBASE DIRECTORS 

A new series of chemically-modified hydrophilic natural and non-natural nucleobase 

derivatives (Figure 1.4) have been synthetized.  

Both purines (G, A) and pyrimidines (dC, dU) present a common function: the ethynyl 

group in position C-8 for purines and C-5 for pyrimidines, while the diversity is present at 

positions N-9 for purines and N-1 for pyrimidines. Therefore, the ideal, most convergent 

synthetic pathway would start with halogenation, Sonogashira cross coupling with 

trimethylsilylacetylene (TMSA),232,235,236 and subsequent release of the terminal ethynyl 

group. Then, customization would be performed on the ethynyl-substituted nucleobases 

either at the purine N-9 or the 2’-deoxyribose moieties. However, we soon realized that this 

convergent route very often resulted in tedious purifications, solubility issues, synthetic 

problems or low yields/reactivity, so we deviated from it whenever we considered it was 

necessary, for practical reasons.  

 

Figure 1.4. General structure of the target purines (G, A) and pyrimidines (dC, dU). 

Variable substituents were incorporated around the purine/pyrimidine cores. In 

general, pyrimidines are reacted first with the dihalogenated central block, as purines are 

synthetically more valuable, and therefore the routes leading to the final dC and dU 

derivatives sometimes incorporate the p-iodophenylethynyl function at an early stage. On 

the other hand, purines bear inert, solubilizing glycolic chains, whereas pyrimidines are 

equipped with functionalised 2’-deoxyriboses. As mentioned before, the pyrimidines are the 

most convenient unit for phosphoramidite activation, because of the lower steric hindrance 

around the 2’-deoxyribose unit.205 This is the reason why the acid sensitive 4,4’-

dimethoxytrityl group was installed at position 5’-O in dU and dC, so the reactive 

phosphoramidite can be introduced at the remaining 3’-O position. In addition, the exocyclic 

amines in the nucleobases must be blocked with base-sensitive protecting groups, in order 

to avoid the formation of side products during phosphoramidite chemistry protocols. 

Consequently, the purines and pyrimidines were equipped with either acetyl or benzoyl 

groups (for dC), 2-phenoxyacetyl functionality (for A) or a dimethylaminomethylene moeity 
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(for G). These groups were chosen on the basis of literature data and the experienced advice 

from Dr. Álvaro Somoza’s collaborating group, and present an appropriate balance between 

robustness and mild deprotection conditions.131,132 

The appropriate combination of the fragments depicted below would lead to the 

target hydrophilic monomers that will be used for solid phase DNA synthesis. As highlighted 

before, the reactions and sequences were optimized aiming to develop the most convenient 

way to reach the maximum overall yields in the simplest way, so that the whole route could 

be scaled up in the gram scale. This scaling is a requirement for the generation of several 

sequences in solid phase DNA synthesis, due to the low yields attained in each coupling step. 

SYNTHESIS OF PURINES 

GUANINE (Scheme 1.4). Compound G1a and its 2-amino-protected version G1b were 

synthesized first following a route previously optimized in our research group.212 Such route 

is, unfortunately, not very convergent, since alkylation at N-9 must be carried out as the first 

synthetic step. We want to express our gratitude towards Dr. Manuel C. Martos Maldonado 

for his collaboration in the preparation of G1a by this synthetic route. 

The route starts from commercial 2-amino-6-chloropurine, which was reacted with 

tosylate Alk1 to afford G1 with a high N-9-regioselectivity. After alkylation, the 6-chloro 

atom was replaced by a 2-trimethylsilylethoxy group via aromatic nucleophilic substitution, 

leading to G2.243 The incorporation of this group is quite convenient, not only to increase 

solubility, but also because we found that the chlorine group at C-6 is also quite reactive in 

Sonogashira couplings, and competes with bromine at C-8 for the incorporation of the 

ethynyl functionality. Besides, the 2-trimethylsilylethoxy group can be simultaneously 

deprotected with the TMS at the alkyne function in the presence of fluoride ions under mild 

and selective conditions, which represents an advantage when compared to the basic or 

acidic conditions required for the conversion of 6-chloropurines into guanine.244 Compound 

G2 was subsequently subjected to a selective halogenation reaction at C-8. All attempts to 

incorporate an iodine atom using electrophilic aromatic substitution conditions, which 

should be more reactive in subsequent Pd-catalysed couplings, were unfruitful. Instead, G2 

was brominated with NBS, to yield G3, and then subjected to Sonogashira cross-coupling 

with TMSA, affording G4. Next, simultaneous deprotection of all fluoride sensitive 

functionalities led to G1a. This compound was directly used in Chapter 3, although in order 

to be subjected to solid phase phosphoramidite protocols, the blocking of the amine was set 

up with N,N-dimethylacetamide dimethyl acetal to afford G1b. 

                                                             
243 F. P. Sun, T. Darbre, Helv. Chim. Acta 2002, 85, 3002-3018. 
244 a) S. Fletcher, V. M. Shahani, A. J. Lough, P. T. Gunning, Tetrahedron 2010, 66, 4621-4632; b) Y. L. Wu, N. 

E. Horwitz, K. Chen, D. A. Gomez-Gualdron, N. S. Luu, L. Ma, T. C. Wang, M. C. Hersam, J. T. Hupp, O. K. 
Farha, R. Q. Snurr, M. R. Wasielewski, Nature Chem. 2017, 9, 466-472; c) W. Lu, S. Sengupta, J. L. Petersen, N. 
G. Akhmedov, X. Shi, J. Org. Chem. 2007, 72, 5012-5015. 
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Scheme 1.4. Synthetic route to 8-ethynyl guanine G1a/G1b from 2-amino-6-chloropurine. 

Although the previous route works reasonably well and the desired compound G1a 

could be obtained in high amounts, it is clearly divergent and involves carrying out the N-9 

alkylation reaction, which is where diversity is introduced, as the first step.212 As a 

consequence, the whole synthetic sequence must be completed for each different 

substituent at N-9. One of the objectives of this Thesis is to investigate novel and, 

importantly, more convergent routes to 8-ethynyl guanines that can be functionalised at N-9 

with a wide diversity of groups at a later stage in the synthetic sequence. Thus, we 

envisioned the possibility of developing a route in which N-9 is protected along the 

bromination and Sonogashira coupling steps, affording a compound endowed with a triple 

bond at C-8. Then, the protection would be released, and the unsubstituted intermediate 

could be functionalized at will at the N-9 position of the aromatic ring in an advanced step of 

the route.  

Experimental results performed in the group at the same time of this Thesis pointed 

to guanosine derivatives, which can be viewed as a N-9-ribose protected guanine, as a very 

convenient starting material for this purpose, due to its low price and versatile and well-

documented functionalization protocols. However, the strong acidic conditions required to 

depurinate guanosine derivatives also resulted in deprotection of the C-6 carbonyl 

protecting group. The presence of this group is required to achieve high yields in the 

Sonogashira coupling, as commented below, and to increase regioselectivity and facilitate N-

9-regioisomer isolation in the subsequent alkylation step. A survey in the literature on the 

mechanism of this depurination reaction 245  pointed to 2’-deoxyguanosine as a more 

convenient starting material, since the 2’-deoxyribose unit is more reactive towards 

depurination than the ribose moiety for steric and electronic reasons,246 so milder acidic 

conditions could be essayed in order to maintain the carbonyl protection. This fact 

encouraged us to explore a related synthetic pathway from commercial 2’-deoxyguanosine. 

                                                             
245 M. S. Kuska, M. Majdi Yazdi, A. A. Witham, H. A. Dahlmann, S. J. Sturla, S. D. Wetmore, R. A. Manderville, 

J. Org. Chem. 2013, 78, 7176-7185. 
246 a) E. R. Garrett, P. J. Mehta, J. Am. Chem. Soc.  1972, 94, 8532-8541; b) A. C. Riosa, H. T. Yua, Y. Tora, J. 

Phys. Org. Chem. 2015, 28, 173-180. 

http://pubs.acs.org/author/Kuska%2C+Michael+S
http://pubs.acs.org/author/Majdi+Yazdi%2C+Mohadeseh
http://pubs.acs.org/author/Witham%2C+Aaron+A
http://pubs.acs.org/author/Dahlmann%2C+Heidi+A
http://pubs.acs.org/author/Sturla%2C+Shana+J
http://pubs.acs.org/author/Wetmore%2C+Stacey+D
http://pubs.acs.org/author/Manderville%2C+Richard+A
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The route (Scheme 1.5) commenced with a bromination reaction at C-8, which 

produced 8-bromo-2’-deoxyguanosine (dG1) in excellent yields.247 Again, all attempts to 

prepare 8-iodo-2’-deoxyguanosine, a better alternative for the Sonogashira coupling, were 

not successful. 248  After halogenation,247 the alcohols were protected with tert-

butyldimethylsilyl chloride (TBDMSCl), and product dG2 could be straightforwardly isolated 

by filtration and washing.249 This protection offers the advantage of being completely 

selective towards alcohol groups and also provided nucleobases that are useful for Chapter 2. 

Subsequent carbonyl protection was carried out under Mitsunobu reaction conditions in the 

presence of 2-trimethylsilylethanol, to supply compound dG3. Previous research in our and 

other groups led to the conclusion that masking the carbonyl group as a 6-alkoxy 

derivative250,251 or using 6-halogenopurines is absolutely necessary to afford reasonable 

yields in Pd-catalysed cross coupling reactions. All attempts to perform these coupling 

reactions on unprotected guanosines or 2’deoxyguanosines were not successful in our hands, 

even though a few examples can be found in the literature.252 The reason for the low 

reactivity of guanine is attributed to a deactivating coordination of the catalytic metal by 

chelation to N-7 and the adjacent carbonyl group, and to the low oxidation potential of the 

guanine heterocycle.253  

Protected 2’-deoxyguanosine dG3 was then subjected to Sonogashira coupling either 

with TMSA or with TIPSA, to yield compounds dG4 and dG6, which are protected by three 

different fluoride-sensitive silyl groups. In the first case, the TMS-ethynyl protecting group 

was also partly released under the standard reaction conditions, and comparable amounts of 

dG4 and dG5 were isolated. Next, we essayed different conditions to try deprotect 

selectively the TMS-ethynyl, the C-6 2-trimethylsilylethoxy, or the N-9 2’-deoxyribose 

protecting groups. The first one can be released by treatment of dG4 in mild basic media, 

affording dG5 in good yields without any trace of deprotection of the other silyl groups. The 

carbonyl protection can be selectively removed by treatment with a mild acid, like formic 

acid (see next Chapter). Finally, selective depurination can be performed using diluted 

aqueous HCl in MeOH. This reaction was quite delicate, as carbonyl deprotection and loss of 

other silane functionalities compete with depurination. Therefore, the reaction conditions 

had to be carefully optimized, in terms of acid concentration, organic cosolvent, 

temperature and reaction time. Still, a clear decrease in selectivity, and hence on the yield, 

was noted when increasing the reaction scale. When this depurination reaction was carried 

out from dG4, GHa was the only compound isolated, due mainly to the extremely low 

                                                             
247 M. Münzel, C. Szeibert, A. F. Glas, D. Globisch, T. Carrell, J. Am. Chem. Soc. 2011, 133, 5186-5189. 
248 Q. Gui-Rong, R. Bo, N. Hong-Ying, M. Zhi-Jie, G Hai-Ming, J. Org. Chem. 2008, 73, 2450-2453. 
249 A.Dumas, N. W. Luedtke, J. Am. Chem. Soc. 2010, 132, 18004-18007. 
250 A. Dumas, N. W. Luedtke, Chem. Eur. J. 2012, 18, 245-254.  
251 W. Elizabeth, R. D. Jonathan, M. J. Edward, M. G. Peter, H. S. Kevin, J. Org. Chem. 2003, 68, 6767-6774. 
252 a) Y. Shinohara, K.Matsumoto, K. Kugenuma, T. Morii, Y. Saito, I. Saito, Bioorg. Med. Chem. Lett. 2010, 20, 

2817-2820; b) Y. Wu, K. E. Brown, M. R. Wasielewski, J. Am. Chem. Soc. 2013, 135, 13322-13325. 
253 a) E. C. Western, K. H. Shaughnessy, J. Org. Chem. 2005, 70, 6378-6388; b) D. Camboll, J. Besancon, J. 

Tirouflet, B. Gautheron, Inorg. Chim. Acta. 1983, 78, L51-L53; c) A. Collier, G. K. Wagner, Org. Biomol. Chem. 
2006, 4, 4526-4532.  
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solubility in organic media of other secondary products formed as a result of carbonyl 

deprotection. When dG6, endowed with a more robust and solubilizing TIPS moiety, was 

used as starting material, GHb was obtained in moderate yield, whereas GHc could be 

isolated in lower yields. 

In summary, target N-9-unsubstituted guanines GHa-GHc can be obtained in 5 

relatively simple synthetic steps from commercial 2’-deoxyguanosine. This route is amenable 

to scaling up to gram amounts without considerable loss in yields. The only exception is the 

last depurination step under acidic conditions, where other competing deprotection 

pathways take place. When optimized from compound dG6, we noticed that a clear 

decrease in deprotection selectivity, and hence on the yield of GHb with respect to GHc, was 

noted when increasing the reaction scale. This is an important issue that somewhat 

devaluates the utility of this route because, as it is explained just below, only GHb can be 

used to obtain the final N-9-alkylated compounds. 

 

Scheme 1.5. Synthesis of GHa, GHb and GHc from subjecting 2’-deoxyguanosine to acidic conditions. 
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Figure 1.5. 1H NMR spectra of precursors GHa in DMSO-d6, GHb in CDCl3 and GHc in DMSO-d6-CDCl3. 

Next, the alkylation reaction with Alk1 was essayed on different N-9-unsubstituted GH 

substrates. It is known that the imidazole ring in N-9-unsubstituted guanine derivatives can 

be alkylated at either N-7- or N-9-positions, leading to two different regiosiomers.254,255 For 

GHc (Scheme 1.6), the result of the alkylation reaction was not satisfactory, as the two N-7- 

and N-9-regioisomers (G5 and G5’) were obtained with no regioselectivity (i.e. in a 1:1 ratio). 

Furthermore, despite all our efforts, these two isomers could not be isolated by column 

chromatography, presumably because they interact strongly via H-bonding. 

 

Scheme 1.6. N alkylation reaction with GHc to provide an inseparable mixture of regioisomers (G5’/G5) that 
are isolated after amine functionalization to afford G6’ and G6. 

                                                             
254 R. Zou, M. J. Robins, Can. J. Chem. 1987, 65, 1436-1437. 
255 M. Madre, M. Ikaunieks, S. Belyakov, Synthesis, 2007, 9, 1325-1332. 



 
 
1.2. Synthesis of the Hydrophilic Monomer Components 

 

96 
 

With the aim to break these strong interactions, we decided to add an additional step 

to the route and protect the amine groups of the guanine with a dimethylaminomethylene 

function, leading to G6 and G6’. In this case, the protected regioisomer mixture could be 

separated by chromatography.  

The 1H NMR spectra of the G5/G5’ inseparable mixture and the separated G6 and G6’ 

isomers are shown in Figure 1.6 and Figure 1.7, respectively. The different chemical shift of 

the protons in alpha and beta position to the aromatic ring (purple signals) serves as an 

indicator for the localization of the glycolic chain. Precedent research in our group using 
1H/13C NMR and 2D gHMBC NMR, as it has been previously reported in literature,256 

evidences that in the N-7 regioisomer these protons appear unshielded at higher chemical 

shift, whereas the contrary is true for the target N-9 regioisomer. 

 

Figure 1.6. 1H NMR spectra of the inseparable mixture of G5/G5’ in CDCl3. 

 

                                                             
256 K. P. Gan, M. Yoshio, Y. Sugihara, T. Kato, Chem. Sci. 2018, 9, 576-585.   
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Figure 1.7. 1H NMR spectra in CDCl3 of the isolated G6 and G6’ after amine protection and consequently, 
breakage of the hydrogen-bonding interaction. 

In view of these results, we anticipated that derivative GHb, equipped with a carbonyl 

protecting group at C-6, should provide higher N-9-regioselectivity, as the N-7 position in the 

purine is sterically hindered, and easier separation by column chromatography, since H-

bonding interactions between regioisomers are diminished. That was indeed what we 

observed. When GHb was subjected to alkylation reactions, the desired N-9 regioisomers 

were obtained as the major compound and it could be easily isolated (Scheme 1.7). The 1H 

NMR spectra of both regioisomers are shown in Figure 1.8. In addition, research in our 

laboratories show that the regioselectivity is further increased when using bulkier benzyl 

alkylating agents. Final deprotection of the fluoride sensitive groups led to the 8-ethynylated 

guanine G1a. 

 

Scheme 1.7. N alkylation reaction with GHb to provide separable N-9 and N-7 regioisomers.  
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Figure 1.8. 1H NMR spectra of regioisomers G7 and G7’ in CDCl3. 

2-AMINOADENINE (Scheme 1.8). In view of the results obtained in the synthetic route to 

N-9-unsubstituted guanine derivatives, we decided to directly approach the synthesis of 

related 2-aminoadenine intermediates via a depurination reaction. Interestingly, instead of 

starting with the more reactive 2’-deoxy analogue, as in the case of the guanine, we would 

use 2-aminoadenosine due to its lower price and because there are not labile groups 

attached to the aromatic rings, so stronger acidic conditions can be used. 

As shown in Scheme 1.8, commercial 2-aminoadenosine was first subjected to a 

selective halogenation reaction with bromine yielding rA1 after simple filtration and 

washing.257 Then two pathways were tested. Following Route 1, we protected the alcohols 

at the ribose as acetyl groups, to yield rA2, a compound that allows easier handling and 

solubility in organic media. Afterwards, the Sonogashira reaction with TIPSA was set up to 

supply rA3. The TIPS group was selected since it offers enhanced solubility than the usual 

TMS. Several conditions were then studied to perform the depurination reaction at different 

temperatures and solvents (HCl/MeOH/60 ᵒC,258 TFA/H2O/THF/60 ᵒC,259 HCO2H/60ᵒC260). In 

the end, a solution of HCl (37%) in methanol at room temperature afforded the best results 

to supply AH.261  

                                                             
257 P. Kaloudis, M. D'Angelantonio, M. Guerra, T. Gimisis, Q. G. Mulazzani, C. Chatgilialoglu. J. Phys. Chem. B. 

2008, 112, 5209-5217. 
258 Kaia Toyo Nucleosides, Nucleotides and Nucleic Acids, 2002, 21, 427-433. 
259 B. Rodenko, M. J. Wanner, A. A. M. Alkhaldi, G. U. Ebiloma, R. L. Barnes, M. Kaiser, R. Brun, R. McCulloch, 

G. Koomen, H. P. de Koninga, Antimicrob. Agents Chemother. 2015, 59, 6708-6716. 
260 A. A. Rodriguez, I. Cedillo, B. P. Mowery, H. J. Gaus, S. S. Krishnamoorthy, A. K. McPherson, Bioorg. Med. 

Chem. Let. 2014, 24, 3243-3246. 
261 M. S. Kuska, M. Majdi Yazdi, A. A. Witham, H. A. Dahlmann, S. J. Sturla, S. D. Wetmore, R. A. Manderville, 

J. Org. Chem. 2013, 78, 7176-7185. 
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As an improvement to this synthesis, we also tested Route 2, which implies the direct 

Sonogashira reaction on rA1. Despite the lower solubility of both reactants and products, 

which makes the preparation of gram amounts somewhat more difficult, rA4 could be 

obtained in quite good yields after column chromatography. Subsequent depurination in the 

presence in a mixture 1,4-dioxane/HCl 1/1 at 70 ᵒC supplied AH in a shortcut manner (3 

synthetic steps) with higher overall yields than those obtained through Route 1 (4 steps). 

The 1H NMR spectra of compound AH is shown in Figure 1.9. We want to express our 

gratitude to Dr. Manuel C. Martos Maldonado for his collaboration in the preparation of A1 

by route 2. 

 

Scheme 1.8. Synthetic route commencing from 2-aminoadenosine to generate intermediate AH, used to 
obtain hydrophilic adenines A1a and A1b. 
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Figure 1.9. 1H NMR spectra of intermediate AH in DMSO-d6. 

Next, we wanted to test the selectivity of the N-9-alkylation reaction. This reaction 

afforded hydrophilic A1 as the only regioisomer with good yields. Following Route 3, 

subsequent cleavage of the silane group yielded compound A1a, which could be directly 

used in Chapter 3, or be then protected at both exocyclic amine groups with 2-

phenoxyacetyl anhydride, to generate A1b. The same compound can be accessed through 

Route 4, in which the sequence of these two reactions is exchanged. Hence, A1 was first 

subjected to the amine protection protocol, followed by deprotection of the 8-ethynyl group, 

to yield A1b. This last compound, which is a viscous liquid, needs to be used as soon as 

possible in the next coupling, since it tends to decompose or homocouple spontaneously 

when stored under ambient conditions.   
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SYNTHESIS OF PYRIMIDINES 

A synthetic route was optimized to provide dC and dU bearing the unsubstituted 

central block and equipped with 5’-O-DMTr (see Figure 1.4), which will be also used in 

Chapter 2.  

As in the case of purines, the halogenation reaction in these nucleobases needed to 

be performed at different stages. While 5-iodo-2’-deoxyuridine could be easily handled and 

isolated, 2’-deoxycytidine substrates demanded prior functionalization of the 2’-deoxyribose 

to simplify purifications. It is worthy to note that the priority was to obtain 8-ethynyl 

pyrimidines in the minimum number of scalable steps, and these precursors would be later 

customized with the central block and the required standard protecting groups for solid 

phase synthesis.131 Surprisingly, dC and dU behaved very differently regarding the order in 

which the central block and the DMTr group are incorporated, and also in the chemical 

properties of the 2’-deoxyribose, as will be shown below and in Chapter 2. In order to 

maximise the yield of monocoupled product with the central block, an excess of the 

dihalogenated central block is used in the Sonogashira reaction. On a regular basis, 

disubstituted products and homocoupling products are unfrequently detected in these 

reactions. 

2’-DEOXYCYTIDINE (Scheme 1.9). The halogenation reaction of commercial 2’-

deoxycytidine was attempted262 as the first step, but unfortunately the compound could not 

be isolated due to its low solubility and high polarity. Therefore, 2’-deoxycytidine was first 

transformed into a more soluble molecule by functionalization of the 2’-deoxyribose, 

following Route 1 to generate dC1. In a first approach, an excess of acetic anhydride was 

purposely employed in this reaction, so the amine could be acylated as well. This is because 

previous research in our group evidenced that when performing acylation on cytidine using 

stoichiometric amounts for the ribose alcohols resulted in a mixture of products, since the 

amine displayed a similar reactivity to the hydroxy groups at 2’ and 3’ and no selectivity 

could be achieved.205,207 In any case, the iodination reaction of dC1 in the presence of I2/HIO3 

in acetic acid provided dC2, where the free amine was recovered, as well as a subproduct, 

which was the result of acetyl deprotection on the 5’-O. However, in parallel we tested the 

use of only 2 equivalents of acetic anhydride on 2’-deoxycytidine (Route 1’). We were 

pleased to see that only one product (dC5) was isolated, in which only the deoxyribose 

alcohols were protected. It looks that, in comparison with the nucleoside analogue, the 

alcohol groups in 2’-deoxynucleosides show a higher reactivity and thereof selectivity with 

respect to the exocyclic amino group, likely because there are no substituents on position 

2’.263 The iodination reaction of the aromatic ring in dC5 afforded the targeted dC2. 

Once dC2 was purified we tested again two routes (Route 2 and Route 2’). In the first 

one, the alcohols were deprotected, which led to the insoluble compound dC3. This 

compound was subjected to the cross-coupling protocol with TMSA and then treated with 

                                                             
262 a) M. Münzel, D. Globisch, C. Trindler, T. Carell, Org. Lett. 2010, 12, 5671-5673; b) P. K. Chang, A. D. 

Welch, Biochem. Pharmacol. 1961, 8, 327-328. 
263 D. W. Dodd, K. N. Swanick, N. D. Jones, R. H. E. Hudson, Org. Biomol. Chem. 2010, 8, 663-666. 
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ammonium hydroxide to give dC7.264 In Route 2’, which turned out to be more convenient 

due to the complicated purification of dC3 and dC4, the incorporation of the TMS was set up 

in standard conditions, to yield dC6, and simultaneous deprotection of all base-sensitive 

groups directly led to dC7. 

 

Scheme 1.9. Representation of parallel approaches towards the synthesis of 5-ethynyl-2’-deoxycytidine. 

In the case of dC, the exocyclic amino group must be protected with base-sensitive 

functionalities because it might interfere during DNA synthesis. The main trouble is that the 

free 3’-O, in which the phosphoramidite group will be coupled, may compete against the 

amine during this protection, as we have seen before in Route 1’. This demands the use of 

bulky reactants as they would react more slowly with the sterically hindered 3’-O secondary 

alcohol. As an alternative, the 3’-O can be selectively blocked with a silane group (dC11), 

followed by the incorporation of the amine protecting group (dC12 and dC13) and 

orthogonal deprotection using fluoride ions (see Scheme 1.10). In this Doctoral Thesis we 

explored both approaches, since the synthesis of a 5’-O-DMTr-3’-O-SiR3 derivative is also 

very interesting for other purposes, as described in Chapter 2.  

In Scheme 1.10 we first investigated Route 1 (marked with blue arrows). We thought it 

would be convenient to deal with the incorporation of the central block as soon as possible. 

Hence, the first step in this route is the Pd-catalysed reaction of dC7 with an excess of p-

diiodobenzene to provide dC8. However, the subsequent protection of the 5’-O position by 

the bulky 4,4’-dimethoxytrityl functionality proved to be a difficult task, presumably by steric 

hindrance around that position. Many different conditions DMTrCl/py,264, 265 

                                                             
264 N. K. Andersen, H. Dossing, F. Jensen, B. Vester, P. Nielsen, J. Org. Chem. 2011, 76, 6177-6187. 
265 a) F. Seela, S. Budowa, P. Leonard, Org. Biomol. Chem. 2007, 5, 1858-1872; b) Z. Song, Q. Zhang, J. Org. 

Chem. 2011, 76, 10263-10268. 
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DMTrCl/NEt3/DMAP/py, 266  DMTrCl/DMAP/py, 267  DMTrCl/Imidazole, etc) at different 

temperatures were essayed. The best results were achieved when using DMTrCl/DMAP/py 

in the presence of 3 Å molecular sieves, which led to dC9 in good yields. Once the DMTr 

group is present, all purifications demand basic deactivation of the silica gel since the acidity 

of that media is enough to induce deprotection. Additionally, we also considered the 

possibility of incorporating a more robust trityl group (as in dC10), but lower yields and the 

need to modify future standard solid phase protocols made us abandon this option. The 

order in which these two reactions are performed (Sonogashira coupling and 5’-O 

protection) can be swapped, which would be a more convergent alternative in case a variety 

of central blocks need to be used in a future. In Route 2 (marked with grey arrows) the 

incorporation of DMTr to dC7 was carried out as the first step to supply dC14 in moderate 

yields, to which the halogenated central block was coupled in a second step, affording dC15.  

Then, we dealt with the incorporation of the 4-amine protecting group. A resilient and 

relatively bulky benzoyl group was chosen for this purpose (in red in Scheme 1.10). The 

reaction between benzoic anhydride and dC9 or dC14 proved to be totally selective for the 

amine without the need for protecting the 3’-OH function, yielding respectively dC1a and 

dC15 (48 and 73% yield). In comparison with the previous results, it seems clear that the 5’-

O-DMTr group is exerting a considerable steric effect on the 3’-position, inverting the 

regioselectivity between the 3’-OH and 4-NH2 functional groups toward acylating reagents. 

Unluckily, when the 5-ethynyl-deoxycytidine was endowed with the benzoyl group, as in 

dC15, the following cross-coupling with the halogenated block was unsuccessful, presumably 

by the larger steric hindrance around the 5-position, and all attempts to perform the 

Sonogashira reaction with 1,4-diiodobenzene failed. Therefore, this route was discarded in 

favour of Route 1. 

Finally, we investigated the incorporation an orthogonal 3’-O silane protecting group. 

We chose a tert-butyldimethylsilyl (TBDMS) group because it shows great balance between 

robustness and synthetic yield.131 This group was installed in dC9 under basic conditions,268 

affording dC11. From this compound we essayed the protection of the 4-NH2 group with 

both benzoyl and acetyl functions, leading to fully protected deoxycytidines dC12 and dC13. 

The latter compound was prepared because we thought it would be interesting to explore 

the possibility of incorporating a more labile amine-protecting group at this point, in case it 

was necessary for future DNA synthesis optimization. In this case we did not test the direct 

reaction without the need for 3’-O protection, but it is likely that, due to the lower steric 

hindrance of the acetyl reagent when compared to the benzoyl, the free 3’-OH may start to 

compete. However, it is important to note that acetyl protection soon proved to be too 

unstable and the loss of this group occurred during Sonogashira reaction and isolation of the 

final dC-G monomers. Finally, the TBDMS group in both dC12 and dC13 could be then 

                                                             
266 A. Roychowdhury, H. Illangkoon, C. L. Hendrickson, S. A. Benner, Org. Lett. 2004, 6, 489-492. 
267 a) C. Dohno, T. Shibata, M. Okazaki, S. Makishi, K. Nakatani, Eur. J. Org. Chem. 2012, 27, 5317-5323; b) S. 

S. Pujari, F. Seela, J. Org. Chem. 2013, 78, 8545-8561. 
268 a) B. Alguero, E. Pedroso, V. Marcha, A. Grandas, J. Biol. Inorg. Chem. 2007, 12, 901-911; b) M. L. Hamm, 

J. A. Piccirilli, J. Org. Chem. 1999, 64, 5700-5704. 



 
 
1.2. Synthesis of the Hydrophilic Monomer Components 

 

104 
 

selectively deprotected in the presence of Bu4NF, yielding 3’-OH-free derivatives dC1a and 

dC1b, respectively. 

 

Scheme 1.10. Synthesis of dC1a and dC1b from 5-ethynyl-2’-deoxycytidine dC7. 
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2’-DEOXYURIDINE (Scheme 1.11). In the case of the 2’-deoxyuridine analogues the 

synthetic pathways is shorter because the heterocyclic ring does not bear amine groups that 

require protection, and also because dU derivatives are more soluble and usually easier to 

purify than their dC analogues.  

We started with the selective halogenation of commercial 2’-deoxyuridine.269 The 

resulting product, 5-iodo-2’-deoxyuridine dU1, is also commercial, but this iodination 

reaction is rather simple and allows to obtain multigram amounts in a simple manner. Then, 

we explored two different routes from dU1. 

Scheme 1.11. Synthesis of dU1a and dU1b from commercial 2’-deoxyuridine. 

Route 1 follows a Sonogashira cross-coupling with TMSA270 and posterior removal of 

the TMS group in the presence of potassium fluoride to provide dU3. A second Pd-catalysed 

cross-coupling with p-diiodobenzene afforded dU4. Unfortunately, and despite previous 

results with dC, this time the incorporation of DMTr on dU4 did not work as expected, and 

compound dU1b was isolated with unsatisfactory yields. Control experiments to add a trityl 

group (as in dU5) were not highly successful either. We noticed that in the literature, other 

researchers usually incorporate bulky trityl substituents at the 5’-O position before 

                                                             
269 J. Asakura, M. J. Robins, J. Org. Chem. 1990, 55, 4928-4933. 
270 S. Dey, C. L. Rühl, A. Jäschke, Chem. Eur. J. 2017, 23, 12162-12170. 



 
 
1.2. Synthesis of the Hydrophilic Monomer Components 

 

106 
 

performing any modification at the C-5 position by cross-coupling reactions, rather than the 

other way around,271 as in Route 1. As a consequence, we deviated from the “optimal” route 

to avoid this low reactivity, so Route 2 was developed.  

The first step in Route 2 was the 5’-O protection with DMTrCl to give dU1a. This 

compound is essential in the synthesis of dinucleoside dimers, as will be explained in 

Chapter 2. Cross-coupling with TMSA and TMS cleavage protocols were then performed to 

afford dU7. This compound was then subjected to a Sonogashira reaction with 1,4-

diiodobenzene, supplying dU1b in satisfactory yields (67% yield).  

 

                                                             
271  a) K. Börjesson, J. Wiberg, A. H. El-Sagheer, T. Ljungdahl, J. Mårtensson, T. Brown, B. Nordén, B. 

Albinsson, Acs. Nano. 2010, 9, 5037-5046; b) R. Tashiro, M. Iwamoto, H. Morinaga, T. Emura, K. Hidaka, M. 
Endo, H. Sugiyama, Nucleic Acids Res. 2015, 43, 6692-6700; c) S. T. Gaballah, T. L. Netzel, Nucleos. Nucleot. 
Nucl. 2002, 21, 681-694; d) M. Segal, E. Yavin, P. Kafri, Y. Shav-Tal, B. Fischer, J. Med. Chem. 2013, 56, 4860-
4869. 

http://pubs.acs.org/author/B%C3%B6rjesson%2C+Karl
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http://pubs.acs.org/author/El-Sagheer%2C+Afaf+H
http://pubs.acs.org/author/Ljungdahl%2C+Thomas
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1.3. SYNTHESIS OF HYDROPHILIC MONOMERS FOR SOLID PHASE SYNTHESIS 

The hydrophilic monomers targeted for DNA solid-phase synthesis have been 

prepared via Pd-catalysed Sonogashira coupling from the fragments prepared in the 

previous Section. In general, bulkier anhydrous NEt(iPr)2 (DIPEA) is used instead of NEt3 in 

these reactions to prevent deprotection of the base-sensitive protecting groups. Additionally, 

the 8-ethynylpurine nucleobases are incorporated dropwise to the reaction system in a 

slight excess and at slow rhythm, so as to minimize the formation of homocoupled side 

products. As it was noted before, the presence of DMTr requires the use of deactivated silica 

gel, so column chromatography purification of the different monomers must be performed 

deactivating previously the silica gel with DIPEA or adding this base in the eluent mixture. 

However, some deprotection of the exocyclic amines of adenine derivatives was spotted in 

the process of purification. Scheme 1.12 displays the synthesis of monomers from the 

coupling of dC1a and G1b or dU1b and A1b, respectively. The 1H NMR spectra of these two 

products is shown in Figure 1.10. 

 
Scheme 1.12. Representation of the Sonogashira cross-coupling reaction between complementary 

nucleobases to lead to G1b-dC1a and A1b-dU1b, and the later incorporation of reactive phosphoramidite to 
afford G1b-dC1c and A1b-dU1c. 
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Figure 1.10. 1H NMR spectra of monomers: a) G1b-dC1a in CDCl3, b) A1b-dU1b in CD2Cl2. 

Finally, the incorporation of a reactive phosphoramidite in the 3’-O position of the 

pyrimidines is performed in the presence of DIPEA in a slight excess with respect to the 

commercial phosphoramidite under rigorous anhydrous conditions to obtain G1b-dC1c and 

A1b-dU1c (see Scheme 1.12). For the hydrophilic monomers in this Chapter, targeted to 

water-soluble DNA, we selected 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite as the 

phosphoramidite precursor, since this moiety will provide solubility in aqueous media as a 

negatively charged phosphate is ultimately generated through deprotection of the 2-
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cyanoethoxy function under basic media. Purifications of the resulting products should be 

performed fast, since the phosphoramidites are rather sensitive to moisture and air, due to 

oxidation at the phosphorus atom. For the same reason, these finalized compounds must be 

kept under argon atmosphere in the freezer and be used in solid-phase synthesis as soon as 

possible.  

It is important to note that the lone pair at the phosphorus atom undergoes a very 

slow inversion equilibria, which results in the appearance of two different diastereoisomers 

in these products. This fact can be noted in the higher multiplicities and increased 

complexity of the 1H NMR spectra, as depicted in Figure 1.11b/d and Figure 1.12a/b.  

 

Figure 1.11. a) Schematic representation of the slow equilibria of the lone pair in phosphorous; b/d) 1H 
NMR spectra from 9.5 to 6.0 ppm comparing the multiplicity of A1b-dU1b and A1b-dU1c. In the second one 

multiplicity is affected by the presence of diastereoisomers; c) 31P NMR of the monomer in CD2Cl2. 

Furthermore, depending of the solvent used, two different peaks appear in 31P NMR 

at 148.83 and 148.65 in CD2Cl2 for A1b-dU1c; or 148.93, 148.65 ppm for G1b-dC1a in CD2Cl2, 

indicating the presence of the two different isomers (Figure 1.11c and Figure 1.12c).  



 
 

1.3. Synthesis of Hydrophilic Monomers for Solid Phase Synthesis 

 

110 
 

 

Figure 1.12. a/b) 1H NMR spectra from 8.6 to 6.2 ppm comparing the multiplicity of G1b-dC1a in CDCl3 and 
G1b-dC1c in CD2Cl2; c) 31P NMR of the monomer in CD2Cl2. 
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1.4. OLIGOMERIZATION & SUPRAMOLECULAR STUDIES 

The oligomerization of our hydrophilic monomers in a DNA synthesizer was 

performed in collaboration with the group of Dr. Álvaro Somoza in Instituto IMDEA 

Nanociencia (centro de Excelencia Severo Ochoa, UAM Campus). We also want to express 

our gratitude to Dr. Mercedes Lecea, Dr. Alfonso La Torre and Ciro Rodríguez for their 

collaboration and support along this project.  

1.4.1. ASPS OLIGOMERIZATION OF HYDROPHILIC MONOMERS 

The oligomerization process of our monomers bearing reactive phosphoramidite and, 

the supramolecular structure generated by the self-assembly of 4 modified oligonucleotide 

strands has been schematized in Figure 1.13 below. The oligomerization consists on a series 

of automated cyclic events based on the phosphoramidite chemistry: deblocking, activation 

& coupling, capping and oxidation (explained in our Introduction). 

 

Figure 1.13. Representation of the oligomerization and self-assembly processes leading to Tubular DNA 
quadruplex. 

This automated protocol takes place in a Mermade DNA synthetizer (shown below in 

Figure 1.14a). As it was previously explained, during the deprotection in acid media, the CPG 

adopts a bright orange colour, which is an indicator of the release of the DMTr group in the 

last monomeric incorporation to the growing chain (see our photograph in Figure 1.14c). 

Besides, the absorption of the cation of the DMTr can be monitored and considered as a 

rough indicator of the efficiency of the synthesis (have a look at Figure 1.14b). Nevertheless, 

due to purification reasons, we finish our oligomer synthesis with the last DMTr on, which is 

cleaved in a last manual step. 
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Figure 1.14. a) Image of the Mermade synthetizer used during oligomerization; b) UV-Vis monitorization of 

cleaved DMTr group; c) Image of our CPG along the synthesis. 

We first approached the control over the length of the oligomers, which should lead 

to the formation of diverse supramolecular DNA Tubular Quadruplexes. To fulfil this 

objective, we varied the number of modified monomers introduced in our oligonucleotide 

strands, as shown in Figure 1.15.  

 

Figure 1.15. Target supramolecular structures of the family AU when 4 strands self-assemble. 

We selected the introduction of 1, 2, 4 and 8 monomers to provide the modified 

oligonucleotide strands T(AU)PP, T(AU)2T, T(AU)4P and T(AU)8T respectively. Additionally, 

we decided to use CPG coated with thymidine (T) which offered us the possibility to quantify 

our strands by UV-Vis absorbance and determination of the ratio T/monomer. However, the 

coexistence of various functional groups absorbing in the 260 nm in our reference A1b-dU1b 

made us to rely instead on the ɛ calculated for the maxima peak of the monomer skeleton at 

355 or 360 nm. Finally, we introduced phosphate spacers (P) carrying an C3 chain to enlarge 

our strands and therefore, to enable us to use standard DNA methodologies to purify our 
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compounds. Unluckily, we were sometimes forced to introduce thymidine as endings 

whenever the use of P was not possible for availability. Despite our thoughtful design, we 

soon found that our strands were relatively lipophilic and were not able to penetrate 

acrylate gel during electrophoresis and other purifications techniques were consequently 

explored. 

For the record it is relevant to say that DNA synthesis consumes large quantities of 

phosphoramidite to provide low amounts of modified oligonucleotide strands, but with high 

structural control. On average we would employ 150 mg of our monomers dissolved in the 

solvent mixture MeCN/CHCl3 (2:1, 3 mL) to obtain approximately 9 couplings. 

In Figure 1.16 one can observe some of the molecular structures synthesized. Once 

the sequences were successfully finished, the resulting CPGs bearing the strands were 

deprotected overnight at room temperature in NH3 (aq. 35%) to remove both base-sensitive 

protections on the exocyclic amines, release negatively charged phosphates and also break 

the anchors to the solid support. The resulting solution was purified and deblocked using top 

DNA columns and a solution of TFA (aq. 2%) to purify by hydrophobicity and deblock the 

oligo. Finally, the solution was applied to NAP-10 cartridges to remove salts, as specified in 

Section 1.6.1, and further purified through a MP-1602-10 cartridge, which allows to perform 

size exclusion purification.  

 

Figure 1.16. Molecular structure of some target oligonucleotides.  

The quantification of the diverse samples was performed by UV-Vis measurements 

taking into account that the A1b-dU1b monomer maxima absorbs at 355 nm with an ɛ of 

36294 ± 500 M-1cm-1 in a solvent mixture MeOH/CHCl3 97:3. We could not use water as pure 

solvent since the aliphatic amine protections prevent solubility in aqueous media. The 

quantification provided the following concentration in 300 µL of pure water: T(AU)PP 3.59 x 
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10-4 M; T(AU)2T 1.37 x 10-4 M; T(AU)4P 1.03 x 10-4 M in 545 µL. The compounds were 

characterised mainly by their mass spectra with data corresponding to the target weight: 

T(AU)PP m/z = 1269.4 [M+H]-, T(AU)2T m/z = 2050.7 [M+2H]-, T(AU)4P m/z = 3389.1 [M+4H]-. 

An example of the MS recorded is shown in Figure 1.17. 

 

Figure 1.17. MS spectra for T(AU)PP and T(AU)2T and the comparison with the theoretical one. 
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Monomer GC was oligomerized in the DNA synthesizer in the same way. Once again, 

reference monomer G1b-dC1a was insoluble in water, so we measured its absorbance in the 

mixture MeOH/CHCl3 97:3 to obtain an ɛ value of 47135 ± 750 M-1cm-1. We focused on the 

synthesis of strands with the same length as before (that is 1, 2, 4 or 8 monomers, see Figure 

1.18). The concentrations we obtained after deprotection and purification protocols were: 

T(GC)PP 1.73 x 10-4 M; T(GC)2T 1.61 x 10-4 M, T(GC)4P 7.83 x 10-5 M in 595 µL. The mass 

spectra matched the theoretical weight: T(GC)PP m/z = 1269.3 [M+H]-, T(GC)2T m/z = 2056.6 

[M+2H]-, T(GC)4P m/z = 3385.0 [M+4H]-. In general, the incorporation of the GC monomers 

seemed to be more difficult as the comparison of the final concentrations suggest. As 

expected, the more monomers we introduce, the lower amount of the oligonucleotide 

strand we achieve. 

 
Figure 1.18. Target supramolecular structures of the family GC when 4 strands self-assemble. 

1.4.2. SUPRAMOLECULAR SELF-ASSEMBLY STUDIES 

The experiments shown below were performed in autoclaved water with no presence 

of salts or microorganisms that would favour the appearance of DNA polymerases. We have 

adjusted our concentration to an optimum absorption acquisition (Absorbance around 1.5 – 

2.0 arbitrary units). 

We have to take into account the possibility for diverse self-assembly equilibria, 

shown in Figure 1.19 and exemplified with T(GC)2T.272 Whenever the temperature is high or 

the concentration low we expect our oligomers to be non-interacting. However, low 

temperatures or high concentration favour the formation of self-associated supramolecular 

species. In this regard, we assume the likeliness of our products to generate c[T(GC)2T]2 by 

self-assembly of two strands. This nanostructure can further aggregate with more 

oligonucleotide strands to provide open-oligomers [T(GC)2T]n, whose ring-closure to 

                                                             
272 In order to simplify the explanation we have only considered the main equilibria involved in the creation 

of supramolecular nanoassemblies. However, for a more detailed description including the anti/syn 
disposition of the nucleobases in the same monomer, as well as parallel/non-parallel equilibria regarding 
the relative localization of two monomers in the same strand, please see Section 2.4 in the following 
Chapter. 
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generate the quadruplex c[T(GC)2T]4 depends on the factor EM as well as the high 

preorganization of our system. We also need to consider the possibility of mixmatching 

between strands and even the stacking of different quadruplexes on top of each other 

driven by solvophobic forces and π-π interactions, which is more relevant in the case of P 

substituents and leads to the formation of polymers.  

 

Figure 1.19. Main supramolecular equilibria involved in the generation of quadruplex, oligomers or 

polymers from T(GC)2T. 

Temperature-dependent Experiments. Our first approach was to study the 

supramolecular behaviour of our oligomers in aqueous solution at slow temperature-rates 

(<1 °C/min), which can also provide information about annealing processes. We have used 

an 80 – 5 °C range in order to avoid dehydration effects of the oligoethylene glycol chains. 

In Figure 1.20 the main results for the AU family are shown. At high temperatures in 

the CD-spectra (on the left) we observe that the three compounds exhibit low or null Cotton-

effect. On the contrary, when the temperature is decreased a maxima peak around 350 nm 

emerges. Moreover, while T(AU)PP does not show additional features, for T(AU)2T a positive 

maxima peak appears in the 400 nm region. This is more noticeable in the case of T(AU)4P, 

were the relative proportion of the intensity of the negative and positive maxima peaks 

becomes equal. In the CD comparison (Figure 1.20d) of the tendencies around 355 nm, we 

observe that T(AU)4P is the most stable regarding temperature, as it starts to self-assemble 

around 50 °C and owns the highest slope. On the contrary, T(AU)2T offers the slightest 

changes and seems to stabilise around 5 °C. 

Focusing on the UV-Vis (on the centre of Figure 1.20), it is appreciable that the three 

compounds have the same shape and tendencies. As the sample is cooled down, the maxima 

at 273 nm decreases, while the one around 360 nm gains intensity and a shoulder around 

400 nm appears. Anyway, these changes do not provide so much information as one can 

infer from the plotting of the trends (data not shown). 
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Figure 1.20. Temperature-dependent experiments (CD, UV-Vis and emission in autoclaved water for a) 
T(AU)PP at C = 3.59 x 10-4 M, exc. 365 nm and b) T(AU)2T at C = 1.37 x 10-4 M, exc. 355 nm; c) T(AU)4P at C = 
1.03 x 10-5 M; d) Tendencies for all oligomers in CD at 355 nm, emission at 451 nm for T(AU)PP and T(AU)2T, 

501 nm for T(AU)4P.  

To finish, the measurements of the emission when exciting around 355 nm have been 

recorded (on the right of Figure 1.20). T(AU)2T and T(AU)PP have the same behaviour: at 

high temperatures the maxima peak is centred at 451 nm, but when the temperature 

decreases, the intensity does also and shifts 40 nm approximately. T(AU)4P, which provides 
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the strongest nanostructure, gains intensity as the temperatures decreases, which is a mere 

effect of the enhanced rigidity of the system under this experimental condition. 

We hypothesize that the negative signal corresponds to the formation of the tetramer 

section, while the positive band in the 400 nm characterised by two close peaks indicates the 

formation of our quadruplex. Following this, we propose that T(AU)PP may be forming 

tetramers in solution, T(AU)4P could provide the quadruplex along the whole temperature 

range, and T(AU)2T is in a compromising situation, some quadruplexes may be generated, 

but it could mainly stay as tetramers or even open oligomers, due to the presence of H-

competitor T. 

In Figure 1.21 we have summarised the temperature-dependent experiments for the 

GC family: CD-spectra on the left, UV-Vis on the centre and emission on the right (exc. 

around 355 nm).  

In the CD-spectra it is clear that T(GC)PP is almost CD-silent, but when the 

temperature is decreased we observe that a negative peak emerges at 355 nm, which 

becomes broader and slightly shifts to major wavelengths. Interestingly, from 30 °C and 

below a new positive band appears with two maxima at 379 and 395 nm approximately, 

gaining intensity until becoming equal in proportion to the negative one. This description 

clearly gives an idea of the presence of two different stays, which is further supported by the 

two clear tendencies in the CD-tendency plotting (Figure 1.21d), and also in the emission 

peak at 460 nm that shifts to 486 nm (see trend in Figure 1.21e. 

Considering now the case of T(GC)2T once again at high temperatures the CD signal 

corresponding to the non-interacting oligomer is below 1.5 mdeg. However, when cooling 

down the sample a negative signal at 355 nm possibly attributed to the formation of 

tetramers is spotted, but at 380 and 397 nm there is negative band.  

Finally, for T(GC)4P along the whole process there is negative signal around 345 nm 

and two positive peaks (373 and 393 nm) inside a broad band. There are almost no 

significant changes and considering the enhanced strength of this compound, shape and 

similarity with the analogous T(AU)4P, it is considered that this oligomer self-associates to 

hypothetically provide the quadruplex along the whole experiment. 
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Figure 1.21. Temperature-dependent experiments (CD, UV-Vis and emission in autoclaved water for a) 
T(GC)PP at C = 1.73 x 10-4 M, exc. 365 nm, b) T(GC)2T at C = 1.61 x 10-4 M, exc. 355 nm; c) T(GC)4P at C = 7.83 
x 10-5 M; d) Trends of T(GC)PP, T(GC)2T and T(GC)4P in CD at 379, 380 and 374 nm respectively; e) Trends of 

emission spectra at 451 nm for T(GC)PP, T(GC)2T and 474 nm for T(GC)4P.  

Annealing-Effects. During the temperature-dependent experiments, we played 

special attention to identify any spectral changes between the sample when it was freshly 

prepared at room temperature and after the “annealing” process during the cooling 

measurements (Figure 1.22). We were intrigued to observe that for the oligomers equipped 

with only one monomer, there are rather different CD-features at both stages. T(AU)PP 
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shows clear positive and negative peaks at 377 and 405 nm, afterwards the signal becomes 

almost negligible when heating and once the temperature-slope is over, we find a negative 

maxima peak at 355 nm. In the case of T(GC)PP we presence the opposite effect, that is, 

prior to thermal treatment, a maxima negative peak appears at 363 nm, but once the sample 

is cooled down, two maxima peaks are observed, a negative one at 353 and a positive one at 

384 nm. It is important to note that the macrocyclation and self-assembly of different 

strands is more favourable in the case of the GC family as the G:C Watson-Crick H-bonding is 

stronger and also in the AU family, the presence of the T in the sequence can somehow 

disrupt.  

When there are two monomers, we see different behaviour. In the case of T(AU)2T 

the shape does not change. However, it is curious to observe that T(GC)2T presents different 

shapes before and after the annealing, which suggests its tendency to create both kinetic 

and thermodynamic nanostructures.  

Finally, we observed the resilient behaviour of the oligomers presenting 4 monomers, 

which is even more evident in the case of the T(GC)4P, and seems to indicate the presence of 

the desired quadruplex. 

 

Figure 1.22. Comparison between the CD-spectra at r. t., at 80 °C and after the slow cooling slope (1 °C/min) 

for a) AU family and b) GC family. 
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1.5. SUMMARY AND CONCLUSIONS 

In this Chapter we have made an effort to transfer the supramolecular 

cyclotetramerization chemistry the group has recently developed for dinucleoside 

monomers to the DNA structure. In this way, our goal was to radically change DNA self-

assembly from a compact duplex to a tubular quadruplex. Our strategy consists in providing 

each nucleotide in an oligonucleotide sequence with the complementary base with a specific 

5-(pyirimidine)-8-(purine) substitution. 

The first part of this Chapter is devoted to the synthesis of the different fragments 

that constitute the hydrophilic monomers and their functionalization with reactive 

phosphoramidite moieties and with suitable protecting groups. Some of the structures 

depicted represent a useful collection that will be employed in subsequent Chapters. 

Therefore, a series of new hydrophilic nucleobases have been prepared, consisting of natural 

and non-natural derivatives, which were adequately functionalised with an ethynyl group at 

C-8 for purines, while a p-iodo phenyl moiety can be found at C-5 for pyrimidines. This 

collection comprises the purines guanine and 2-aminoadenine, together with their 

complementary nucleobases 2’-deoxycytidine and 2’-deoxyuridine. The purines were 

functionalised at N-9 with a glycolic chain, so as to enhance solubility in aqueous media. On 

the other hand, pyrimidines were equipped with acid labile DMTr on position 5’-O, which is a 

requirement to perform ASPS protocols. Exocyclic amines were adequately blocked with 

base-sensitive protecting groups. Sonogashira coupling reactions between complementary 

nucleobases resulted in the generation of the corresponding G-C and A-U hydrophilic 

monomers, while the final introduction of reactive phosphoramidite provided the required 

functionality to subject these structures to ASPS.  

Although many of the individual reactions are well-known in nucleoside chemistry, 

most of the routes described in this Chapter are novel and have been optimized for each 

nucleobase, regarding various aspects such as isolation protocols, convenience, convergence 

and yields. A general conclusion is that the order in which each transformation is performed 

is not trivial and a particular protocol must be followed for every nucleobase. This is 

particularly relevant for the purines, for which quite convenient convergent routes have 

been developed that employ a common intermediate that can be alkylated in the very last 

step, instead of completing a whole synthetic sequence for each different substituent in the 

purine.  

The second part of the Chapter is focused on the oligomerization of the hydrophilic 

dinucleobase monomers in the DNA synthesizer in collaboration with Dr. Álvaro Somoza in 

IMDEA Nanoscience. The oligomerization was successful and a complete family of modified 

oligonucleotides were achieved. In this way, we produced about 1 mg of short 

oligonucleotides comprising 1, 2, 4 and 8 consecutive A-U or G-C monomers, and another 

one with 4 A-U and 4 G-C monomers.  

Next, we could perform different supramolecular studies, mainly by spectroscopic 

techniques such as CD. 
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1.6. EXPERIMENTAL SECTION  
1.6.1. GENERAL METHODS 

Chemicals were purchased from commercial suppliers and used without further 

purification. Reaction solvents were thoroughly dried before use employing standard 

methods (for 1,4-dioxane, DMF) or using a solvent purification system Innovative Technology 

Inc. MD-4-PS (for CH3CN, CH2Cl2). Furthermore, the THF used in Sonogashira reaction was 

dried using Na as drier together with benzophenone as indicator and was subjected to 

deoxygenation by three freeze-pump-thaw cycles with argon. 273  The DIPEA used in 

phosphoramidite coupling was dried using KOH as drier, distilling the amine at ambient 

pressure to collect it over activated 3 Å. 

Chromatography: Reactions were monitored by Thin Layer Chromatography (TLC) 

using 0.2 mm aluminium sheets precoated with silica gel 60 F254 (Merck). TLC plates were 

inspected with a UV lamp featuring both long-wavelenght UV light (365 nm) and short- 

wavelenght UV-light (254 nm).  

Column chromatography was carried out on silica gel Merck-60 (230-400 mesh, 60 Å). 

Eluent relative volume/volume ratios are indicated in each case. Flash Column 

chromatography was performed in a Combi Flash RF 150 Teledyne of Isco, using silica 

cartridge of Redi Sep Rf. 

Column Chromatography for acid-sensitive compound: 

Deactivation of silica gel for manual column chromatography. The silica gel was 

prepared moistening it with a mixture of CHCl3/NEt3 100/1 or CHCl3/DIPEA 100/1. Thereafter, 

solvents were removed under reduced pressure and the resulting dry silica was used when 

necessary moistening it with the appropriate solvent. On principal basis, NEt3 was used 

unless there was presence of a base-sensitive protecting group on the amine. In those cases, 

DIPEA was employed instead. 

Solvents for flash column chromatography. Normal cartridges were employed, but as 

the non-polar solvent chloroform/base (100/0.5) or CyHex/base (100/0.5) were used. 

Normally, NEt3 was used unless the presence of base-sensitive protecting group on the 

amine prevented it. In those cases, DIPEA was used instead. 

Nuclear Magnetic Resonance Spectroscopy (NMR): 1H NMR, 13C NMR and 31P NMR 

spectra were recorded with a BRUKER AC-300 (300 MHz) instrument at the Organic 

Chemistry department or a BRUKER XRD-500 (500 MHz) instrument at the 

Interdepartmental Service for Research (SIdI) at the UAM. The temperature was actively 

controlled at 298 K. Chemical shifts (δ) are measured in parts-per-million (ppm) using the 

signals of the deuterated solvent as the internal standard [CDCl3, calibrated at 7.26 ppm (1H) 

and 77.0 ppm (13C); DMSO-d6 (2.50 and 39.5 ppm); DMF-d7 (8.03, 2.92, 2.75 and 163.15, 

34.89, 29.76 ppm); CD2Cl2 (5.32 and 54.0 ppm)]. The used deuterated solvents are indicated 

in each case. The following abbreviations have been used for each spectra description: s 

                                                             
273 M. Rzechowizc, R. Pashley, J. Colloid and Interface Sci. 2006, 298, 321 -326. 
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(singlet), s (b) (broad singlet), d (doublet), t (triplet), q (quartet), quint (quintet), sext (sextet), 

m (multiplet), dd (doublet of doublets), td (triplet of doublets).  

Mass Spectrometry (MS) and High Resolution-Mass Spectrometry (HRMS) spectra 

were measured at the SIdI on a VG AutoSpec apparatus (FAB) or an Applied Biosystems 

QSTAR equipment or Finnigan LCQ Duo device (ESI) in the positive or negative modes. 

MALDI-TOF-MS spectra were obtained from a BRUKER ULTRAFLEX III instrument equipped 

with a nitrogen laser operating at 337 nm. The matrix employed is indicated in each case.  

Standard automated solid-phase synthesis was performed on a MerMade4 DNA 

synthesizer from Bioautomation.  

Purification of the modified oligonucleotides. The methodology included two 

purification steps and UV-Visible experiments for quantification were conducted using a 

JASCO V-660 apparatus. 

Firstly, the deprotection was performed by adding 2 mL of NH3 (35% aq.) to the solid 

CPG and the sample was stirred overnight. Next, 1 mL of aqueous NaCl (100 mg/mL) was 

added to each oligo and the top DNA column was place onto the vacuum manifold, when 

0.5 mL of MeCN were added and immediately then 1 mL of TEAA (2 mL) was incorporated to 

condition the medium. At that point, the oligo solution was added to the cartridge in 1 mL 

aliquots. At that point 1 mL of NaCl (aq.) was twice added to the column, followed by twice 

addition of 1 mL of TFA (2% aq.) and the column was finally washed twice with 1 mL of H2O. 

Finally, the vacuum was released, and the oligo was recovered by eluting the column with 1 

mL of MeCN/H2O 1:1.  

Secondly and without evaporating the sample, the oligo was subjected to purification 

on NAP-10 (column matrix sephadex). The cartridge was washed several times with H2O and 

the oligo was then added. Once it was absorbed, 1.50 mL of H2O was incorporated, and the 

solution was collected and concentrated in an evaporating centrifuge. 

Thirdly, the products were further purified by loading the oligo dissolved in 0.1 M of 

TEAA into a MP-1602-10 cartridge, which was prepared by washings with MeCN and TEAA. 

Once the oligo was introduced, 20 mL of 12% MeCN/0.1 M TEAA, plus 6 mL of water are 

passed through to finally collect the oligo in 4 mL of 20 % MeCN/H2O and centrifuge the 

sample. 

Gel electrophoresis was performed in order to confirm the purity of the oligos. 15 µL 

of the sample was evaporated and redissolved in 30 µL of loading buffer and heated at 90 °C 

for 1 minute. The gel was prepared with 15% acrylamide (187 mL acrylamide, 210 g urea, 50 

mL of TBE diluting with water until a total volume of 500 mL is reached). For 2 mm width gel, 

60 mL of acrylamide solution was mixed with APS (600 µL) and TEMED (35 µL) in that precise 

order. The electrophoresis was performed at 440 V and 20 mA for 1 hour. The gel was dyed 

with SYBR for 40 min. 

Other aspects to consider. Drying of the glycolic chains. In order to remove the 

remaining water trapped in the chains, these were dissolved in diethylether and the organic 

phase was dried with MgSO4, filtrated and concentrated under reduced pressure.  
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1.6.2. SYNTHESIS & CHARACTERIZATION 
The synthesis and/or characterization data of compounds Alk1,241 dG1,247 dG2,249 

dG3,249,261 rA1,257 dC1,274 dC2,275 dC3,262 dC4,264 dC5,276 dC6,263 dC7,263,264 dC14,277 dU1,269,278 

dU2,270 dU3,270 dU7,270 dU1a271d has been previously reported elsewhere and thus its 

characterization here is mostly limited to 1H NMR. 

SYNTHESIS OF CENTRAL BLOCK 

Alk1. Methoxy tetraethyleneglycol monomethyl tosilate. 

The experimental procedure to obtain this compound was previously 

reported in the literature.241 To a solution of NaOH (0.15 mol, 6 g) and 

the commercial tetraethyleneglycol monomethyl ether (0.96 mmol, 

20.0 g) in a mixture of THF/H2O 1:1 (64 mL) at 0 °C, p-toluenesulfonyl 

tosyl chloride (0.10 mol, 20.136 g) solubilized in THF (32 mL) was added. The reaction 

mixture was stirred at 0 °C over a period of 20 hours. The organic solvent was removed in an 

oil-pump vacuum, AcOEt (30 mL) was then poured and the aqueous phase was extracted. 

The organic phases were collected, washed additionally with a saturated solution of NaCl 

and dried over MgSO4. The solution was filtered off and all volatiles were evaporated under 

reduced pressure. The product was purified using column chromatography on silica gel 

eluted with CyHex/AcOEt (2:1) to isolate 30.91 g (89% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 7.76 (d, J = 8.0 Hz, 2H, H2), 7.32 (d, J = 8.0 Hz, 2H, H1), 

4.12 (dd, J = 5.5, 3.9 Hz, 2H, SOCH2), 3.7 – 3.5 (m, 14H, OCH2CH2O), 3.33 (s, 3H, OCH3), 2.41 (s, 

3H, CH3). 

B1.2. 4-(octyloxy)phenol. 

Commercial hidroquinone (181.6 mmol, 20.0 g) and KOH (544.9 mmol, 

36.0 g) were dissolved in anhydrous DMF (300 mL). To this reaction 

mixture 1-bromooctane (36.3 mmol, 6.3 mL) was incorporated. The 

reaction was stirred at room temperature overnight. Solvent was removed at reduced 

pressure and the residue was dissolved in CHCl3 and extracted with isopropyl ether (3 x 100 

mL). The organic phases were collected, dried over MgSO4, filtered and evaporated. The 

remaining solid was purified by column chromatography eluted with CyHex/CH2Cl2 (4:1) to 

obtain 28.2 g of a brown solid (70% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 6.78 (m, 4H, H1, H2), 4.51 (m, 1H, OH), 3.82 (dd, J = 6.8, 

6.1 Hz, 2H, OCH2CH2), 1.68 (p, J = 6.8 Hz, 2H, OCH2CH2), 1.5 – 1.1 (m, 10H, CH2CH2), 0.89 (m, 

3H, CH3). 
13C NMR (76 MHz, CD2Cl2): δ (ppm) = 153.9, 150.2, 116.5, 116.2, 69.4, 32.4, 30.0, 29.9, 26.6, 

23.3, 14.5. 

MS (ESI+): m/z = 245.15 [M+Na]+. 

                                                             
274 N. Guzzo-Pernell, G. W. Tregear, J. Haralambidis, J. M. Lawlor, Nucleos. Nucleot. 1998, 17, 1191-1207. 
275 P. Chang, A. D. Welch, J. Med. Chem. 1963, 4, 428-430. 
276 A. Beyerbach, P. B. Farmer, G. Sabbioni, Chem. Res. Toxicol. 2006, 19, 1611-1618. 
277 S. A. Ingale, H. Mei, P. Leonard, F. Seela, J. Org. Chem. 2013, 78, 11271-11282. 
278 V. Kumar, S. V. Malhotra, Nucleos. Nucleot. Nucl. Acids 2009, 28, 821-834. 
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B1.1. 1-methoxytetraethyleneglycol-4-(octyloxy)benzene.  

To a solution of B1.2 (7.69 mmol, 3.48 g) in MIBK (40 mL), 

anhydrous K2CO3 (15.38 mmol, 2.13 g) and (Bu)4N+Br- (0.77 

mmol, 0.25 g) were added. The solution was stirred under 

reflux when Alk1 (9.23 mmol, 3.35 g) dissolved in MIBK (10 mL) 

was incorporated. The reaction mixture was refluxed at 118 °C over a period of 2 days. The 

excess of K2CO3 was filtered and solvents were removed by rotatory evaporation. The 

residue was dissolved in CH2Cl2 and extracted with H2O (30 mL), HCl 1 M (30 mL) and H2O (30 

mL). The organic layers were collected, dried over MgSO4 and concentrated under vacuum. 

The central block was purified by column chromatography on silica gel eluted with 

CyHex/AcOEt (2:1) affording 3.42 g (70% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 6.82 (dd, J = 2.8, 1.1 Hz, 4H, H1, H2), 4.07 (td, J = 4.6, 1.0 

Hz, 2H, ArOCH2CH2O), 3.89 (t, J = 6.6 Hz, 2H, ArOCH2CH2), 3.83 (dd, J = 5.8, 4.6 Hz, 2H, 

ArOCH2CH2O), 3.7 - 3.6 (m, 10H, OCH2CH2O), 3.54 (m, 2H, OCH2CH2O), 3.37 (s, 3H, OCH3), 

1.74 (p, J = 6.7 Hz, 2H, ArOCH2CH2), 1.5 - 1.4 (m, 2H, CH2CH2), 1.4 - 1.2 (m, 8H, CH2CH2), 0.88 

(m, 3H, CH3). 

13C NMR (76 MHz, CD2Cl2): δ (ppm) = 153.9, 150.2, 116.5, 116.2, 69.4, 32.4, 30.0, 29.9, 26.6, 

23.3, 14.5.  

MS (FAB): m/z = 412.2 [M]+. 

B1. 

The synthesis was adapted from a procedure reported in 

literature.242 H5IO6 (11.7 mmol, 2.67 g) was solubilized in the 

minimum amount of MeOH and after stirring for 10 minutes, I2 

(9.5 mmol, 2.41 g) was added. Afterwards, the B1.1 was slowly 

added (7.8 mmol, 3.20 g) and the mixture was heated to 70 °C during 3 hours. The reaction 

was monitored by TLC and once it was complete, it was treated with Na2S2O3 (sat., 30 mL) 

and extracted with CHCl3 (2 x 20 mL). The organic layers were collected, dried over MgSO4 

and concentrated in vacuo. The residue was purified by column chromatography on silica gel 

eluted with CyHex/AcOEt (2:1) affording 4.20 g of the central block as a black oil (81% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 7.26 (s, 1H, H1), 7.19 (s, 1H, H2), 4.08 (t, J = 4.7 Hz, 2H, 

ArOCH2CH2O), 3.92 (t, J = 6.4 Hz, 2H, ArOCH2CH2), 3.83 (dd, J = 5.6, 3.8 Hz, 2H, ArOCH2CH2O), 

3.72 (dd, J = 5.8, 3.2 Hz, 2H, OCH2CH2O), 3.7 – 3.5 (m, 8H, OCH2CH2O), 3.49 (m, 2H, 

OCH2CH2O), 3.32 (s, 3H, OCH3), 1.78 (p, J = 6.4 Hz, 2H, ArOCH2CH2), 1.47 (q, J = 7.2 Hz, 2H, 

CH2CH2), 1.4 – 1.2 (m, 8H, CH2CH2), 0.88 (m, 3H, CH3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 157.9, 148.2, 118.5, 117.7, 82.1, 81.8, 67.2, 66.3, 65.9, 

65.7, 65.3, 64.9, 54.0, 31.8, 27.3, 26.7, 24.7, 21.5, 18.1, 9.7.  

MS (FAB): m/z = 664.1 [M]+.  
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SYNTHESIS OF PURINES 

SYNTHESIS OF GUANINE & 2’-DEOXYGUANOSINE 

This Section commences with the synthesis of derivatives G1 to G7, followed by the 

experimental procedure leading to final compounds G1a, G1b, then the synthesis from dG1 

to dG6 to finish with the protocols to obtain GHa, GHb and GHc.  

▪ Standard Procedure A for the N9 alkylation reaction of purines. The experimental 

procedure was adapted from previous literature in our research group.212 To a suspension of 

the nucleobase starting material (1 eq) and K2CO3 (1.2 eq) in dry DMF (volume indicated in 

each case), the corresponding alkyl-p-methylbenzenesulfonate (1.2 eq normally) was added 

dropwise. The mixture was stirred overnight until completion under argon atmosphere at 40 

or 60 °C (indicated in each case). Work‐up and purification methods are indicated in each 

case.  

G1. 2-amino-6-chloro-N9-(methoxytetraethyleneglycol)-purine. 

The N9 alkylated 2-amino-6-chloropurine was synthetized following 

Standard Procedure A. A round-bottom flask was charged with the 

commercial 2-amino-6-chloropurine (58.97 mmol, 10.00 g) and K2CO3 

(58.97 mmol, 8.15 g) dissolved in anhydrous DMF (200 mL). To this system, 

Alk1 (58.97 mmol, 21.37 g) was added. The N9 alkylation reaction was 

stirred at room temperature during a period of 24 hours. Afterwards, 

solvent was removed at reduced pressure and the resulting crude was purified by column 

chromatography on silica gel eluted with CHCl3/Acetone (1:1) to provide 13.6 g of a colorless 

oil (64% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 7.99 (s, 1H, H8), 5.11 (s (b), 2H, NH2), 4.27 (t, J = 5.1 Hz, 

2H, N9CH2CH2O), 3.80 (t, J = 5.1 Hz, 2H, NCH2CH2O), 3.7 – 3.6 (m, 10H, OCH2CH2O), 3.55 (dd, J 

= 5.1, 3.3 Hz, 2H, CH2OCH3), 3.37 (s, 3H, OCH3). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 159.0, 153.8, 151.2, 144.04, 125.1, 72.1, 70.85, 70.83, 

70.73, 69.2, 59.3, 44.1. 

MS (ESI+): m/z = 382.12 [M+Na]+. 

G2. N9-(methoxytetraethyleneglycol)-O6-(trimethylsilylethyl)-guanine. 

In a double neck round-bottomed flask, equipped with a basic reflux setup, 

activated NaH (54.2 mmol, 1.30 g) was suspended in anhydrous 1, 4-

dioxane (120 mL) under argon atmosphere. Then 2-trimethylsilylethanol 

(108.4 mmol, 12.82 g) was added dropwise. The resulting mixture was 

heated at reflux for 30 minutes and after that, allowed to cool down to 

room temperature. A solution of G1 (36.1 mmol, 13.00 g) dissolved in 

anhydrous 1,4-dioxane (20 mL) was then incorporated. The reaction 

mixture was first heated at 40 °C during a period of 6 hours and then 

stirred at room temperature overnight. Once the reaction was complete, volatiles were 

removed in vacuo and the compound was isolated by column chromatography on silica gel 

eluted with CHCl3/MeOH (10:0.5) to afford 13.58 g of G2 (85% yield) as a pale-yellow oil. 
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1H NMR (300 MHz, CDCl3): δ (ppm) = 7.74 (s, 1H, H8), 4.81 (s (b), 2H, NH2), 4.57 (m, 2H, OCH2), 

4.22 (t, J = 5.1 Hz, 2H, NCH2CH2O), 3.78 (t, J = 5.1 Hz, 2H, NCH2CH2O), 3.65 – 3.58 (m, 10H, 

OCH2CH2O), 3.54 (dd, J = 5.1, 3.3 Hz, 2H, CH2OCH3), 3.37 (s, 3H, OCH3), 1.23 (m, 2H, SiCH2), 

0.09 (s, 9H, Si(CH3)3). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 161.5, 159.3, 153.9, 140.5, 115.6, 72.1, 70.76, 70.73, 

70.65, 69.5, 65.0, 59.2, 43.4, 17.8, -1.2. 

MS (FAB): m/z = 442.2 [M+H]+. 

G3. 8-bromo-N9-(methoxytetraethyleneglycol)-O6-(trimethylsilylethyl)-guanine. 

The bromination reaction of the purine was performed by dissolving G2 

(30.57 mmol, 13.50 g) in EtOEt (500 mL) at room temperature. 

Afterwards, NBS (33.63 mmol, 5.99 g) was slowly added in aliquots. 

Once the reaction was finished, solvent was removed at reduced 

pressure and the resulting crude was redissolved in CHCl3 (500 mL) and 

washed with brine (3 x 200 mL). The organic phases were collected, 

dried over anhydrous MgSO4 and filtered. After solvent removal, the 

crude material was purified by column chromatography on silica gel 

eluted with CHCl3/Acetone (4:1) to obtain 10.8 g of G3 as an orange oil (68% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 4.84 (s (b), 2H, NH2), 4.54 (m, 2H, OCH2), 4.25 (t, J = 6.0 

Hz, 2H, NCH2CH2O), 3.80 (t, J = 6.0 Hz, 2H, NCH2CH2O), 3.65 – 3.5 (m, 12H, OCH2CH2O), 3.37 

(s, 3H, OCH3), 1.21 (m, 2H, SiCH2), 0.08 (s, 9H, Si(CH3)3). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 160.4, 159.3, 155.1, 125.5, 116.1, 70.97, 70.83, 70.75, 

70.69, 70.65, 68.6, 65.2, 59.2, 43.8, 17.8, -1.3. 

HRMS (ESI+): m/z calculated for BrC19H35N5O5Si [M+H]+: 520.1591. Found: 520.1585 [M+H]+. 

▪ Standard Procedure B for the Sonogashira Coupling with TMSA or TIPSA. The 

solvent mixture THF/NEt3 or DMF/NEt3 (4:1) or DMF/DIPEA (4:1) (indicated in each case) was 

subjected to deoxygenation by freeze-pump-thaw cycles. Then, this solvent was added over 

the system containing the corresponding halogenated nucleobase (1 eq), Cul (0.01 eq) and 

Pd(PPh3)2Cl2 (0.02 eq). Subsequently, trimethylsilylacetylene or (triisopropylsilyl)acetylene 

(TMSA, TIPSA, 3 eq.) was added dropwise. The reaction was stirred under argon atmosphere 

at a given temperature (40 °C normally) until completion, which was monitored by TLC. 

Then, the mixture was filtered over a celite plug and the solvent evaporated under vacuum. 

G4. N9-(methoxytetraethyleneglycol)-8-trimethylsiliylethynyl-O6-(trimethylsilylethyl)- 

guanine.  

The Sonogashira product G4 was synthetized following Standard 

Procedure B. G3 (2.31 mmol, 1.20 g) together with TMSA (13.8 

mmol, 1.92 mL) Pd(PPh3)2Cl2 (115.3 µmol, 80.9 mg) and CuI (230.5 

µmol, 43.9 mg) were dissolved in the mixture DMF/NEt3 4:1 (20 

mL). The resulting mixture was stirred under inert atmosphere at 

room temperature overnight. After that, the solvent was removed 

under reduced pressure and the crude was purified by column 

chromatography eluted with CHCl3 to CHCl3/MeOH (10:0.3) to 
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obtain 850 mg of G4 as a pale-yellow viscous oil (69% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 4.88 (s (b), 2H, NH2), 4.54 (m, 2H, OCH2), 4.30 (t, J = 6.1 

Hz, 2H, NCH2CH2O), 3.84 (t, J = 6.1 Hz, 2H, NCH2CH2O), 3.65 – 3.45 (m, 12H, OCH2CH2O), 3.37 

(s, 3H, OCH3), 1.21 (m, 2H, SiCH2), 0.27 (s, 9H, Si(CH3)3), 0.08 (s, 9H, Si(CH3)3). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 161.6, 160.1, 153.7, 133.4, 115.7, 101.3, 93.8, 72.1, 70.8, 

70.75, 70.73, 70.6, 68.7, 65.2, 59.2, 42.9, 17.7, -0.3, -1.3. 

HRMS (ESI+): m/z calculated for C24H44N5O5Si2 [M+H]+: 538.2881. Found: 538.2876 [M+H]+. 

G5. N9-(methoxytetraethyleneglycol)-8-triisopropylsiliylethynyl-guanine. 

G5’. N7-(methoxytetraethyleneglycol)-8-triisopropylsiliylethynyl-guanine. 

This inseparable mixture of regioisomers was synthetized in 

agreement to Standard Procedure A. To a suspension of the 

nucleobase GHc (0.31 mmol, 100 mg) and K2CO3 (0.36 mmol, 

49.9 mg) in dry DMF (3 mL), the corresponding Alk1 (0.36 mmol, 

130.4 mg) was added dropwise. The mixture was stirred 

overnight until completion under argon atmosphere at 60 °C. 

After solvent removal, the crude material was subjected to 

column chromatography on silica gel eluted with CHCl3/MeOH 

(30:1) to provide 70 mg of a mixture G5/G5’ 50%:50% (44% 

yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 12.92 (s, 1H, NH), 11.45 (s, 

1H, NH), 7.59 (s (b), 2H, NH2), 6.94 (s (b), 2H, NH2), 4.59 (t, J = 5.4 

Hz, 2H, N7CH2CH2O), 4.26 (t, J = 6.1 Hz, 2H, N9CH2CH2O), 3.88 (t, J = 5.4 Hz, 2H, N7CH2CH2O), 

3.81 (t, J = 6.1 Hz, 2H, N9CH2CH2O), 3.7 – 3.4 (m, 24H, OCH2CH2O), 3.32 (s, 6H, 2 OCH3), 1.13 

(s, 36H, 2 Si(CH[CH3]2)3), 1.10 (s, 6H, Si(CH[CH3]2)3). 

MS (FAB): m/z = 522.3 [M]+. 

▪ Standard Procedure C for N2 protection as dimethylaminomethylene. In a round 

bottom flask, equipped with a stirring bar, the nucleobase (1 eq.) was dissolved in dry DMF 

(volume indicated in each case). To this solution N,N-dimethylformamide dimethyl acetal 

(1.1 eq.) was added dropwise and the mixture was stirred at room temperature until 

completion, which was monitored by TLC. All volatiles were evaporated. Work-up and 

purification methods are indicated in each case. 

G6’. N7-(methoxytetraethyleneglycol)-N2-(dimethylamino-methylene)-8-triisopropylsiliyl-

ethynyl)-guanine. 

The N2 amino protection was performed following Standard 

Procedure C. To a solution of G5/G5’ (95.91 µmol, 50 mg) 

dissolved in dry DMF (1 mL), N,N-dimethylformamide 

dimethyl acetal (105.51 µmol, 14.01 µL) was added dropwise. 

The protection reaction was complete within one hour. All 

volatiles were removed under reduced pressure and the 

resulting material was submitted to column chromatography eluted with CHCl3/MeOH (10:1) 

to afford 16.6 mg of a yellowish oil (30%). 

https://www.sigmaaldrich.com/catalog/substance/nndimethylformamidedimethylacetal11916463724511
https://www.sigmaaldrich.com/catalog/substance/nndimethylformamidedimethylacetal11916463724511
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1H NMR (300 MHz, CDCl3): δ (ppm) = 8.76 (s, 2H, NH, N=CH), 4.59 (t, J = 5.8 Hz, 2H, 

NCH2CH2O), 3.87 (m, 2H, NCH2CH2O), 3.65 – 3.50 (m, 12H, OCH2CH2O), 3.36 (s, 3H, OCH3), 

3.14 (s, 3H, NCH3), 3.07 (s, 3H, NCH3), 1.14 (s, 18H, Si(CH[CH3]2)3), 1.13 (s, 3H, Si(CH[CH3]2)3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 158.5, 156.5, 154.8, 137.3, 112.0, 100.4, 94.8, 72.0, 

70.74, 70.69, 70.67, 70.59, 70.57, 70.05, 59.1, 46.2, 41.5, 35.1, 18.7, 11.3. 

HRMS (ESI+): m/z calculated for C28H49N6O5Si [M+H]+: 577.3534. Found: 577.3526 [M+H]+. 

G6. N9-(methoxytetraethyleneglycol)-N2-(dimethylamino-methylene)-8-triisopropylsiliyl-

ethynyl)-guanine. 

The N2 amino protection was performed following Standard 

Procedure C. To a solution of G5’/G5 (95.91 µmol, 50 mg) 

dissolved in dry DMF (1 mL), N,N-dimethylformamide 

dimethyl acetal (105.51 µmol, 14.01 µL) was added dropwise. 

The protection reaction was complete within one hour. All 

volatiles were removed under reduced pressure and the 

resulting material was submitted to column chromatography eluted with CHCl3/MeOH (10:1) 

to afford 16.6 mg of a yellowish oil (30%). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.74 (s, 1H, NH), 8.62 (s, 1H, N=CH), 4.33 (t, J = 6.5 Hz, 

2H, NCH2CH2O), 3.83 (t, J = 6.5 Hz, 2H, NCH2CH2O), 3.65 – 3.55 (s, 10H, OCH2CH2O), 3.53 (dd, 

J = 5.6, 3.1 Hz, 2H, CH2OCH3), 3.36 (s, 3H, OCH3), 3.22 (s, 3H, NCH3), 3.11 (s, 3H, NCH3), 1.14 

(s, 18H, Si(CH[CH3]2)3), 1.13 (s, 3H, Si(CH[CH3]2)3). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 158.2, 157.2, 157.1, 150.3, 132.5, 120.4, 97.9, 95.5, 72.0, 

70.79, 70.75, 70.68, 70.62, 68.91, 59.2, 42.8, 41.6, 35.4, 18.8, 11.3. 

HRMS (ESI+): m/z calculated for C28H49N6O5Si [M+H]+: 577.3534. Found: 577.3526 [M+H]+. 

G7’. N7-(methoxytetraethyleneglycol)-O6-(trimethylsilylethyl)-8-triisopropylsiliylethynyl-

guanine. 

This molecule was obtained as a side product when using 

Standard Procedure A, using the purine GHb (0.13 mmol, 46.6 

mg), K2CO3 (0.16 mmol, 22 mg) and Alk1 (0.16 mmol, 51.78 mg) 

dissolved in anhydrous DMF (0.20 mL) under inert atmosphere at 

40 °C. After solvent removal, the purification by column 

chromatography on silica gel eluted with CHCl3/MeOH (50:1) 

afforded 17 mg of a yellowish oil (14% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 4.81 (s (b), 2H, NH2), 4.51 (m, 4H,OCH2, NCH2CH2O), 

3.80 (t, J = 6.1 Hz, NCH2CH2O), 3.6 – 3.4 (m, 12H, OCH2CH2O), 3.36 (s, 3H, OCH3), 1.26 (m, 2H, 

SiCH2), 1.15 (s, 18H, Si(CH[CH3]2)3), 1.14 (s, 3H, Si(CH[CH3]2)3), 0.10 (s, 9H, Si(CH3)3). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 159.8, 157.3, 138.5, 108.0, 100.8, 95.0, 72.1, 70.9, 70.8, 

70.7, 70.6, 70.1, 65.0, 59.2, 46.5, 18.8, 17.9, 11.3, -1.3. 

MS (FAB): m/z = 622.1 [M+H]+.  
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G7. N9-(methoxytetraethyleneglycol)-O6-(trimethylsilylethyl)-8-triisopropylsiliylethynyl-

guanine.  

The N9-alkylated purine was obtained in agreement to Standard 

Procedure A using the purine GHb (1.30 mmol, 466 mg), K2CO3 

(1.60 mmol, 220 mg) and Alk1 (1.60 mmol, 518 mg) dissolved in 

anhydrous DMF (2.0 mL) under inert atmosphere at 40 °C. After 

solvent removal, the purification by column chromatography on 

silica gel eluted with CHCl3/MeOH (50:1) afforded 330 mg of a 

yellowish oil (41% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 4.89 (s (b), 2H, NH2), 4.56 

(m, 2H, OCH2), 4.33 (t, J = 6.1 Hz, 2H, NCH2CH2O), 3.83 (t, J = 6.1 Hz, 2H, NCH2CH2O), 3.60 – 

3.45 (m, 12H, OCH2CH2O), 3.37 (s, 3H, OCH3), 1.21 (m, 2H, SiCH2), 1.13 (s, 18H, Si(CH[CH3]2)3), 

1.12 (s, 3H, Si(CH[CH3]2)3), 0.07 (s, 9H, Si(CH3)3). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 161.5, 160.1, 133.4, 115.6, 98.3, 95.6, 72.1, 72.0, 70.8, 

70.7, 70.6, 68.9, 65.1, 59.2, 43.0, 18.9, 18.7, 17.8, 11.6, 11.3, -1.3. 

MS (FAB): m/z = 622.2 [M+H]+. 

▪ Standard Procedure D for the removal of fluoride-sensitive groups. The compound 

was placed in a round‐bottomed flask equipped with a magnetic stirrer, THF was added at 

room temperature until the solid was dissolved. Then, hydrated tetrabutylammonium 

fluoride (TBAF∙3H2O; 1.2 eq. per silane protection) was added and the mixture was stirred 

until reaction completion, which was monitored by TLC (approximately 1 hour in all cases). 

The solvent was evaporated at reduced pressure and the product was isolated by column 

chromatography (eluent indicated in each case) or collected by filtration. 

G1a. 8-ethynyl-N9-(methoxytetraethyleneglycol)-guanine. 

Procedure 1: The purine can be obtained following Standard Procedure 

D starting from G4 (1.49 mmol, 800 mg) dissolved in THF (12 mL). To 

this mixture, a solution of TBAF·3H2O (4.46 mmol, 1.40 g) dissolved in 

THF (10 mL) was then added. After solvent evaporation, the crude 

material was subjected to column chromatography eluted firstly with 

CHCl3/MeOH (10:1) and secondly with CHCl3/MeOH (10:2) to provide 

470 mg of G1a in two different pure fractions (86% yield). 

Procedure 2: The purine can be obtained following Standard Procedure D starting from G7 

(0.51 mmol, 320 mg) dissolved in THF (3 mL). To this mixture, a solution of TBAF·3H2O (1.23 

mmol, 389 mg) dissolved in THF (1 mL) was then added. After solvent evaporation, the crude 

material was subjected to column chromatography eluted with CHCl3/MeOH (10:1) to obtain 

138 mg of product (70% yield). 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 10.71 (s, 1H, NH), 6.63 (s (b), 2H, NH2), 4.70 (s, 1H, 

H≡), 4.14 (t, J = 5.8 Hz, 2H, NCH2CH2O), 3.72 (t, J = 5.8 Hz, 2H, NCH2CH2O), 3.60 – 3.45 (m, 

12H, OCH2CH2O), 3.23 (s, 3H, OCH3). 
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 156.2, 154.2, 151.2, 129.5, 116.5, 84.8, 73.6, 71.2, 

69.83, 69.78, 69.74, 69.66, 69.54, 67.7, 58.0, 42.5. 

HRMS (ESI+): m/z calculated for C16H24N5O5 [M+H]+: 366.1777. Found: 366.1768 [M+H]+. 
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G1b. 8-ethynyl-N9-(methoxytetraethyleneglycol)-N2-(dimethylaminomethylene)-guanine. 

This nucleobase was synthetized in agreement to Standard 

Procedure C using the purine G1a (1.23 mol, 450 mg) dissolved in 

dry DMF (1.40 mL) under inert atmosphere at ambient temperature. 

To this solution N, N-dimethylformamide dimethyl acetal (1.35 

mmol, 180 µL) was added and the reaction mixture was stirred 

overnight. Once the reaction was complete, all volatiles were 

removed in vacuo and the resulting oil was purified by flash column chromatography eluted 

with CHCl3/MeOH (30:1) to generate 310 mg of compound (60% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 9.44 (s, 1H, NH), 8.57 (s, 1H, N=CH), 4.31 (t, J = 6.2 Hz, 

2H, NCH2CH2O), 3.82 (t, J = 6.2 Hz, 2H, NCH2CH2O), 3.60 - 3.55 (m, 10H, OCH2CH2O), 3.52 (dt, 

J = 6.4, 3.0 Hz, 2H, CH2OCH3), 3.40 (s, 1H, H≡), 3.34 (s, 3H, OCH3), 3.20 (s, 3H, NCH3), 3.09 (s, 

3H, NCH3). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 158.3, 157.5, 157.4, 150.4, 131.7, 120.4, 82.3, 73.5, 72.0, 

70.77, 70.67, 70.65, 70.58, 68.9, 59.1, 43.0, 41.6, 35.4. 

HRMS (ESI+): m/z calculated for C19H29N6O5 [M+H]+: 421.2199. Found: 421.2183[M+H]+. 

dG1. 8-bromo-2’-deoxyguanosine. 

The preparation of the brominated purine was adapted from 

literature.247 Over a suspension of 2’-deoxyguanosine (37.4 mmol, 

10.00 g) in a solvent mixture H2O/MeCN (1:4, 125:500 mL), fractions 

of NBS (56.1 mmol, 9.99 g) were added over a period of 1 hour. Once 

the reaction was complete, the solid was filtrated and washed with 

cold acetone (3 x 50 mL) to yield 10.11 g of the nucleobase (78% 

yield).  
1H NMR (300 MHz, DMSO-d6): δ(ppm) = 10.78 (s, 1H, NH), 6.47 (s (b), 2H, NH2), 6.15 (t, J = 

7.3 Hz, 1H, H1’), 5.24 (d, J = 4.3 Hz, 1H, OH), 4.84 (t, J = 5.9 Hz, 1H, OH), 4.39 (m, 1H, H4’), 3.80 

(m, 1H, H3’), 3.62 (dt, J = 10.9, 5.5 Hz, 1H, 1 H5’), 3.49 (dt, J = 10.9, 5.5 Hz, 1H, 1 H5’), 3.16 (dt, 

J = 13.8, 6.8 Hz, 1H, 1 H2’), 2.10 (m, 1H, 1 H2’). 

dG2. 8-bromo-3’,5’-O-bis(tert-butyldimethylsilyl)-2’-deoxyguanosine 

The synthesis was performed following previously reported 

literature.249 Compound dG1 (25.56 mmol, 8.82 g) and imidazole 

(270.42 mmol, 10.58 g) were dissolved in DMF (90 mL) and after 

20 minutes of agitation, tert-butyl(chloro)dimethylsilane was 

added (70.29 mmol, 7.43 g). The reaction mixture was stirred at 

room temperature overnight. Solvents were removed in vacuo. 

Afterwards, a solution of NaHCO3 (sat. 60 mL) was added and the resulting solid was filtered 

and washed with H2O (50 mL) and EtOH (50 mL), to afford 13.48 g of purine as a white solid 

(92% yield).  
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 11.05 (s, 1H, NH), 6.50 (s (b), 2H, NH2), 6.14 (t, J = 

7.0 Hz, 1H, H1’), 4.58 (dd, J = 6.3, 3.2 Hz, 1H, H4’), 3.75 (m, 2H, H5’), 3.64 (m, 1H, H3’), 3.41 (m, 

1H, 1 H2’), 2.14 (m, 1H, 1 H2’), 0.89 (s, 9H, SiC(CH3)3), 0.83 (s, 9H, SiC(CH3)3), 0.11 (s, 6H, 2 

SiCH3), -0.01 (s, 3H, SiCH3), -0.02 (s, 3H, SiCH3).  
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▪ Standard Procedure E for the Mitsunobu reaction for the carbonyl protection. In a 

two-neck flask the purine (1 eq.) was placed together with triphenylphosphine (PPh3, 1.5 

eq.) and dissolved in 1,4-dioxane (volume indicated in each case). The reaction system was 

stirred at 50°C under argon atmosphere. Afterwards, diisopropyl azodicarboxylate (DIAD, 1.4 

eq.) and 2-(trimethylsilyl)ethanol (1.6 eq.) were added dropwise. The reaction was 

monitored by TLC until completion. Further equivalents of PPh3 and DIAD were added if 

necessary until the reaction was complete. Finally, solvents were removed under vacuum 

and the crude product was subjected to column chromatography (eluent indicated in each 

case). 

dG3. 8-bromo-3’,5’-O-bis(tert-butyldimethylsilyl)-O6-(trimethylsilylethyl)-2’-deoxy-

guanosine. 

The derivative of the 2’-deoxyguanosine was prepared as 

established in Standard Procedure E, using the nucleobase dG2 

(23.04 mmol, 13.21 g), 2-(trimethylsilyl)alcohol (36.87 mmol, 

5.29 mL), PPh3 (34.7 mmol, 9.06 g), DIAD (32.26 mmol, 6.35 mL) 

in dry 1,4-dioxane (170 mL). The purification was performed by 

column chromatography on silica gel eluted with CyHex/AcOEt 

(20:1) to yield 7.75 g of the protected compound (50% yield). 

Characterization data was in accordance with those previously 

reported in literature.245,261 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 6.34 (s (b), 2H, NH2), 6.17 (t, J = 6.8 Hz, 1H, H1’), 4.67 

(m, 1H, H4’), 4.48 (dd, J = 8.9, 7.2 Hz, OCH2), 3.76 (m, 2H, H5’), 3.62 (dd, J = 7.5, 5.8 Hz, 1H, 

H3’), 3.53 (td, J = 13.1, 12.5 Hz, 1H, 1 H2’), 2.19 (ddd, J = 13.1, 12.5, 5.8 Hz, 1H, 1 H2’), 1.11 (dd, 

J = 8.9, 7.2 Hz, SiCH2), 0.90 (s, 9H, SiC(CH3)3), 0.79 (s, 9H, SiC(CH3)3), 0.12 (s, 6H, 2 SiCH3), 0.06 

(s, 9H, Si(CH3)3), -0.07 (s, 3H, SiCH3), -0.04 (s, 3H, SiCH3).  

dG4. 8-trimethylsilylethynyl-3’,5’-O-bis(tert-butyldimethylsilyl)-O6-(trimethylsilylethyl)-2’-

deoxyguanosine. 

Following Standard Procedure B, the product of the Sonogashira 

reaction was synthesized from dG3 (23.76 mmol, 16.0 g), 

Pd(PPh3)2Cl2 (0.48 mmol, 340 mg), CuI (0.24 mmol, 45 mg) and 

TMSA (71.29 mmol, 10.0 mL) in 160 mL of the mixture THF/NEt3 

(4:1) at 40 °C. The reaction was stirred for 24 hours. The crude 

material was purified by column chromatography eluted with 

CyHex/AcOEt (25:1), to afford 7.22 g of dG4 as a yellowish oil 

(44% yield). 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 6.53 (s (b), 2H, NH2), 

6.30 (t, J = 7.4 Hz, 1H, H1’), 4.50 (m, 3H, OCH2, H4’), 3.77 (m, 2H, H5’), 3.67 (td, J = 8.9, 7.4 Hz, 

1H, H3’), 3.41 (dd, J = 14.7, 7.0 Hz, 1H, 1 H2’), 2.14 (dd, J = 11.9, 6.5 Hz, 1H, 1 H2’), 1.11 (m, 2H, 

SiCH2), 0.89 (s, 9H, SiC(CH3)3), 0.84 (s, 9H, SiC(CH3)3), 0.27 (s, 9H, Si(CH3)3), 0.11 (s, 6H, 2 

SiCH3), 0.06 (s, 9H, Si(CH3)3), 0.00 (s, 6H, 2 SiCH3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 161.6, 159.6, 153.1, 133.5, 116.5, 101.9, 93.5, 87.8, 

85.2, 73.3, 65.1, 63.5, 36.7, 26.1, 25.9, 18.6, 18.1, 17.7, -0.4, -1.3, -4.52, -4.54, -5.1, -5.2.  
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MS (MALDI, DCTB+NaI): m/z = 714.4 [M+Na]+. 

▪ Standard Procedure F for alcohol protection as acetate. The experimental 

procedure was inspired by previously reported literature.279 A solution of the nucleobase (1 

eq.) together with dimethylaminopyridine (DMAP, catalytic amount indicated in each case, 

normally 0.1 eq. per alcohol) was diluted with anhydrous DMF at room temperature. 

Subsequently, NEt3 (equivalents indicated in each case) and acetic anhydride (1.1 eq. per 

alcohol), were added dropwise. The reaction was monitored by TLC and once it was 

completed, it was chenqued by pouring MeOH and stirred at room temperature for 

additional 30 minutes. Solvents were evaporated under reduced pressure and the resulting 

mixture was diluted with CHCl3 filtered and concentrated in vacuo. The product was purified 

by column chromatography (eluent indicated in each case) or by precipitation. 

dG5. 3’,5’-O-bis(tert-butyldimethylsilyl)-8-ethynyl-O6-(trimethylsilylethyl)-2’-

deoxyguanosine. 

Procedure 1: Following Standard Procedure B, the compound was 

synthesized from dG3 (23.76 mmol, 16.0 g), Pd(PPh3)2Cl2 (0.48 

mmol, 340 mg), CuI (0.24 mmol, 45 mg) and TMSA (71.29 mmol, 

10.0 mL) in 160 mL of the mixture THF/NEt3 (4:1) at 40 °C. The 

reaction was stirred for 24 hours. The crude material was purified 

by column chromatography eluted with CyHex/AcOEt (25:1), to 

afford 4.60 g of dG5 (32% yield). 

Procedure 2: This compound can also be obtained following when 

using dG4 (4.36 mmol, 3.0 g) dissolved in MeOH (10 mL). To this solution K2CO3 (4.80 mmol, 

661 mg) was incorporated at room temperature. After solvent evaporation and column 

chromatography eluted with CyHex/AcOEt (25:1), 2.29 g of dG5 were isolated (85% yield). 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 6.48 (s (b), 2H, NH2), 6.30 (t, J = 7.0 Hz, 1H, H1’), 4.84 

(s, 1H, H≡), 4.62 (s, 1H, H4’), 4.50 (dd, J = 8.9, 7.4 Hz, 2H, OCH2), 3.77 (d, J = 7.5 Hz, 2H, H5’), 

3.65 (m, 1H, H3’), 3.37 (d, J = 6.8 Hz, 1H, 1 H2’), 2.18 (m, 1H, 1 H2’), 1.11 (m, 2H, SiCH2), 0.89 

(s, 9H, SiC(CH3)3), 0.82 (s, 9H, SiC(CH3)3), 0.11 (s, 6H, 2 SiCH3), 0.06 (s, 9H, Si(CH3)3), -0.01 (s, 

6H, 2 SiCH3). 

MS (MALDI, DCTB+NaI): m/z = 642.4 [M+Na]+. 

dG6. 3’,5’-O-bis(tert-butyldimetilsilil)-O6-(trimethylsilylethyl)-8-triisopropylsilylethynyl-2´-

deoxyguanosine. 

The coupling product was synthetized in agreement to Standard 

Procedure B using a suspension of the derivative dG3 (10.31 

mmol, 6.94 g), Pd(PPh3)2Cl2 (0.21 mmol, 145 mg), CuI (0.10 

mmol, 19.6 mg) and TIPSA (30.9 mmol, 6.93 mL) in the solvent 

mixture THF/NEt3 (4:1, 250 mL) at 40 °C stirring during a period 

of 18 hours. The Sonogashira compound was isolated by column 

chromatography eluting with CHCl3/MeOH (10:1) to provide 4.39 

g of a yellowish oil (55%).  

                                                             
279 J. von Watzdorf, K. Leitner, A. Marx, Angew. Chem. Int. Ed. 2016, 55, 3229-3232. 



 
 

1.6. Experimental Section 

 

134 
 

1H NMR (300 MHz, DMSO-d6): δ (ppm) = 6.49 (s (b), 2H, NH2), 6.33 (dd, J = 8.8, 5.8 Hz, 1H, 

H1’), 4.49 (m, 3H, OCH2, H4’), 3.74 (m, 2H, H5’), 3.62 (m, 2H, H3’, 1 H2’), 2.09 (dd, J = 12.6, 6.1 

Hz, 1H, 1 H2’), 1.63 (d, J = 12.6 Hz, 1H, 1 H2’), 1.12 (s, 18H, Si(CH[CH3]2)3), 1.09 (s, 3H, 

Si(CH[CH3]2)3), 0.99 (m, 2H, SiCH2), 0.88 (s, 9H, SiC(CH3)3), 0.85 (s, 9H, SiC(CH3)3), 0.10 (s, 6H, 

2 SiCH3), 0.08 (s, 9H, 2 Si(CH3)3), -0.01 (s, 6H, 2 SiCH3). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 161.4, 159.3, 152.9, 133.8, 116.2, 98.6, 95.2, 87.6, 85.4, 

73.2, 64.7, 63.2, 36.1, 25.9, 25.7, 18.5, 18.3, 17.9, 17.5, 11.1, -1.5, -1.8, -4.76, -4.81, -5.4, -

5.5. 

HRMS (ESI+): m/z calculated for C38H74N5O4Si4 [M+H]+: 776.4818. Found: 776.4810 [M+H]+. 

GHa. 8-ethynyl-O6-(trimethylsilylethyl)-guanine. 

The purine dG4 (68 µmol, 47 mg) was dissolved in the smallest amount 

of MeOH. To this solution HCl (12%) in MeOH was added until pH = 3 

was reached. After a period of 2 hours, a solution of NaHCO3 (sat.) was 

poured until basic pH was reached. The resulting aqueous phase was 

extracted with CHCl3 (2 x 3 mL). The organic phases were collected, 

dried over MgSO4 and solvent was evaporated. The crude material was 

dissolved in MeOH (3 mL) and K2CO3 (68 µmol, 9 mg) was added to this solution. The 

reaction was monitored by TLC, solvents were evaporated, and the resulting solid was 

precipitated in NaHCO3 (sat.) to obtain 6.1 mg (36% yield) of the purine. 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 12.97 (s, 1H, NH), 6.41 (s, 2H, NH2), 4.55 (s, 1H, H≡), 

4.48 (m, 2H, OCH2), 1.12 (m, 2H, SiCH2), 0.07 (s, 9H, Si(CH3)3). 
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 160.6, 160.2, 154.4, 129.5, 88.7, 82.4, 75.2, 63.7, 

17.0, -1.3. 

HRMS (ESI+): m/z calculated for NaC12H18N5OSi [M+H]+: 276.1281. Found: 276.1288 [M+H]+. 

GHb. 8-triisopropylsilylethynyl-O6-(trimethylsilylethyl)-guanine. 

A round-bottom flask was charged with the nucleobase dG6 (0.59 

mmol, 456 mg) and dissolved in methanol (20.5 mL). HCl (6% in 

MeOH, 32.91 mmol, 1 mL) was added dropwise under fast stirring. 

The reaction was monitored by TLC until disappearance of the 

reactant. NaHCO3 was added until pH = 7 was reached and the 

resulting mixture was extracted with CHCl3 (2 x 10 mL). The 

organic phases were collected, dried over MgSO4 and concentrated by rotatory evaporation. 

The compound was isolated by column chromatography eluted with CHCl3/MeOH (10:1) to 

yield 103 mg (41% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 14.03 (s, 1H, NH), 5.01 (m, 2H, NH2), 4.57 (ddd, J = 11.0, 

7.1, 2.2 Hz, 2H, OCH2), 1.23 (m, 2H, SiCH2), 1.12 (s, 18H, Si(CH[CH3]2)3), 0.08 (s, 9H, 

Si(CH[CH3]2)3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 161.7, 159.4, 153.5, 131.5, 116.4, 97.5, 95.2, 65.5, 18.7, 

17.8, 11.4, -1.3. 

HRMS (ESI+): m/z calculated for C21H38N5OSi [M+H]+: 432.2615. Found: 432.2609 [M+H]+.  
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GHc. 8-triisopropylsilylethynyl-guanine. 

A round-bottom flask was charged with the nucleobase dG6 

(0.59 mmol, 456 mg) and dissolved in methanol (20.5 mL). HCl 

(6% in MeOH, 32.91 mmol, 1 mL) was added dropwise under 

strong stirring. The reaction was monitored by TLC until 

disappearance of the reactant. NaHCO3 was added until pH = 7 was reached and the 

resulting mixture was extracted with CHCl3 (2 x 10 mL). The organic phases were collected, 

dried over MgSO4 and concentrated by rotatory evaporation. The compound was isolated by 

column chromatography eluted with CHCl3/MeOH (10:1) to yield 16 mg (9% yield). 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 12.89 (s, 1H, NH), 10.66 (s, 1H, NH), 6.50 (s (b), 2H 

NH2), 1.08 (m, 21H, Si(CH[CH3]2)3). 
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 156.2, 154.2, 151.7, 127.8, 117.3, 97.8, 91.8, 18.4, 

10.6. 

MS (MALDI, DCTB+NaI): m/z = 660.4 [M+Na]+. 

SYNTHESIS OF ADENINE & ADENOSINE 

rA1. 8-bromo-2-aminoadenosine.  

The preparation of the brominated nucleobase was inspired by 

precedent literature.257 Bromine (109.82 mmol, 8.72 g) was diluted 

with water (281 mL). This aqueous solution was added to another 

one of the commercial 2-aminoadenosine (35.30 mmol, 10.00 g) 

dissolved in water (183 mL). The halogenation reaction was stirred 

until completion at room temperature. Na2SO3 (sat.) was poured over 

until the colour of reaction changed from red to yellow. The resulting solution was later 

neutralised with NaOH (1 M) until pH = 7 was reached, at pH = 4 the nucleobase started to 

precipitate. The solid was filtered and washed with cold H2O (50 mL) and cold acetone (50 

mL) to afford 10.97 g of a yellowish solid (98% yield).  
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 7.01 (s (b), 2H, NH2), 5.76 (s (b), 2H, NH2), 5.72 (s, 

1H, OH), 5.68 (d, J = 5.8 Hz, 1H, H1’), 5.42 (d, J = 6.4 Hz, 1H, OH), 5.12 (d, J = 4.4 Hz, 1H, OH), 

5.06 (d, J = 5.9 Hz, 1H, H2’), 4.13 (s, 1H, H3’), 3.93 (s, 1H, H4’), 3.67 (d, J = 12.0 Hz, 1H, 1 H5’), 

3.52 (m, 1H, 1 H5’). 

rA2. 2’,3’,5’-tri-O-acetyl-8-bromo-2-aminoadenosine.  

This purine was prepared following Standard Procedure F. The 

brominated compound rA1 (13.80 mmol, 5 g) and catalytic DMAP 

(4.10 mmol, 1.55 g) were dissolved in dry DMF (10 mL) at room 

temperature. To this mixture, NEt3 (62.0 mmol, 8.60 mL) as well as 

acetic anhydride (69.0 mmol, 9.60 mL) were incorporated. The 

mixture was stirred during a period of 75 minutes, when MeOH 

(30 mL) was added to quench the reaction, and solvents were 

removed under reduced pressure. The product was isolated by column chromatography on 

silica gel eluted with CHCl3/MeOH (10:1) to provide 6.72 g (78% yield).  
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1H NMR (300 MHz, DMSO-d6): δ (ppm) = 7.00 (s (b), 2H, NH2), 6.16 (dd, J = 6.2, 4.4 Hz, 1H, 

H1’), 6.02 (s (b), 2H, NH2), 5.92 (m, 1H, H2’), 5.78 (t, J = 6.0 Hz, 1H, H4’), 4,45 (dd, J = 11.7, 3.6 

Hz, 1H, H3’), 4.33 (m, 1H, 1 H5’), 4.22 (dd, J = 11.8, 6.2 Hz, 1H, 1 H5’), 2.12 (s, 3H, COCH3), 2.08 

(s, 3H, COCH3), 1.94 (s, 3H, COCH3).  
13C NMR (76 MHz, CDCl3): δ (ppm) =170.7, 169.8, 169.7, 159.5, 154.9, 152.1, 122.3, 114.3, 

88.3, 79.4, 72.6, 70.4, 62.7, 20.53, 20.47. 

MS (ESI+): m/z = 487.05 [M]+. 

rA3. 2’,3’,5’-tri-O-acetyl-8-triisopropylsilylethynyl-2-aminoadenosine. 

This compound was prepared following Standard Procedure B 

from a suspension of the brominated derivative rA2 (14.77 mmol, 

7.18 g), Pd(PPh3)2Cl2 (0.30 mmol, 207 mg) as well as CuI (0.15 

mmol, 28 mg) dissolved in the solvent mixture THF/NEt3 (250 mL) 

and TIPSA (44.31 mmol, 9.94 mL). The Sonogashira reaction was 

stirred under argon atmosphere at 40 °C for a period of 18 hours. 

The coupling product was purified by column chromatography 

eluted with CHCl3/MeOH (10:1) to afford 4.61 g of an oil (53% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 6.22 (m, 2H, H1’, H2’), 6.03 (dd, J = 5.7, 4.3 Hz, 1H, H4’), 

5.63 (s (b), 2H, NH2), 4.96 (s (b), 2H, NH2), 4.50 (m, 2H, H3’, 1 H5’), 4.40 (m, 1H, 1 H5’), 2.10 (s, 

3H, COCH3), 2.05 (s, 3H, COCH3), 2.03 (s, 3H, COCH3), 1.15 (s, 18H, Si(CH[CH3]2)3), 1.13 (s, 3H, 

Si(CH[CH3]2)3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 170.7, 169.5, 169.3, 160.5, 156.0, 150.7, 131.1, 114.0, 

98.9, 94.6, 87.2, 79.6, 72.4, 70.9, 63.0, 20.5, 20.3, 20.2, 10.9.  

MS (ESI+): m/z = 589.28 [M+H]+. 

rA4. 8-triisopropylsilylethynyl-2-aminoadenosine. 

rA4 was prepared following Standard Procedure B by dissolving rA1 

(24,92 mmol, 9.00 g), Pd(PPh3)2Cl2 (0.498 mmol, 349 mg) and CuI 

(0.249 mmol, 47 mg) in the solvent mixture DMF/NEt3 (4:1, 200 

mL). TIPSA (74.76 mmol, 17 mL) was then added and the reaction 

mixture was stirred at 70 °C under argon atmosphere overnight. 

Once the reaction was complete, after solvent removal, the 

nucleobase was purified by column chromatography eluted with CHCl3/MeOH (10:1.5) to 

obtain 9.50 g of rA4 as an orange solid (84% yield). 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 7.12 (s (b), 2H, NH2), 5.88 (s (b), 3H, NH2, OH), 5.63 

(dd, J = 8.3, 4.0 Hz, 1H, H1’), 5.35 (d, J = 5.8 Hz, 1H, OH), 4.97 (q, J = 6.0 Hz, 1H, H2’), 4.91 (d, J 

= 4.3 Hz, 1H, OH), 4.15 (td, J = 4.8, 2.9 Hz, 1H, H3’), 3.90 (q, J = 3.7 Hz, 1H, H4’), 3.66 (dt, J = 

12.1, 3.8 Hz, 1H, 1 H5’), 3.52 (ddd, J = 12.1, 8.3, 4.3 Hz, 1 H5’), 3.08 (q, J = 7.3 Hz, 1H), 1.11 (s, 

18H, Si(CH[CH3]2)3), 1.10 (s, 3H, Si(CH[CH3]2)3). 
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 160.7, 156.5, 150.6, 129.8, 113.8, 96.6, 96.2, 89.2, 

86.2, 71.2, 71.1, 62.5, 18.5, 10.7. 

HRMS (ESI+): m/z calculated for C21H35N6O4Si [M+H]+: 463.2489. Found: 463.2472 [M+H]+.  
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AH. 8-Triisopropylsilylethynyl-2-aminoadenine.  

Procedure 1: The use of a strong acid was inspired by literature.245 

The coupling product rA3 (7.84 mmol, 4.61 g) was dissolved in 

MeOH (271 mL) and HCl 37% (446.57 mmol, 13.57 mL) was slowly 

added at room temperature under vigorous stirring. The 

depurination reaction was monitored by TLC until disappearance of the reactant. The 

mixture was then neutralised with solid NaHCO3, filtered and solvent was removed in vacuo. 

The product was isolated by column chromatography on silica gel eluted with CHCl3/MeOH 

(20:1) and precipitated in CHCl3 to obtain 1.09 g of a white solid (42% yield). 

Procedure 2: rA4 (2.59 mmol, 1.20 g) was suspended in 50 mL of a mixture of 1,4-

dioxane/HCl (2M, aq.) 1:1. The reaction mixture was stirred at 70 °C until disappearance of 

rA4. The acid was neutralized with NaHCO3 and the solvent was evaporated. The purification 

by column chromatography on silica eluted with (CHCl3/MeOH 20:1) afforded 758 mg of 

depurinated AH as a white solid (88% yield). 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 12.53 (s, 1H, NH), 6.81 (s, 2H, NH2), 5.83 (s, 2H, 

NH2), 1.10 (s, 21H, Si(CH[CH3]2)3).  
13C NMR (76 MHz, MeOD): δ (ppm) = 103.1, 97.6, 95.1, 72.2, 70.3, 67.8, 64.5, 55.7, 30.5, 

18.7, 12.1.  

HRMS (ESI+): m/z calculated for C16H27N6Si [M+H]+: 331.1988. Found: 331.2062 [M+H]+. 

A1. N9-(methoxytetraethyleneglycol)-8-triisopropylsilylethynyl-2-aminoadenine.  

The purine can be synthesized according to Standard Procedure A 

using the nucleobase AH (6.60 mmol, 2.18 g), K2CO3 (7.92 mmol, 

1.10 g), suspended in dry DMF (15.0 mL). To this mixture 

previously dried Alk1 (7.92 mmol, 3.76 g) diluted in DMF (15.0 

mL) was added. After solvent evaporation, the residue was 

dissolved with CHCl3 (30 mL) and washed twice with H2O (2 x 30 

mL). The organic layers were collected, dried over Na2SO4 and concentrated under reduced 

pressure. Finally, the resulting mixture was purified by flash column chromatography eluted 

with CHCl3/MeOH (10:1) to provide 1.96 g of a yellowish oil (57% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 5.47 (s (b), 2H, NH2), 4.87 (s (b), 2H, NH2), 4.31 (t, J = 

6.1 Hz, 2H, NCH2CH2O), 3.83 (t, J = 6.1 Hz, 2H, NCH2CH2O), 3.65 – 3.50 (m, 12H, OCH2CH2O), 

3.36 (s, 3H, OCH3), 1.15 (s, 18H, Si(CH[CH3]2)3), 1.14 (s, 3H, Si(CH[CH3]2)3). 

13C NMR (76 MHz, CDCl3): δ (ppm) = 160.9, 160.0, 151.4, 130.7, 113.3, 97.2, 95.3, 71.4, 70.2, 

70.1, 69.9, 68.4, 58.4, 42.3, 18.2, 10.7.  

MS (ESI+): m/z = 521.33 [M+H]+.  

▪ Standard Procedure G for N2 and N6 protection with phenoxyacetyl groups. In a 

double neck round-bottom flask, equipped with a magnetic stirred, the nucleobase (1 eq.) 

was placed under argon atmosphere. Dry DMF (volume indicated in each case) was added 

and the mixture was heated to 50 or 80 °C (indicated in each case). Phenoxyacetic anhydride 

(2 eq. per amino group) was incorporated to the system and the resulting mixture was 

stirred overnight until completion, which was monitored by TLC. After solvent evaporation, 
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the residue was purified by column chromatography on silica gel (eluent indicated in each 

case). 

A2. N9-(methoxytetraethyleneglycol)-N2,N6-bis(2-phenoxyacetyl)-8-triisopropylsilylethynyl-

2-aminoadenine. 

The nucleobase was prepared following Standard 

Procedure G. A1 (5.80 mmol, 3.00 g) was diluted in dry 

DMF (50.0 mL) at 50 °C. Then phenoxyacetic anhydride 

(23.01 mmol, 2.54 g) was incorporated. The resulting 

mixture was stirred for 15 hours. The protected 

compound was subjected to column chromatography 

eluted with CHCl3/MeOH (50:1) to isolate 4.07 g of a 

viscous oil (89% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 9.26 (s, 1H, NH), 9.00 (s, 1H, NH), 7.32 (m, 4H, Hb), 7.04 

(m, 6H, Ha, Hc), 4.99 (s (b), 2H, COCH2), 4.85 (s (b), 2H, COCH2), 4.47 (t, J = 5.7 Hz, 2H, 

N9CH2CH2O), 3.92 (t, J = 5.7 Hz, 2H, NCH2CH2O), 3.60 – 3.40 (m, 12H, OCH2CH2O), 3.34 (s, 3H, 

OCH3), 1.17 (s, 18H, Si(CH[CH3]2)3), 1.16 (s, 3H, Si(CH[CH3]2)3). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 157.4, 152.8, 152.2, 148.4, 137.0, 130.0, 129.8, 122.3, 

118.9, 115.2, 102.2, 94.4, 72.0, 70.7, 70.63, 70.60, 70.6, 70.5, 68.6, 68.5, 68.3, 59.1, 43.5, 

18.7, 11.3.  

HRMS (ESI+): m/z calculated for NaC41H56N6O8Si [M+Na]+: 811.3827. Found: 811.3821 

[M+Na]+. 

A1a. 8-ethynyl-N9-(methoxytetraethyleneglycol)-2-aminoadenine.  

The purine was prepared following Standard Procedure D by using, A1 

(2.90 mmol, 1.50 g) and TBAF·3H2O (3.20 mmol, 0.83 g) dissolved in THF 

(10.0 mL). All volatiles were evaporated under reduced pressure and the 

deprotected compound was isolated by column chromatography eluted 

with CHCl3/MeOH (10:1) to afford 920 mg (95% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 6.30 (s (b), 2H, NH2), 5.36 (s (b), 2H, 

NH2), 4.26 (t, J = 5.9 Hz, 2H, NCH2CH2O), 3.79 (t, J = 5.9 Hz, 2H, NCH2CH2O), 3.60 – 3.50 (m, 

12H, OCH2CH2O), 3.43 (s, 1H, H≡), 3.31 (s, 3H, OCH3). 
13C NMR (76 MHz, CDCl3): δ = 161.1, 156.2, 151.9, 130.0, 114.1, 82.6, 73.5, 72.0, 70.69, 

70.66, 70.61, 70.52, 70.47, 68.7, 59.9, 42.9.  

HRMS (ESI+): m/z calculated for C16H25N6O4 [M+H]+: 365.1937. Found: 365.1926 [M+H]+. 

A1b. 8-ethynyl-N9-(methoxytetraethyleneglycol)-N2,N6-bis(2-phenoxyacetyl)-2-amino-

adenine. 

Procedure 1: This compound can be synthesized by following 

Standard Procedure G. A1a (0.55 mmol, 200 mg) was placed in 

a double neck round-bottom flak, dissolved with dry DMF (2.0 

mL) and heated at 80 °C. Afterwards, phenoxyacetic anhydride 

(2.19 mmol, 556 mg) was incorporated. Once all volatiles had 

been removed, the 2-aminoadenine was purified on silica gel 
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eluted with CHCl3/MeOH (50:1) to isolate 273 mg of a yellow solid (78% yield). 

Procedure 2: This nucleobase can also be obtained by following Standard Procedure D 

starting from A2 (0.51 mmol, 400 mg) dissolved in THF (8.0 mL). To this mixture, TBAF∙3H2O 

(0.61 mmol, 192 mg) was added. Once the reaction was finished, solvent was removed 

under reduced pressure and the residue was subjected to column chromatography eluted 

with CHCl3/MeOH (50:1) to afford 306 mg of the purine (95% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 9.42 (s (b), 1H, NH), 9.10 (s (b), 1H, NH), 7.24 (m, 4H, 

Hb), 6.98 (m, 6H, Ha, Hc), 4.95 (s (b), 2H, COCH2), 4.84 (s (b), 2H, COCH2), 4.40 (t, J = 5.5 Hz, 2H, 

NCH2CH2O), 3.85 (t, J = 5.5 Hz, 2H, NCH2CH2O), 3.66 (s, 1H, H≡), 3.60 – 3.45 (m, 12H, 

OCH2CH2O), 3.30 (s, 3H, OCH3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 157.3, 157.2, 152.2, 152.2, 148.4, 136.1, 129.54, 129.50, 

121.9, 114.9, 114.8, 85.4, 72.3, 71.7, 70.5, 70.38, 70.36, 70.28, 68.4, 68.2, 68.1, 58.8, 43.5.  

HRMS (ESI+): m/z calculated for C32H37N6O8 [M+H]+: 633.2652 Found: 633.2673 [M+H]+. 

SYNTHESIS OF PYRIMIDINES 

2-DEOXYCYTIDINE 

dC1. N4-acetyl-3’,5’-di-O-acetyl-2’-deoxycytidine.  

Compound dC1 was prepared from the commercial 2’-deoxycytidine 

following Standard Procedure F. Commercial 2’-deoxycytidine (4.40 mmol, 

1.00 g) and DMAP (0.88 mmol, 0.11 g) were dissolved in dry DMF (16 mL). 

Thereafter, NEt3 (22.0 mmol, 3.06 mL) and acetic anhydride (17.6 mmol, 

1.66 mL) were incorporated. After the proper work up, the crude material 

was purified by column chromatography eluted with CHCl3/MeOH (10:1) 

to afford 1.52 g of compound (98% yield). Spectral characterization data 

was in accordance with previous literature.274 
1H NMR (300 MHz, DMSO-d6): δ = 10.88 (s, 1H, NH), 8.08 (d, J = 7.4 Hz, 1H, H6), 7.24 (d, J = 

7.4 Hz, 1H, H5), 6.13 (t, J = 6.8 Hz, 1H, H1’), 5.20 (m, 1H, H4’), 4.26 (m, 3H, H3’, H5’), 2.35 (m, 

1H, 1 H2’), 2.48 (m, 1H, 1 H2’), 2.10 (s, 3H, COCH3),. 2.07 (s, 3H, COCH3), 2.02 (s, 3H, COCH3).  

▪ Standard Procedure H for the C-5 iodination reaction of pyrimidines. A suspension 

of nucleoside (1 eq.), I2 (1.1 eq.) and HIO3 (1.4 eq.) in glacial acetic acid (volume indicated in 

each case) was stirred at 40 °C until disappearance of the reactant. The mixture was 

filtrated, diluted with CHCl3 (volume indicated in each case) and washed with water, NaHCO3 

(sat.) and finally Na2S2O3 (sat.). The organic phases were collected, dried over MgSO4 and the 

solvent was removed under reduced pressure. The residue was purified by column 

chromatography on silica gel (eluent indicated in each case).   
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dC1. 3’,5’-di-O-acetyl-5-iodo-2’-deoxycytidine. 

Procedure 1: A suspension of nucleoside dC1 (39.30 mmol, 13.88 g), I2 

(43.23 mmol, 10.97 g) and HIO3 (55.02 mmol, 9.67 g) in glacial acetic acid 

(279 mL) was stirred at 40°C until completion. The mixture was filtered, 

diluted with 200 mL of CHCl3 and washed with H2O (3 x 100 mL), NaHCO3 

(sat., 3 x 100 mL) and Na2S2O3 (sat., 3 x 100 mL). The organic phases were 

collected, dried over MgSO4 and concentrated in vacuo. The residue was 

purified by column chromatography on silica gel eluted with CHCl3/AcOEt 

(10:1) to provide 6.78 g of an oily product (48% yield). Characterization data conformed to 

those previously reported in literature.275 

Procedure 2: Following Standard Procedure H starting from dC5 (24.50 mmol, 7.65 g), I2 

(26.95 mmol, 6.82 g) and HIO3 (34.30 mmol, 6.02 g) in glacial acetic acid (150 mL), 7.48 g of 

the derivative were obtained (67% yield).  
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 7.94 (s, 1H, H6), 7.91 (s (b), 1H, NH2), 6.71 (s (b), 1H, 

NH2),6.11 (t, J = 7.0 Hz, 1H, H1’), 5.17 (dd, J = 5.5, 3.0 Hz, 1H, H4’), 4.25 (dd, J = 4.3, 2.5 Hz, 1H, 

H3’), 4.20 (m, 2H, H5’), 2.32 (m, 2H, H2’), 2.10 (s, 3H, COCH3), 2.06 (s, 3H, COCH3).  
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 170.02, 169.99, 163.7, 153.6, 146.8, 85.6, 81.5, 74.2, 

63.7, 57.3, 36.9, 20.73, 20.72.  

MS (FAB): m/z = 438.19 [M+H]+. 

dC3. 5-iodo-2’-deoxycytidine.  

The deprotected pyrimidine was prepared by incorporation of K2CO3 (21.80 

mmol, 3.00 g) over a solution of the pyrimidine dC2 (15.50 mmol, 6.78 g) 

dissolved in MeOH (100 mL). The reaction was monitored by TLC. Solvents 

were evaporated in oil-pump vacuum and after precipitation in water 2.74 

g of product were obtained as a solid (54% yield). Characterization data was 

in accordance with previously reported literature.262 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 8.28 (s, 1H, H6), 7.77 (s (b), 1H, NH2), 6.58 (s, 1H, 

NH2),6.07 (t, J = 6.4 Hz, 1H, H1’), 5.21 (d, J = 4.2 Hz, 1H, OH), 5.11 (t, J = 3.5 Hz, 1H, OH), 4.21 

(c, J = 4.8 Hz, 1H, H4’), 3.78 (c, J = 3.5 Hz, 1H, H3’), 3.35 (m, 2H, H5’), 2.13 (m, 1H, 1 H2’), 1.99 

(m, 1H, 1 H2’).  

dC4. 5-trimethylsilylethynyl-2’-deoxycytidine.  

The synthesis of pyrimidine dC4 was inspired by literature,264 following 

Standard Procedure B. The nucleobase was prepared from dC3 (16.99 

mmol, 6.0 g), Pd(PPh3)2Cl2 (0.34 mmol, 238.0 mg), CuI (0.17 mmol, 170 

mg) and TMSA (50.97 mmol, 7.2 mL) in the solvent mixture DMF/NEt3(4:1, 

6 mL). The purification by column chromatography on silica gel eluted 

with CHCl3/MeOH (10:1) afforded 4.28 g of the Sonogashira coupling 

product (78% yield) as a solid.  
1H-NMR (300 MHz, DMSO-d6): δ (ppm) = 8.20 (s, 1H, H6), 7.76 (s (b), 1H, NH2),6.59 (s (b), 1H, 

NH2),6.09 (t, J = 6.4 Hz, 1H, H1’), 5.21 (d, J = 4.2 Hz, 1H, OH), 5.07 (t, J = 5.0 Hz, 1H, OH), 4.20 

(dt, J = 9.6, 3.7 Hz, 1H, H4’), 3.78 (c, J = 3.7 Hz, 1H, H3’), 3.57 (m, 2H, H5’), 2.14 (dt, J = 13.2, 5.6 

Hz, 1H, 1H2’), 1.99 (dt, J = 13.2, 6.5 Hz, 1H, 1 H2’), 0.21 (s, 9H, Si(CH3)3). 
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dC5. 3’,5’-di-O-acetyl-2’-deoxycytidine. 

Compound dC5 was prepared following Standard Procedure F. The 

commercial 2’-deoxycytidine (44.0 mmol, 10.0 g), DMAP (8.80 mmol, 1.26 

g), NEt3 (92.40 mmol, 12.0 mL), together with acetic anhydride (92.40 

mmol, 6.75 mL) were dissolved in dry DMF (160 mL). After proper work-up 

and purification by column chromatography on silica gel eluted with 

CHCl3/MeOH (10:1), 9.91 g of molecule dC5 were afforded (72% yield). The 

compound was previously reported in literature.276 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 7.60 (d, J = 7.6 Hz, 1H, H6), 7.26 (s (b), 2H, NH2), 

6.18 (dd, J = 7.8, 6.3 Hz, 1H, H1’), 5.78 (d, J = 7.6 Hz, 1H, H5), 5.16 (dt, J = 5.7, 2.7 Hz, 1H, H4’), 

4.22 (m, 2H, H5’), 4.16 (dd, J=4.4, 2.7 Hz, 1H, H3’), 2.27 (m, 2H, H2’), 2.06 (s, 3H, COCH3), 2.04 

(s, 3H, COCH3).  
13C NMR (76 MHz, DMSO-d6): δ = 170.1, 170.0, 165.6, 154.9, 140.7, 94.5, 85.2, 81.1, 74.2, 

63.7, 36.5, 20.7, 20.5.  

MS (FAB): m/z = 312.1 [M+H]+. 

dC6.3’,5’-di-O-acetyl-5-trimethylsilylethynyl-2’-deoxycytidine. 

The pyrimidine equipped with a trimethylsilylethynyl group was 

synthetized following Standard Procedure B using nucleoside dC2 (16.5 

mmol, 7.20 g), Pd(PPh3)2Cl2 (0.33 mmol, 231.2 mg), TMSA (49.4 mmol, 

6.84 mL) and CuI (0.16 mmol, 31.3 mg) dissolved in the mixture THF/NEt3 

(4:1, 100 mL) stirring at 40 °C overnight. The reaction was monitored by 

TLC and once the cross-coupling was complete, the precipitate was 

filtered and washed with THF and water, to afford 5.84 g of the 

nucleoside as an oil (87% yield). Characterization data was in accordance with previously 

reported literature.263 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 7.95 (s, 1H, H6), 7.88 (s (b), 1H, NH2), 6.77 (s (b), 1H, 

NH2), 6.16 (t, J = 6.9 Hz, 1H, H1’), 5.17 (dt, J = 6.4, 3.5 Hz, 1H, H4’), 4.20 (m, 2H, H5’), 4.26 (t, J = 

3.5 Hz, 1H, H3’), 2.35 (m, 2H, H2’), 2.08 (s, 3H, COCH3), 2.06 (s, 3H, COCH3), 0.20 (s, 9H, 

Si(CH3)3).  
13C NMR (76 MHz, DMSO-d6): δ = 169.93, 169.91, 163.8, 153.0, 144.9, 99.8, 96.4, 90.2, 85.4, 

81.4, 73.9, 63.5, 45.7, 20.7, 20.6, 8.6, -0.2. 

MS (FAB): m/z = 408.1 [M+H]+. 

dC7. 5-ethynyl-2’-deoxycytidine. 

Procedure 1:264 The pyrimidine dC4 (7.02 mmol, 2.47 g) was dissolved in 

NH3 (24%, 50 mL) at room temperature. The reaction was monitored by 

TLC. Once it was complete, volatiles were removed under reduced pressure. 

The resulting crude was subjected to column chromatography eluted with 

AcOEt/MeOH (10:1) provided 1.47 g of deprotected nucleoside as a 

brownish solid (80% yield). 

Procedure 2:263 The pyrimidine dC6 (6.66 mmol, 2.72 g) was dissolved in MeOH (90 mL) at 

0°C, when K2CO3 (22.55 mmol, 3.11 g) was added to the system. The reaction was monitored 

by TLC. Once it was finished, the resulting mixture was filtered, and volatiles were removed 
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in vacuo. The isolation by column chromatography eluted with AcOEt/MeOH (10:1) provided 

1.47 g of deprotected nucleoside as a brownish solid (87% yield). 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 8.25 (s, 1H, H6), 7.70 (s (b), 1H, NH2), 6.82 (s (b), 1H, 

NH2), 6.09 (t, J = 6.4 Hz, 1H, H1’), 5.20 (dd, J = 4.3, 1.4 Hz, 1H, OH), 5.09 (t, J = 5.0 Hz, 1H, OH), 

4.34 (s, 1H, H≡), 4.19 (m, 1H, H4’), 3.79 (m, 1H, H3’), 3.58 (tdt, J = 11.9, 8.8, 4.3 Hz, 2H, H5’), 

2.15 (m, 1H, 1 H2’), 1.98 (dt, J = 13.1, 6.4 Hz, 1H, 1 H2’).  

▪ Standard Procedure I for the Sonogashira coupling between the 8-ethynyl-

nucleobases and p-diiodobenzene. A dry THF/NEt3 or DMF/ NEt3 (4:1) solvent mixture 

(indicated in each case) was subjected to deoxygenation by three freeze-pump-thaw cycles 

with argon. Afterwards, this solvent was added over the reaction mixture containing the 

corresponding base equipped with a terminal ethynyl group (1 eq.), Cul (0.01 eq.), 

Pd(PPh3)2Cl2 (0.02 eq.) and an excess of the corresponding central block (indicated in each 

case). The Pd-catalyzed reaction was stirred at 40°C or at room temperature (indicated in 

each case) until completion, which was monitored by TLC. Thereafter, the mixture was 

filtered over celite and solvents were evaporated at reduced pressure. The resulting crude 

product was purified by column chromatography (eluent indicated in each case). 

dC8. 5-(p-iodophenylethynyl)-2’-deoxycytidine. 

The pyrimidine bearing the central block was prepared following 

Standard Procedure I, using dC7 (6.81 mmol, 1.71 g) dissolved in a 

mixture of THF/NEt3 (4:1, 17 mL) and DMF (5 mL), in the presence of 

Pd(PPh3)2Cl2 (0.14 mmol, 91.3 mg),as well as CuI (68 µmol, 12.9 mg) 

and p-diiodobencene (60.63 mmol, 20.0 g) stirring at room 

temperature overnight. The coupling product was isolated by column 

chromatography on silica gel eluted with CHCl3/MeOH (30:1) to obtain 

2.16 g of product as a yellow solid (70% yield).  
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 8.34 (s, 1H, H6), 7.95 (s (b), 1H, NH2), 7.77 (d, J = 8.3 

Hz, 2H, Ha), 7.39 (d, J = 8.3 Hz, 2H, Hb), 7.09 (s (b), 1H, NH2), 6.11 (t, J = 6.4 Hz, 1H, H1’), 5.23 

(d, J = 4.3 Hz, 1H, OH), 5.12 (t, J = 5.0 Hz, 1H, OH), 4.22 (dt, J = 7.1, 3.3 Hz, 1H, H4’), 3.80 (q, J = 

3.3 Hz, 1H, H3’), 3.63 (m, 2H, H5’), 2.16 (dt, J = 9.9, 4.5 Hz, 1H, 1 H2’), 2.02 (dt, J = 13.2, 6.6 Hz, 

1H, 1 H2’).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 163.7, 153.3, 145.1, 137.3, 133.0, 122.0, 94.9, 93.0, 89.3, 

87.5, 85.5, 83.2, 69.9, 60.9, 40.9.  

MS (MALDI, DCTB+NaI): m/z = 476.0 [M+Na]+. 

▪ Standard Procedure J for the protection of 5’-O with 4,4’-dimethoxytrityl group. 

The experimental procedure was inspired by precedent literature.280The nucleobase (1 eq.) 

was coevaporated twice with dry pyridine. Afterwards, it was suspended in anhydrous 

pyridine (volume indicated in each case) in the presence of catalytic 4-

dimethylaminopyridine (DMAP, eq. indicated in each case). Subsequently, 4,4’-

dimethoxytrityl chloride (DMTrCl, eq. indicated in each case) was dissolved in dry pyridine 

(volume indicated in each case) and was added dropwise to the system. The reaction was 

                                                             
280 C. Dohno, T. Shibata, M. Okazaki, S. Makishi, K. Nakatani, Eur. J. Org. Chem. 2012, 27, 5317-5323. 

https://en.wikipedia.org/wiki/4-Dimethylaminopyridine
https://en.wikipedia.org/wiki/4-Dimethylaminopyridine
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stirred at room temperature overnight under argon atmosphere. Solvents were removed at 

reduced pressure and the purification of the mixture by deactivated column 

chromatography (eluent indicated in each case) provided the product as a foam normally. 

dC9. 5-(p-iodophenylethynyl)-5’-O-(4,4’-dimethoxytrityl)-2’-deoxycytidine. 

Procedure 1: Following Standard Procedure J, the pyrimidine dC9 

was achieved starting from dC8 (2.46 mmol, 1.86 g) and catalytic 

DMAP (0.74 mmol, 91.0 mg) dissolved in dry pyridine (10 mL) 

under argon atmosphere in the presence of 3 Å sieves. Afterwards, 

4,4′-dimethoxytrityl chloride (4.93 mmol, 1.67 g) was dissolved in 

dry pyridine (10 mL) and incorporated to the solution. The reaction 

mixture was stirred for 48 hours. Volatiles were then evaporated at 

reduced pressure and the crude product was subjected to column 

chromatography on deactivated silica gel eluted with CHCl3/MeOH 

(40:1) to yield 2.20 g of a yellow solid (71% yield).  

Procedure 2: The desired nucleobase was obtained following Standard Procedure I 

subjecting dC14 (2.50 mmol, 1.90 g) to a Sonogashira reaction with p-diiodobenzene (7.50 

mmol, 2.50 g) in presence of Pd(PPh3)2Cl2 (50.30 µmol, 35 mg) and CuI (25.12 µmol, 4.8 mg), 

dissolved in the solvent mixture DMF/NEt3 (4:1, 4 mL) stirring at 40 °C. After solvent removal, 

the coupling product was isolated by column chromatography on deactivated silica gel 

eluted with CHCl3/MeOH (40:1) to afford 1.25 g (68 % yield). 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 8.11 (s, 1H, H6), 7.82 (s (b), 1H, NH2), 7.65 (d, J = 8.2 

Hz, 2H, Ha), 7.42 (d, J = 7.8 Hz, 2H, Hx), 7.29 (dd, J = 8.9, 7.8 Hz, 6H, Hy, Hv), 7.18 (m, 1H, Hz), 

7.09 (s (b), 1H, NH2), 6.97 (d, J = 8.2 Hz, 2H, Hb), 6.84 (dd, J = 8.9 Hz, 4H, Hw), 6.14 (t, J = 6.5 

Hz, 1H, H1’), 5.31 (d, J = 4.2 Hz, 1H, OH), 4.28 (ddt, J = 7.7, 6.0, 2.5 Hz, 1H, H4’), 3.98 (qt, J = 

3.2, 2.5, 1.8 Hz, 1H, H3’), 3.66 (s, 6H, 2 OCH3), 3.18 (m, 2H, H5’), 2.29 (m, 1H, 1 H2’), 2.12 (ddd, 

J = 14.1, 6.3, 4.6 Hz, 1H, 1 H2’).  
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 163.7, 158.0, 153.2, 144.7, 144.1, 136.9, 135.6, 

135.4, 132.8, 129.62, 129.56, 127.9, 127.6, 126.7, 121.8, 113.2, 94.7, 93.0, 89.6, 85.99, 85.89, 

85.78, 82.6, 79.2, 70.5, 63.5, 54.9, 45.6, 41.2, 8.7.  

MS (MALDI, DCTB+NaI): m/z = 778.2 [M+Na]+. 

dC10. 5-(p-iodophenylethynyl)-5’-O-trityl-2’-deoxycytidine. 

dC10 was synthetized following Standard Procedure J by using the 

nucleobase dC8 (0.10 mmol, 45 mg), DMAP (32.74 µmol, 4 mg) and 

TrCl (0.20 mmol, 56 mg), stirring at room temperature under argon 

atmosphere overnight. All volatiles were removed in vacuo and the 

resulting crude was subjected to column chromatography eluted 

with CHCl3/MeOH (20:1) to afford 16 mg of compound (23% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.10 (s, 1H, H6), 7.81 (s (b), 1H, 

NH2), 7.66 (d, J = 8.2 Hz, 2H, Ha), 7.44 (d, J = 7.4 Hz, 6H, Hx), 7.32 (t, J 

= 7.4 Hz, 6H, Hy), 7.21 (t, J = 7.4 Hz, 3H, Hz), 7.09 (s (b), 1H, NH2), 
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6.97 (d, J = 8.2 Hz, 2H, Hb), 6.14 (t, J = 6.6 Hz, 1H, H1’), 5.31 (d, J = 4.3 Hz, 1H, OH), 4.29 (dt, J = 

8.5, 4.0 Hz, 1H, H4’), 3.99 (m, 1H, H3’), 3.20 (d, J = 3.7 Hz, 2H, H5’), 2.29 (d, J = 13.8 Hz, 1H, 1 

H2’), 2.10 (m, 1H, 1 H2’). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 164.2, 153.7, 144.5, 144.0, 137.4, 133.3, 128.6, 128.4, 

127.6, 122.3, 95.2, 93.4, 90.1, 86.9, 86.4, 86.2, 83.1, 79.6, 70.9, 63.7. 

MS (ESI+): m/z = 719.11 [M+Na]+. 

dC11. 3’-O-(tert-butyldimethylsilyl)-5-(p-iodophenylethynyl)-5’-O-(4,4’-dimethoxytrityl)-2’-

deoxycytidine. 

The nucleoside dC9 (2.82 mmol, 2.13 g), imidazole (17.63 mmol, 

2.12 g) and DMAP (0.90 mmol, 0.11 g) were dissolved in a 

mixture of dry DMF (20 mL) and anhydrous pyridine (30 mL). 

After 30 minutes of stirring at room temperature, tert-

butyldimethylsilyl chloride (14.06 mmol, 2.12 g) was added. The 

reaction was stirred at room temperature until completion, 

which was monitored by TLC. Thereafter, solvents were 

evaporated at reduced pressure. The crude product was 

purified by column chromatography in deactivated silica gel 

eluted with CHCl3/MeOH (30:1), to yield 1.80 g of the 

nucleobase as a yellowish oil (83% yield). The experimental procedure was adapted from 

literature.268 
1H NMR (300 MHz, CDCl3): δ = 8.43 (s, 1H, H6), 7.49 (d, J = 8.4 Hz, 2H, Ha), 7.44 (d, J = 7.3 Hz, 

2H, Hx), 7.33 (d, J = 8.8 Hz, 4H, Hv), 7.26 (d, J = 3.2 Hz, 2H, Hy), 7.17 (m, 1H, Hz), 7.14 (s, 1H, 

NH2), 6.77 (d, J = 8.8 Hz, 4H, Hw), 6.62 (d, J = 8.4 Hz, 2H, Hb), 6.26 (t, J = 6.0 Hz, 1H, H1’), 4.46 

(q, J = 5.0 Hz, 1H, H4’), 4.03 (m, 1H, H3’), 3.70 (s, 6H, 2 OCH3), 3.49 (dd, J = 10.8, 2.6 Hz, 1H, 1 

H5’), 3.21 (dd, J = 10.8, 3.4 Hz, 1H, 1 H5’), 2.56 (ddd, J = 13.5, 6.2, 4.7 Hz, 1H, 1 H2’), 2.24 (dt, J 

= 13.5, 5.9 Hz, 1H, 1 H2’), 0.81 (s, 9H, SiC(CH3)3), 0.01 (s, 3H, SiCH3), -0.05 (s, 3H, SiCH3).  
13C NMR (76 MHz, CDCl3): δ = 164.5, 158.4, 154.2, 144.8, 144.3, 143.8, 137.0, 135.6, 135.5, 

132.6, 129.80, 129.76, 127.9, 127.8, 126.8, 121.5, 113.1, 94.1, 94.0, 90.8, 86.9, 86.8, 86.6, 

81.5, 71.4, 62.6, 55.0, 46.0, 42.5, 25.6, 17.8, 10.9, -4.7, -5.0. 

MS (MALDI, DCTB+NaI): m/z = 892.2 [M+Na]+. 

▪ Standard Procedure K for N4 protection with benzoyl groups. In a double neck 

round-bottom flask, equipped with a magnetic stirred, the nucleobase (1 eq.) was placed 

under argon atmosphere. Dry DMF (volume indicated in each case) was added and the 

mixture was heated to 50 °C. Benzoic anhydride (1.5 eq.) was incorporated to the system 

and the resulting mixture was stirred overnight until completion, which was monitored by 

TLC. After solvent evaporation, the residue was purified by column chromatography on 

deactivated silica gel (eluent indicated in each case).  
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dC12. N4-benzoyl-3’-O-(tert-butyldimethylsilyl)-5-(p-iodophenylethynyl)-5’-O-(4,4’-

dimethoxytrityl)-2’-deoxycytidine.  

The nucleobase was prepared following Standard Procedure 

K. dC11 (0.39 mmol, 340 mg) was dissolved in dry DMF (0.5 

mL) at 50 °C. Afterwards, benzoic anhydride (0.78 mmol, 

177 mg) was incorporated to the mixture. All volatiles were 

removed in vacuo and the product was isolated using 

deactivated silica gel eluted with CyHex/AcOEt (2:1) to 

provide 306 mg (81% yield) of the pyrimidine.  
1H NMR (300 MHz, CDCl3):δ (ppm) = 13.20 (s, 1H, NH), 8.51 

(s, 1H, H6), 8.28 (d, J = 7.7 Hz, 2H, Hc), 7.51 (dd, J = 7.7, 1.7 

Hz, 1H, He), 7.44 (m, 6H, Ha, Hd, Hx), 7.33 (d, J = 8.8 Hz, 4H, 

Hv), 7.24 (m, 2H, Hy), 7.14 (dd, J = 7.1, 1.4 Hz, 1H, Hz), 6.76 (dd, J = 8.8, 1.7 Hz, 4H, Hw), 6.59 

(d, J = 8.6 Hz, 2H, Hb), 6.30 (t, J = 6.3 Hz, 1H, H1’), 4.47 (dt, J = 6.1, 3.0 Hz, 1H, H4’), 4.02 (d, J = 

3.0 Hz, 1H, H3’), 3.67 (s, 3H, OCH3), 3.66 (s, 3H, OCH3),3.51 (dd, J = 11.0, 2.5 Hz, 1H, 1 H5’), 

3.20 (dd, J = 11.0, 3.0 Hz, 1H, 1 H5’), 2.49 (dt, J = 13.3, 5.3 Hz, 1H, 1 H2’), 2.27 (dt, J = 13.3, 6.3 

Hz, 1H, 1 H2’), 0.81 (s, 9H, SiC(CH3)3), 0.00 (s, 3H, SiCH3), -0.06 (s, 3H, SiCH3).  
13C NMR (76 MHz, CDCl3): δ = 166.9, 158.7, 158.6, 144.4, 137.0, 135.5, 135.4, 132.8, 132.7, 

130.4, 129.8, 129.7, 129.5, 128.8, 128.3, 128.2, 128.0, 127.9, 127.0, 121.9, 113.3, 112.9, 94.2, 

93.6, 87.5, 87.0, 86.7, 81.8, 71.8, 62.7, 60.2, 55.1, 52.0, 42.4, 26.8, 25.7, 17.9, -4.7, -5.0.  

MS (MALDI, Dithranol+NaI): m/z = 996.3 [M+Na]+.  

dC13. N4-acetyl-3’-O-(tertbutyldimethylsilyl)-5-(p-iodophenylethynyl)-5’-O-(4,4’-dimethoxy 

trityl)-2’-deoxycytidine.  

The pyrimidine dC11 (0.46 mmol, 400 mg) and catalytic DMAP 

(46 µmol, 6 mg) were dissolved in 0.15 mL of dry DMF. NEt3 

(0.69 mmol, 0.1 mL) and acetyl anhydride (0.51 mmol, 0.05 mL) 

were afterwards added to the solution. The mixture was stirred 

at room temperature until completion. Afterwards, the solvents 

were evaporated and the crude product was subjected to 

column chromatography eluted with CyHex/AcOEt (1.5:1) in 

deactivated silica to afford 252 mg (60 % yield) as a yellow 

viscous oil.  
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.66 (s, 1H, H6), 8.04 (s, 1H, 

NH), 7.48 (d, J = 8.5 Hz, 2H, Ha), 7.4 – 7.2 (m, 9H, Hx, Hy, Hv), 6.76 (d, J = 8.9 Hz, 4H, Hw), 6.58 

(dd, J = 8.5 Hz, 2H, Hb), 6.23 (t, J = 5.8 Hz, 1H, H1’), 4.50 (q, J = 5.2 Hz, 1H, H4’), 4.06 (q, J = 3.1 

Hz, 1H, H3’), 3.70 (s, 6H, 2 OCH3), 3.52 (dd, J = 10.9, 2.5 Hz, 1H, 1 H5’), 3.21 (dd, J = 10.9, 3.3 

Hz, 1H, 1 H5’), 2.74 (s, 3H, COCH3), 2.64 (ddd, J = 13.7, 6.4, 4.9 Hz, 1H, 1 H2’), 2.29 (dt, J = 13.7, 

5.9 Hz, 1H, 1 H2’), 0.83 (s, 9H, SiC(CH3)3), 0.02 (s, 3H, SiCH3), -0.04 (s, 3H, SiCH3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 159.4, 158.6, 152.9, 146.0, 144.4, 137.3, 135.6, 135.5, 

132.8, 129.92, 129.86, 128.0, 127.9, 127.1, 120.8, 113.3, 96.4, 95.0, 92.1, 87.8, 87.5, 86.9, 

79.7, 71.1, 62.4, 60.4, 55.2, 42.6, 26.9, 26.6, 25.7, 17.9, -4.6, -4.9.  

MS (MALDI, DCTB+NaI): m/z = 934.3 [M+Na]+. 
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dC14. 5-ethynyl-5’-O-(4,4’-dimethoxytrityl)-2’-deoxycytidine.  

The pyrimidine was obtained following Standard Procedure J using 

the nucleobase dC7 (1.20 mmol, 300 mg), catalytic DMAP (0.36 

mmol, 45 mg) and DMTrCl (2.40 mmol, 807 mg) in anhydrous 

pyridine (6.0 mL) stirring at ambient temperature overnight. After 

solvent removal, column chromatography on deactivated silica gel 

eluted with CHCl3/MeOH (100:1) afforded 372 mg of a white foam 

(56% yield). Spectral d conformed to previously reported data.277 
1H NMR (300 MHz, CD2Cl2): δ (ppm) = 8.14 (s, 1H, H6), 7.43 (d, J = 

6.8 Hz, 2H, Hx), 7.32 (m, 6H, Hy, Hv), 7.23 (m, 1H, Hz), 6.84 (d, J = 8.7 Hz, 4H, Hw), 6.26 (t, J = 

6.4 Hz, 1H, H1’), 5.84 (s (b), 1H, OH), 4.46 (dt, J = 4.7, 2.1 Hz, 1H, H4’), 4.13 (q, J = 3.2 Hz, 1H, 

H3’), 3.77 (s, 6H, 2 OCH3), 3.31 (t, J = 2.9 Hz, 2H, H5’), 3.17 (s, 1 H, H≡), 2.68 (d, J = 13.8 Hz, 1H, 

1 H2’), 2.17 (dt, J = 13.8, 6.8 Hz, 1H, 1 H2’). 
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 164.2, 158.1, 153.3, 144.7, 144.6, 135.5, 135.3, 

129.7, 127.9, 127.6, 126.7, 113.2, 89.1, 85.8, 85.6, 75.3, 70.6, 63.7, 55.0, 45.7, 40.8, 8.7. 

MS (FAB): m/z = 576.1 [M+Na]+. 

dC15. N4-benzoyl-5-ethynyl-5’-O-(4,4’-dimethoxytrityl)-2’-deoxycytidine. 

Following Standard Procedure K, dC14 (90.38 µmol, 50 mg) 

was dissolved in dry DMF (1 mL) and stirred at 50 °C. 

Afterwards, benzoic anhydride (0.14 mmol, 30.7 mg) was 

slowly added to the mixture and allowed to stir for 24 

hours under argon atmosphere. After that period, solvents 

were removed in vacuo and the product was isolated using 

deactivated silica gel eluted with CHCl3/MeOH (50:1) to 

obtain 42 mg (73% yield) of the pyrimidine. 
1H NMR (300 MHz, CD2Cl2): δ (ppm) = 8.31 (s,1H, H6), 8.19 

(d, J = 7.5 Hz, 2H, Ha), 7.56 (m, 1H, Hc), 7.47 (t, J = 8.4 Hz, 4H, Hw, Hb), 7.35 (m, 6H, Hx, Hy), 

7.22 (dd, J = 8.0, 6.0 Hz, 1H, Hz), 6.86 (d, J = 9.0 Hz, 4H, Hw), 6.24 (t, J = 6.3 Hz, 1H, H1’), 4.59 

(m, 1H, H4’), 4.17 (m, 1H, H3’), 3.77 (s, 6H, 2 OCH3), 3.36 (td, 2H, J = 11.7, 7.8 Hz, H5’), 2.87 (s, 

1H, H≡), 2.85 (m, 1H, 1 H2’), 2.31 (dt, J = 12.6, 6.0 Hz, 1H, 1 H2’). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 158.7, 144.6, 137.4, 135.7, 133.0, 130.1, 130.0, 129.7, 

128.5, 128.2, 128.0, 127.2, 113.5, 94.5, 87.2, 72.1, 63.5, 55.3, 42.3, 31.1, 8.75. 

MS (FAB): m/z = 658.2 [M+H]+.  
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dC1a. N4-benzoyl-5-(p-iodophenylethynyl)-5’-O-(4,4’-dimethoxytrityl)-2’-deoxycytidine. 

Procedure 1: Following Standard Procedure K, dC9 (0.36 

mmol, 273 mg) was dissolved in dry DMF (0.4 mL) and 

stirred at 50 °C. Afterwards, benzoic anhydride (0.54 mmol, 

123 mg) was slowly added to the mixture and allowed to 

stir for 48 hours under argon atmosphere. After that period, 

solvents were removed in vacuo and the product was 

isolated using deactivated silica gel eluted with 

CyHex/AcOEt (2:1) to obtain 140 mg (48% yield) of the 

pyrimidine. 

Procedure 2: Following Standard Procedure D, dC1a was 

obtained from dC12 (0.31 mmol, 300 mg), TBAF·3H2O (0.37 mmol, 117 mg) dissolved in THF 

(3 mL). Purification by column chromatography eluted with CyHex/AcOEt (2:1) afforded 215 

mg (81% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.40 (s, 1H, H6), 8.17 (d, J = 8.5 Hz, 2H, Hc), 7.45 (d, J = 

8.4 Hz, 3H, He, Ha), 7.38 (d, J = 7.4 Hz, 4H, Hd, Hx), 7.28 (d, J = 8.7 Hz, 4H, Hv), 7.18 (m, 2H, Hy), 

7.06 (dd, J = 8.1, 6.2 Hz, 1H, Hz), 6.70 (dd, J = 8.9, 3.2 Hz, 4H, Hw), 6.64 (d, J = 8.4 Hz, 2H, Hb), 

6.28 (dd, J = 7.1, 5.8 Hz, 1H, H1’), 4.53 (dt, J = 5.8, 2.9 Hz, 1H, H4’), 4.12 (d, J = 2.9 Hz, 1H, H3’), 

3.61 (s, 3H, OCH3), 3.60 (s, 3H, OCH3), 3.40 (dd, J = 11.1, 2.8 Hz, 1H, 1 H5’), 3.22 (dd, J = 11.1, 

3.5 Hz, 1H, 1 H5’), 2.59 (m, 1H, 1 H2’), 2.27 (dt, J = 13.4, 6.5 Hz, 1H, 1 H2’).  
13C NMR (76 MHz, CDCl3): δ = 162.6, 159.0, 158.6, 144.5, 144.1, 137.2, 136.0, 135.7, 135.6, 

132.8, 129.9, 129.8, 129.5, 129.3, 128.4, 128.0, 127.9, 127.7, 127.0, 121.9, 113.3, 94.4, 94.0, 

87.2, 87.1, 87.0, 81.6, 71.7, 63.5, 55.2, 45.6, 42.2, 9.5.  

MS (MALDI, Dithranol+NaI): m/z = 882.2 [M+Na]+. 

dC1b. N4-acetyl-5-(p-iodophenylethynyl)-5’-O-(4,4’-dimethoxytrityl)-2’-deoxycytidine. 

The deprotection of 3’-O was performed following Standard 

Procedure D, using pyrimidine dC13 (0.82 mmol, 750 mg) and 

TBAF∙3H2O (0.91 mmol, 240 mg) in 30 mL of THF. The crude 

product was purified by deactivated column chromatography 

eluted with CHCl3/MeOH (50:1) to yield 540 mg (81% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 11.62 (s (b), 1H, NH), 8.56 (s, 

1H, H6), 8.05 (s, 2H, Ha), 7.55 (d, J = 7.3 Hz, 2H, Hx), 7.3 – 7.1 (m, 6H, 

Hx, Hv), 7.25 (m, 1H, Hz), 6.74 (m, 6H, Hw, Hb), 6.32 (t, J = 6.3 Hz, 1H, 

H1’), 4.60 (m, 1H, H4’), 4.26 (q, J = 3.0 Hz, 1H, H3’), 3.68 (s, 3H, OCH3), 

3.69 (s, 3H, OCH3), 3.42 (dd, J = 10.7, 2.7 Hz, 1H, 1 H5’), 3.27 (dd, J = 

10.7, 3.6 Hz, 1H, 1 H5’), 2.85 (m, 1H, 1 H2’), 2.69 (s, 3H, COCH3), 2.31 (dt, J = 13.6, 6.5 Hz, 1H, 

1 H2’).  
13C NMR (76 MHz, CDCl3): δ = 175.5, 172.3, 159.6, 158.7, 153.4, 146.1, 144.6, 137.5, 135.7, 

135.6, 132.9, 129.9, 128.1, 128.0, 127.1, 120.8, 113.4, 96.5, 95.3, 92.4, 88.3, 87.5, 87.1, 79.7, 

71.9, 63.4, 55.3, 46.1, 42.7, 26.6, 25.8, 11.1, -3.5.  

MS (MALDI, DCTB+NaI): m/z = 820.2 [M+Na]+. 
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2-DEOXYURIDINE 

dU1. 5-iodo-2’-deoxyuridine. 

The synthesis was in accordance with previously reported literature.269 A 

suspension of the nucleoside (43.82 mmol, 10.0 g), I2 (26.30 mmol, 6.67 g) 

and CAN (26.30 mmol, 14.40 g) in MeCN (250 mL) was stirred during 4 

hours at 50 °C. The reaction was monitored by TLC. Once the iodination 

reaction was complete, the resulting white solid was filtered and washed 

with cold MeCN (3 x 50 mL) to obtain 15.50 g of iodinated product (81% 

yield). Characterization data was in accordance with that previously reported in literature.278 
1H NMR (300 MHz, DMSO-d6): δ = 11.66 (s (b), 1H, NH), 8.39 (s, 1H, H5), 6.09 (t, J = 6.5 Hz, 

1H, H1’), 5.24 (d, J = 4.3 Hz, 1H, OH), 5.15 (t, J = 4.8 Hz, 1H, OH), 4.23 (q, J = 4.3 Hz, 1H, H4’), 

3.79 (c, J = 3.2 Hz, 1H, H3’), 3.58 (m, 2H, H5’), 2.12 (m. 2H, H2’). 

dU2. 5-trimethylsilylethynyl-2’-deoxyuridine. 

Characterization data and experimental procedure was in agreement to 

published literature.270 The Sonogashira product was obtained following 

Standard Procedure B from dU1 (26.30 mmol, 9.31 g),Pd(PPh3)2Cl2 (0.53 

mmol, 0.37 g), CuI (0.27 mmol, 50.0 mg) and TMSA (78.9 mmol, 11.2 mL) 

in the mixture THF/NEt3 (4:1, 125 mL) at 40 °C stirring under argon 

atmosphere for a period of 24 hours. The purification by column 

chromatography on silica gel eluted with CHCl3/MeOH (50:1) provided 5.42 g of dU2 (62% 

yield).  
1H NMR (300 MHz, DMSO-d6): δ = 11.63 (s (b), 1H, NH), 8.25 (s, 1H. H5), 6.09 (t, J = 6.5 Hz, 

1H, H1’), 5.24 (d, J = 4.3 Hz, 1H, OH), 5.11 (t, J = 4.9 Hz, 1H, OH), 4.23 (q, J = 3.6 Hz, 1H, H4’), 

3.78 (c, J = 3.6 Hz, 1H, H3’), 3.59 (m, 2H, H5’), 2.12 (m. 2H, H2’), 0.19 (s, 9H, Si(CH3)3). 

dU3. 5-ethynyl-2’-deoxyuridine. 

To a solution of dU2 (13.05 mmol, 4.23 g) dissolved in MeOH (50 mL), KF 

(19.57 mmol, 1.13 g) was added. The reaction mixture was stirred at room 

temperature overnight. Once the reaction was complete, which was 

monitored by TLC, the resulting solid was filtered and washed with cold H2O 

(2 x 20 mL) and MeOH (2 x 20 mL) to obtain 2.48 g of white powder (76% 

yield). Characterization data was in agreement to published literature.270 
1H NMR (300 MHz, DMSO-d6): δ= 7.87 (s, 1H. H6), 6.15 (t, J = 6.8 Hz, 1H, H1’), 5.18 (s (b), 1H, 

OH), 5.05 (s (b), 1H, OH), 4.20 (dd, J = 5.3, 3.3 Hz, 1H, H4’), 3.75 (s, 1H, H≡), 3.72 (q, J = 3.3 Hz, 

1H, H3’), 3.54 (m, 2H, H5’), 1.99 (m. 2H, H2’). 

dU4. 5-(p-iodophenylethynyl)-2’-deoxyuridine.  

This nucleobase was synthetized following Standard Procedure I. The 

coupling product was obtained from the derivative dU3 (7.06 mmol, 

1.78 g), p-diiodoarene (28.24 mmol, 9.31 g), Pd(PPh3)4 (0.14 mmol, 

0.163 g), CuI (3.530 μmol, 6.71 mg) in the solvent mixture THF/Net3 

(4:1, 18 mL) to which anhydrous DMF (10 mL) was incorporated. Once 

all volatiles were removed, purification via column chromatography 



 
 

Chapter 1. Hydrophilic Tubular Quadruplex DNA 

 

149 

 

eluted with CHCl3/MeOH (30:1) afforded 2.10 g of product (66% yield). 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 11.71 (s (b), 1H, NH), 8.40 (s, 1H, H6), 7.77 (d, J = 8.3 

Hz, 2H, Ha), 7.25 (d, J = 8.3 Hz, 2H, Hb), 6.12 (t, J = 6.4 Hz, 1H, H1’), 5.27 (d, J = 4.3 Hz, 1H, OH), 

5.19 (d, J = 4.8 Hz, 1H, OH), 4.24 (dd, J = 7.5, 4.5 Hz, 1H, H4’), 3.72 (q, J = 3.5 Hz, 1H, H3’), 3.60 

(m, 2H, H5’), 2.16 (m. 2H, H2’). 
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 161.3, 149.4, 144.1, 137.5, 132.9, 121.9, 99.5, 97.9, 

95.1, 91.0, 87.6, 84.9, 84.0, 69.9, 60.8, 40.2. 

MS (MALDI, DCTB+NaI): m/z = 477.0 [M+Na]+. 

dU5. 5-(p-iodophenylethynyl)-5’-trityl-2’-deoxyuridine.  

The derivative dU4 (66.08 μmol, 30 mg), DMAP (19.8 μmol, 2.42 mg) 

and imidazole (5.84 mmol, 5.8 mg) were dissolved in anhydrous DMF 

(1.2 mL) and stirred for 30 minutes. To this solution, trityl chloride 

(0.132 mmol, 37 mg) dissolved in dry DMF (0.3 mL) was then 

incorporated. After solvent removal, the crude mixture was subjected 

to column chromatography on deactivated silica gel eluted with 

CHCl3/MeOH (50:1) to obtain 30 mg of the compound (33% yield). 
1H NMR (300 MHz, DMSO-d6): δ= 9.36 (s (b),1H, NH), 8.09 (s, 1H, H6), 

7.66 (d, J = 8.1 Hz, 2H, Ha), 7.43 (d, J = 7.3 Hz, 6H, Hx), 7.31 (t, J = 7.3 

Hz, 6H, Hy), 7.22 (m, 3H, Hz), 6.85 (d, J = 8.1 Hz, 2H, Hb), 6.15 (t, J = 6.6 

Hz, 1H, H1’), 5.38 (s (b), 1H, OH), 4.33 (m, 1H, H4’), 3.98 (q, J = 2.5 Hz, 1H, H3’), 3.19 (m, 2H, 

H5’), 2.27 (m. 2H, H2’).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 161.3, 149.2, 143.5, 142.5, 137.1, 133.2, 128.6, 128.2, 

128.1, 127.5, 122.0, 100.4, 94.4, 93.0, 87.7, 86.8, 86.0, 81.4,72.3,63.8, 41.9.  

MS (ESI+): m/z = 697.67 [M+H]+. 

dU6. 5-trimethylsilylethynyl-5’-O-(4,4’-dimethoxytrityl)-2’-deoxyuridine. 

The compound dU6 was synthesized following Standard Procedure 

B by adding TMSA (54.84 mmol, 7.50 mL) to a solution of dU1a 

(18.28 mmol, 12.0 g) with catalytic Pd(PPh3)2Cl2 (0.36 mmol, 256 

mg), CuI (0.18 mmol, 34 mg) dissolved in a solvent mixture of 

THF/NEt3 (4:1, 120 mL) under argon atmosphere. The reaction was 

monitored by TLC and once it was complete, all volatiles were 

removed under reduced pressure and the crude material was 

purified by column chromatography on deactivated silica gel eluted 

with CHCl3/MeOH (50:1) to obtain 10.79 g of dU6 as a foam (91% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 7.99 (s, 1H, H6), 7.43 (d, J = 7.2 Hz, 2H, Hx), 7.32 (m, 6H, 

Hv, Hy), 7.20 (t, J = 7.2 Hz, 1H, Hz), 6.84 (d, J = 8.9 Hz, 4H, Hw), 6.29 (dd, J = 8.0, 5.7 Hz, 1H, H1’), 

4.42 (dd, J = 6.0, 3.0 Hz, 1H, H4’), 4.07 (q, J = 3.2 Hz, 1H, H3’), 3.78 (s, 6H, 2 OCH3), 3.41 (dd, J = 

10.6, 3.2 Hz, 1H, 1 H5’), 3.30 (dd, J = 10.6, 3.8 Hz, 1H, 1 H5’), 2.47 (ddd, J = 13.6, 5.7, 2.5 Hz, 1H, 

1 H2’), 2.19 (dt, J = 13.6, 6.8 Hz, 1H, 1 H2’), 0.0 (d, J = 0.8 Hz, 9H, SiC(CH3)3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 161.5, 158.5, 150.6, 144.4, 142.6, 135.59, 135.54, 

129.93, 129.85, 127.9, 126.8, 113.2, 100.4, 98.7, 95.7, 86.8, 86.7, 85.6, 72.0, 63.6, 55.1, 41.4, 

-0.4.  
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MS (FAB): m/z = 649.1 [M+Na]+. 

dU7. 5-ethynyl-5’-O-(4, 4’-dimethoxytrityl)-2’-deoxyuridine. 

This experimental procedure and characterization data were 

previously reported in literature.270 The synthesis was in 

agreement to Standard Procedure D, starting from dU6 (12.77 

mmol, 8.0 g) dissolved in THF (60 mL). To this reaction mixture, 

TBAF·3H2O (15.32 mmol, 4.83 g) were added at room temperature. 

The reaction was stirred until completion, when solvent was 

evaporated in a vacuum pump and the crude material was purified 

by deactivated column chromatography to afford 5.97 g of a white 

foam (88% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.05 (s, 1H, H6), 7.42 (d, J = 7.6 Hz, 2H, Hx), 7.31 (m, 6H, 

Hy, Hv), 7.20 (m, 1H, Hz), 6.83 (d, J = 9.0 Hz, 4H, Hw), 6.31 (dd, J = 7.4, 5.7 Hz, 1H, H1’), 4.52 (dq, 

J = 5.7, 2.9 Hz, 1H, H4’), 4.10 (q, J = 3.2 Hz, 1H, H3’), 3.76 (s, 6H, 2 OCH3), 3.36 (m, 2H, H5’), 

2.88 (s, 1H, H≡), 2.48 (tdd, J = 13.6, 6.0, 3.3 Hz, 1H, 1 H2’), 2.23 (dt, J = 13.6, 6.7 Hz, 1H, 1 H2’).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 161.6, 158.4, 151.1, 144.4, 143.5, 135.6, 135.4, 129.93, 

129.90, 127.8, 126.7, 113.2, 98.9, 86.7, 86.4, 85.6, 81.3, 75.2, 71.7, 63.6, 55.1, 41.4.  

MS (FAB): m/z = 554.3 [M+Na]+. 

dU1a. 5-iodo-5’-O-(4,4’-dimethoxytrityl)-2’-deoxyuridine. 

The compound dU1a was prepared in agreement to Standard 

Procedure J. In a round-bottom flask the protected nucleobase 

dU1 (11.30 mmol, 4.0 g) and catalytic DMAP (3.42 mmol, 414 mg) 

were place and 30 mL of dry pyridine were added. To this system, 

4,4′-dimethoxytrityl chloride (22.60 mmol, 7.652 g) was added 

dropwise, dissolved in dry pyridine (6 mL). The reaction was 

stirred at room temperature overnight. The isolation of the 

pyrimidine by deactivated column chromatographic eluted with 

CHCl3/MeOH (30:1) afforded 3.71 g of a white foam (50% yield). This molecule was 

previously reported in literature.271d 

1H NMR (300 MHz, CDCl3): δ (ppm) = 8.62 (s (b), 1H, NH), 8.14 (s, 1H, H6), 7.41 (dd, J = 7.2, 

1.4 Hz, 2H, Hx), 7.32 (m, 7H, Hy, Hz, Hv), 6.84 (d, J = 7.9 Hz, 4H, Hw), 6.33 (m, 1H, H1’), 4.78 (s 

(b), 1H, OH), 4.55 (m, 1H, H3’), 4.11 (m, 1H, H4’), 3.78 (s, 6H, 2 OCH3), 3.38 (m, 2H, H5’), 2.51 

(ddd, J = 13.8, 5.3, 2.2 Hz, 1H, 1 H2’), 2.29 (dt, J = 13.8, 6.9 Hz, 1H, 1 H2’).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 160.9, 158.7, 150.7, 144.5, 144.41, 135.6, 135.50, 

130.15, 128.1, 127.1, 113.5, 87.0, 86.7, 85.8, 72.4, 69.1, 63.7, 55.3, 41.5.  

MS (MALDI, DCTB+NaI): m/z = 679.1 [M+Na]+.  
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dU1b. 5-(p-iodophenylethynyl)-5’-O-(4,4’-dimethoxytrityl)-2’-deoxyuridine. 

Procedure 1: This compound can be obtained following Standard 

Procedure I from dU7 (14.11 mmol,7.50 g), p-diiodobenzene 

(28.23 mmol, 9.31 g), CuI (0.14 mmol, 27 mg), Pd(PPh3)2Cl2 (0.28 

mmol, 197 mg) at 40 °C under argon atmosphere in the solvent 

mixture THF/NEt3 (4:1, 110 mL) stirring until completion, which 

was monitored by TLC. After solvent removal, column 

chromatography on deactivated silica gel eluted with CHCl3/MeOH 

(50:1) provided 7.14 g of pyrimidine (67% yield). 

Procedure 2: The target molecule was prepared by following 

Standard Procedure J, starting from the nucleobase dU4 (4.40 

mmol, 2.0 g) in the presence of catalytic DMAP (1.32 mmol, 160 mg) dissolved in anhydrous 

pyridine (50 mL). To this system, a solution of 4,4′-dimethoxytrityl chloride (11.04 mmol, 

3.73 g) dissolved in dry pyridine (20 mL) was incorporated. After solvent removal, the crude 

solid was purified by column chromatography on deactivated silica gel eluted with 

CHCl3/MeOH (50:1) to provide 500 mg of a white foam (15% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.18 (s, 1H, H6), 7.38 (d, J = 8.5 Hz, 2H, Ha), 7.37 (m, 2H, 

Hx), 7.27 (d, J = 8.9 Hz, 4H, Hv), 7.17 (m, 3H, Hy, Hz), 6.70 (dd, J = 8.9, 3.1 Hz, 4H, Hw), 6.58 (d, J 

= 8.5 Hz, 2H, Hb), 6.30 (dd, J = 7.7, 5.6 Hz, 1H, H1’), 4.50 (t, J = 3.5 Hz, 1H, H4’), 4.07 (d, J = 3.5 

Hz, 1H, H3’), 3.63 (s, 6H, 2 OCH3), 3.41 (dd, J = 10.6, 2.7 Hz, 1H, 1 H5’), 3.23 (dd, J = 10.6, 3.4 

Hz, 1H, 1 H5’), 2.46 (m, 1H, 1 H2’), 2.26 (td, J = 12.0, 5.2 Hz, 1H, 1 H2’).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 162.9, 158.5, 150.3, 144.5, 142.6, 137.0, 135.6, 135.5, 

133.1, 129.96, 129.92, 128.0, 127.9, 127.0, 122.2, 113.3, 100.2, 94.0, 92.4, 87.0, 86.0, 82.2, 

72.1, 63.7, 55.2, 41.8.  

MS (MALDI, DCTB+NaI): m/z = 779.1 [M+Na]+. 

SYNTHESIS OF HYDROPHILIC MONOMERS 

▪ Standard Procedure L for the Sonogashira coupling with ethynyl-nucleobases in 

order to synthesize asymmetrically substituted monomers. A dry THF/DIPEA or DMF/DIPEA 

(6:1 or 4:1, depending on the molecule sensibility) solvent mixture (volume indicated in each 

case) was subjected to deoxygenation by three freeze-pump-thaw cycles with argon. Then, 

this solvent was added over the system containing the corresponding ethynyl-substituted 

base (1 eq), excess of the p-diiodoarene derivative (indicated in each case), Cul (0.01 eq) and 

PdCl2(PPh3)2 (0.02 eq). The mixture was stirred under argon at 40 °C (unless indicated 

otherwise) until completion, which was monitored by TLC. The purification methods are 

indicated in each case.  
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G1b-dC1a. 

G1b-dC1a was prepared following 

Standard Procedure L with G1b 

(0.54 mmol, 230 mg), dC1a (0.66 

mmol, 564 mg), Cul (5.46 µmol, 

1.04 mg) and Pd(PPh3)2Cl2 (10.94 

µmol, 7.66 mg) suspended in the 

DMF/DIPEA (6:1) mixture (6 mL) 

at 40 °C. Once the reaction was 

complete, the mixture was 

concentrated under reduced 

pressure. The product was purified by column chromatography on deactivated silica gel 

eluted with CHCl3/MeOH (40:1), affording 362 mg of the desired monomer as an ochre 

viscous oil (61% yield).  
1H NMR (300 MHz, CDCl3) δ (ppm) = 8.57 (s, 1H, N=CH), 8.44 (s, 1H, H6), 8.22 (d, J = 7.5 Hz, 

2H, Hc), 7.49 (m, 1H, Ha), 7.40 (td, J = 8.0, 3.0 Hz, 4H, Hb, Hv), 7.32 (d, J = 8.4 Hz, 6H, Hcb, Hv), 

7.19 (t, J = 7.6 Hz, 2H, Hy), 7.07 (t, J = 7.3 Hz, 1H, Hz), 6.96 (d, J = 8.1 Hz, 2H, Hx), 6.73 (dd, J = 

8.7, 3.6 Hz, 4H, Hw), 6.34 (t, J = 6.5 Hz, 1H, H1’), 4.67 (m, 1H, H4’), 4.33 (s, 2H, H5’), 4.26 (m, 

1H, H3’), 3.84 (t, J = 6.3 Hz, 2H, NCH2CH2O), 3.63 (s, 3H, OCH3), 3.61 (s, 3H, OCH3), 3.58 (m, 

2H, NCH2CH2O), 3.65 – 3.50 (m, 10H, OCH2CH2O), 3.43 (m, 2H, CH2OCH3), 3.26 (s, 3H, OCH3), 

3.16 (s, 3H, NCH3), 3.06 (s, 3H, NCH3), 2.72 (m, 1H, H2’), 2.34 (dt, J = 12.5, 5.5 Hz, 1H, H2’). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 158.5, 158.2, 157.7, 157.2, 150.6, 144.5, 135.7, 135.6, 

132.7, 132.4, 131.4, 131.3, 129.9, 129.8, 128.3, 127.9, 126.9, 123.5, 120.9, 120.5, 113.3, 

93.4, 87.2, 86.9, 82.9, 80.7, 71.8, 71.6, 70.6, 70.5, 70.44, 70.41, 70.3, 68.8, 63.6, 58.8, 55.1, 

54.0, 53.5, 43.0, 42.3, 42.1, 41.5, 35.2, 29.6, 12.1.  

HRMS (MALDI, DCTB+NaI): m/z = Calculated for NaC64H65N9O12: 1174.4650 [M+Na]+. Found: 

1174.4661 [M+Na]+. 

A1b-dU1b. 

A1b-dU1b was prepared 

following Standard Procedure 

L with A1b (0.33 mmol, 210 

mg), dU1b (0.27 mmol, 209 

mg), Cul (2.73 µmol, 0.53 mg) 

and Pd(PPh3)2Cl2 (5.47 µmol, 

3.87 mg) suspended in the 

THF/DIPEA (6:1) mixture (3 

mL) at 40 °C. Once the 

reaction was complete, the mixture was concentrated under reduced pressure. A1b-dU1b 

was purified by column chromatography on deactivated silica gel with DIPEA eluted, eluted 

with CHCl3/Acetone (2:1), affording 260 mg of the desired monomer as a brownish solid 

(63% yield). 
1H NMR (300 MHz, CD2Cl2): δ (ppm) = 9.26 (s (b), 1H, NH), 8.24 (s, 1H, H6), 7.48 (d, J = 6.9 Hz, 

4H, Hb), 7.45 – 7.20 (m, 8H, Hcb, Hv), 7.19 (m, 1H, Hz), 7.05 (d, J = 7.2 Hz, 10H, Ha, Hc, Hx, Hy), 
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6.82 (d, J = 8.7 Hz, 4H, Hw), 6.34 (t, J = 6.2 Hz, 1H, H1’), 5.07 (s (b), 2H, COCH2), 4.97 (s (b), 2H, 

COCH2), 4.61 (m, 1H, H4’), 4.52 (t, J = 4.7 Hz, 2H, NCH2CH2O), 4.20 (s (b), 1H, OH), 3.97 (t, J = 

4.7 Hz, 2H, NCH2CH2O), 3.69 (s, 3H, OCH3), 3.68 (s, 3H, OCH3), 3.62 (m, 2H, H5’), 3.55 – 3.40 

(m, 12H, OCH2CH2O), 3.29 (s, 3H, OCH3), 3.02 (m, 1H, H3’), 2.57 (m, 1H, 1 H2’), 2.31 (m, 1H, 1 

H2’). 
13C NMR (76 MHz, CD2Cl2): δ (ppm) = 168.3, 162.1, 159.2, 158.2, 158.1, 153.2, 152.8, 150.1, 

148.8, 145.3, 143.5, 137.7, 136.3, 136.2, 132.4, 132.1, 130.5, 130.5, 130.2, 128.6, 128.5, 

127.5, 125.1, 122.4, 122.3, 120.5, 119.4, 115.4, 115.4, 113.8, 100.2, 96.7, 93.1, 87.4, 86.7, 

84.4, 80.2, 78.2, 72.5, 72.4, 71.18, 71.04, 70.93, 70.91, 70.81, 69.1, 68.9, 59.1, 55.7, 44.3, 

42.2, 18.3, 12.7. 

HRMS (ESI+): m/z = Calculated for NaC70H68N8O15: 1283.4702 [M+Na]+. Found: 1283.4689 

[M+Na]+. 

▪ Standard Procedure M for incorporation of the phosphoramidite functionality. The 

phosphoramidite chemistry was adapted from literature.281 An oven dried round-bottom 

flask was charged with the corresponding monomer (1 eq.) and dissolved in MeCN or CH2Cl2 

(amount indicated in each case) under argon atmosphere. Afterwards DIPEA (1.30 eq.) and 

2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (1.10 eq.) were added dropwise under 

rigorous anhydrous conditions. The reaction mixture was then allowed to stir at room 

temperature. Once the coupling was completed (after additional incorporation of reactants 

if needed), the crude was extracted with NaHCO3 (aq. sat.) and solvents were removed in 

vacuo. The purification by column chromatography on deactivated silica gel provides the 

isolated phosphoramidite ready for ASPS after coevaporation with anhydrous MeCN. 

A1b-dU1c. 

The amidite was prepared 

following the Standard 

Procedure M. A round-

bottom dried flask was 

charged with A1b-dU1b 

(0.12 mmol, 150 mg) 

dissolved in dry CH2Cl2 (3 

mL). Thereafter, freshly 

distilled DIPEA (0.15 mmol, 

26 µL) and the commercial 

2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (0.11 mmol, 22 µL) were incorporated 

to the reaction system. Once the reaction was complete and after performing the work-up, 

the resulting residue was purified by column chromatography on deactivated silica gel 

eluted with CHCl3/Acetone (5:1 to 3:1) to afford 143 mg of the phosphoramidite (81% yield). 

This compound was directly subjected to ASPS as soon as possible. 
1H NMR (300 MHz, CD2Cl2): δ (ppm) = 8.84 (s (b), 1H, NHU), 8.30 (s, 1H, H6), 8.26 (s, 1H, H6), 

7.47 (td, J = 8.8, 8.2, 2.3 Hz, 4H, Hb), 7.40 – 7.30 (m, 6H, Hcb, Hx), 7.27 (dd, J = 8.1, 1.6 Hz, 2H, 

                                                             
281 M. Hassler, Y. Qiao Wu, N. M. Reddy, T. Hang Chan, M. J. Damha, Tetrahedron Letters, 2011, 52, 2575-

2578. 
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Hc), 7.17 (m, 1H, Hz), 7.1 – 7.0 (m, 6H, Hy, Hv, Ha), 6.81 (dt, J = 9.0, 2.5 Hz, 4H, Hw), 6.31 (ddd, J 

= 7.9, 6.2, 2.0 Hz, 1H, H1’), 5.11 (s (b), 2H, COCH2), 4.95 (s (b), 2H, COCH2), 4.67 (ddd, J = 12.0, 

6.2, 3.1 Hz, 1H, H4’), 4.51 (t, J = 5.6 Hz, 2H, NCH2CH2O), 4.26 (m, 1H, OCH2CH2CN), 4.19 (m, 

1H, OCH2CH2CN), 3.96 (t, J = 5.6 Hz, 2H, NCH2CH2O), 3.71 (s, 3H, OCH3), 3.67 (s, 3H, OCH3), 

3.65 (m, 1H, 1 H5’), 3.60 (m, 3H, 1 H5’, OCH2CH2CN), 3.50 – 3.40 (m, 12H, OCH2CH2O), 3.34 

(m, 1H, H3’), 3.32 (s, 3H, OCH3), 2.63 (t, J = 6.2 Hz, 2H, 2 NCH(CH3)2), 2.56 (m, 1H, 1 H2’), 2.39 

(m, 1H, 1 H2’), 1.18 (d, J = 6.8 Hz, 12H, 2 NCH(CH3)2). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 167.2, 161.2, 158.7, 157.4, 152.8, 152.1, 149.3, 148.2, 

144.4, 142.5, 137.4, 135.5, 135.4, 131.7, 123.0, 129.8, 129.7, 128.1, 128.0, 127.1, 124.7, 

122.2, 122.1, 119.8, 119.3, 117.2, 115.1, 115.0, 113.4, 100.2, 96.2, 92.8, 87.2, 85.7, 83.6, 

79.6, 71.9, 70.58, 70.56, 70.53, 70.45, 68.6, 68.4, 68.2, 62.9, 59.0, 58.3, 58.2, 57.7, 55.2, 45.4, 

45.3, 43.7, 40.9, 29.7, 23.0, 22.98, 22.93, 22.89, 20.3, 20.2, 17.0, 16.8, 14.1.  
31P NMR (122 MHz, CDCl3): δ(ppm) = 139.07, 138.90. 

HRMS (ESI+): m/z = Calculated for C79H86N10O16P: 1461.5961 [M+H]+. Found: 1461.5971 

[M+H]+. 

G1b-dC1c. 

G1b-dC1c was prepared 

following Standard Procedure M. 

A round-bottom dried flask was 

charged with G1b-dC1a (0.14 

mmol, 160 mg) dissolved in dry 

CH2Cl2 (3 mL). Thereafter, 

freshly distilled DIPEA (0.18 

mmol, 31 µL) and the 

commercial 2-cyanoethyl-N,N-

diisopropylchlorophosphoramid

ite (0.15 mmol, 34 µL) were incorporated to the reaction system. Once the reaction was 

complete and after performing the work-up, the resulting residue was purified by column 

chromatography on deactivated silica gel eluted with CHCl3/MeOH (50:1) to afford 82 mg of 

the phosphoramidite (43% yield). This compound was directly subjected to ASPS as soon as 

possible. 
1H NMR (300 MHz, CD2Cl2): δ (ppm) = 8.52 (s, 1H, s, 1H, N=CH), 8.46 (d, 1H, H6), 8.29 (m, 2H, 

Hc), 7.59 (c, J = 7.3 Hz, 1H, Ha), 7.55 – 7.40 (m, 6H, Hb, Hv), 7.39 (dd, J = 8.7, 2.7 Hz, 4H, Hcb), 

7.28 (m, 2H, Hy), 7.20 (m, 1H, Hz), 7.05 (dd, J = 8.4, 6.5 Hz, 2H, Hx), 6.81 (ddd, J = 7.2, 3.1, 1.4 

Hz, 4H, Hw), 6.31 (m, 1H, H1’), 4.69 (m, 1H, H4’), 4.39 (t, J = 6.1 Hz, 2H, NCH2CH2O), 4.30 (m, 

2H, OCH2CH2CN), 3.89 (t, J = 6.1 Hz, 2H, NCH2CH2O), 3.71 (s, 3H, OCH3), 3.69 (s, 3H, OCH3), 

3.61 (m, 3H, OCH2CH2CN, H3’), 3.55 – 3.50 (m, 10H, OCH2CH2O), 3.45 (m, 3H, CH2OCH3, H5’), 

3.35 (m, 1H, H5’), 3.29 (s, 3H, OCH3), 3.19 (s, 3H, NCH3), 3.10 (s, 3H, NCH3), 2.64 (t, J = 6.5 Hz, 

2H, 2 NCH(CH3)2), 2.58 (t, J = 6.1 Hz, 1H, H2’), 2.42 (m, 1H, H2’), 1.19 (dd, J = 6.5, 2.7 Hz, 12H, 

2H, 2 NCH(CH3)2)). 
13C NMR (75 MHz, CDCl3): δ (ppm) = 158.7, 158.6, 158.1, 157.5, 157.2, 150.5, 144.34, 144.29, 

143.7, 135.42, 135.38, 132.7, 132.3, 131.3, 129.93, 129.87, 129.63, 129.62, 128.3, 128.0, 

127.9, 127.0, 121.0, 120.6, 117.4, 117.0, 113.3, 93.2, 87.0, 80.8, 71.7, 70.6, 70.51, 70.45, 
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70.44, 70.42, 70.33, 68.7, 58.9, 58.2, 58.1, 55.1, 45.24, 45.16, 43.3, 43.2, 43.1, 43.0, 42.9, 

41.4, 35.2, 29.6, 22.89, 22.87, 22.82, 22.78, 20.3, 20.1. 
31P NMR (122 MHz, CD2Cl2): δ(ppm) = 148.93, 148.65. 

HRMS (ESI+): m/z = Calculated for NaC73H82N11O13P: 1374.5723 [M+Na]+. Found: 1374.5723 

[M+Na]+. 
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2.1. DESIGN AND SYNTHETIC STRATEGY 

The synthesis of lipophilic monomers that could be oligomerised through Solid Phase 

Synthesis was one of the main projects developed through this Doctoral Thesis. As a starting 

point, in order to optimize and test the oligomerization protocol, we would synthetize 

without the help of the DNA synthesizer the shortest possible oligomer: a dimer. This 

objective would be achieved using standard techniques in our laboratory following the 

sequences of the phosphoramidite method. Two approaches were developed, the first one 

involves the coupling between two monomers which are complementary customised in the 

pyrimidine moiety. The second one consists of coupling two pyrimidines and subjecting the 

resulting structure to a double Sonogashira cross-coupling to introduce the complementary 

purine. 

 

Figure 2.1. Schematic representation of the two possible different approaches towards dimers based on: 1) 
phosphoramidite coupling of monomers, 2) phosphoramidite coupling of pyrimidines and double cross-

coupling to introduce the complementary purines. 

The main structural requirements for the spontaneous recognition between 

complementary nucleobases of different strands (leading to cyclic sections along the 

nanotube), are the same as previously explained in the Background and in Chapter 1. 

Obviously, the nucleobases will be properly functionalised to be subjected to ASPS. In 

addition, the novelty along this Chapter is that purines are customised with silane protecting 

groups, so the supramolecular behaviour of the oligomers can be studied in non-polar 

organic solvents, and strands can be then deprotected in one single step to afford 

hydrophilic structures. 

 

Hydrophilic
2mer

Lipophilic
2mer

F- / H+

deprotection
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2.2. SYNTHESIS OF THE LIPOPHILIC MONOMER COMPONENTS 

The synthesis of the different complementary ethynylated purine/pyrimidine units 

that will constitute the monomers is described in this Section, followed by the description of 

the two approaches towards lipophilic dimers in Section 2.3, and we will finally comment on 

the supramolecular behaviour of a lipophilic dimer in Section 2.4. 

2.2.1. SYNTHESIS OF NUCLEOBASE DIRECTORS 

A new series of chemically-modified silane-protected lipophilic nucleobase 

derivatives (Figure 2.2) have been synthetized. In this Chapter, dG will carry an ethynyl 

group on position C-8 whereas dA / A will be endowed with an ethynyl moiety or the central 

block, depending on the complementary nucleobase they will be coupled to. As for 

pyrimidines, dC will be equipped with the p-iodophenylethynyl structure in position C-5, but 

for dU the central block or iodo can be found. 

The variability in purines comprise silane-protected glycolic chains (for A) or silane-

moieties in 2’-deoxyriboses (for dG/dA). These structures provide solubility in a wide range 

of organic solvents, and then their selective cleavage in one step will increase solubility in 

aqueous media, as they release free hydroxy groups. As it was specified before, the purpose 

of this Chapter is to develop two complementary monomers or nucleobases which can be 

coupled via phosphoramidite chemistry. For this purpose, in addition to the 5’-O-DMTr 

pyrimidines synthesised in Chapter 1 (dC1a, dC1b, dU1a, dU1b), new 3’-O-SiR3 dC and dU 

are presented herein. The combination of the novel collection presented here, will allow the 

study of the two approaches towards dimers. 

All exocyclic amine functionalities will be protected with base-sensitive groups. The 

selection will be the same as in Chapter 1. Moreover, the general synthetic strategies 

developed here will be the same as in previous Chapter 1. 

 

Figure 2.2. General structure of the target purines (dG, A, dA) and pyrimidines (dC, dU). 
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SYNTHESIS OF PURINES 

2’-DEOXYGUANOSINE. Acetyl route (Scheme 2.1). The first route for this purine was inspired by 

the idea of generating an 8-ethynylated purine (dG12) whose hydroxyl functionalities on the 

2’-deoxyribose could be tailored at will with any silane protecting group. 

We started from 8-bromo-2’-deoxyguanosine (dG1),247 synthesized in Chapter 1. As 

cited in the literature,282 when the amine was blocked with adequate protecting groups, the 

yield in Pd-catalysed reactions can be improved, so we decided to test this option as a first 

approach. Moreover, the amine protection would prevent this moiety from interfering 

during the alcohol acylation reactions. Hence, we prepared compounds dG14283 and dG13 

from the reaction of dG1 with the dimethylformamide or dimethylacetamide dimethyl 

acetals, respectively. Yields were significantly higher in the first case. However, to our 

discontent, the Sonogashira reaction with TMSA did not work properly on these derivatives.  

We then decided to come back to compound dG1 and test the 2’-deoxyribose alcohol 

protection with acetyl groups. Contrary to the experience of the group with guanosine, the 

acylation reaction was selective on the alcohol groups, to yield dG7, so no amine protection 

was actually necessary at this stage. Afterwards, the 2-trimethylsilylethoxy group was 

incorporated at C-6 via a Mitsunobu reaction in the presence of DIAD and PPh3.207,205 

Compound dG8 was then subjected to Sonogashira reaction to afford dG10. In this reaction, 

compound dG9, having an unprotected ethynyl group, was also isolated. In any case, both 

protected compounds dG9 and dG10 can be transformed into dG11 by treatment with 

Bu4NF. Acetyl deprotection in basic media finally provided 8-ethynyl-2’-deoxyguanosine 

(dG12), a compound in which we can now introduce any silane function.  

Our first idea was to generate a robust silane protection for both 5’ and 3’ alcohols in 

the 2’-deoxyribose by generating a 6-membered ring. In order to increase solubility in 

organic media, a dioctylsilane function was our first choice. However, the first attempts to 

protect the alcohols with dichlorodioctylsilane were unsuccessful. Instead, the 

ditertbutylsilylbis(trifluoromethanesulfonate)284 reagent was used to obtain dG1a with good 

yields. 

                                                             
282 Y. Saito, A. Suzuki, K. Imai, N. Nemoto, I. Saito, Tetrahedron Lett. 2010, 51, 2606-2609. 
283 K. K. Ogilvie, L. Slotin, J. B. Westmore, D. Lin, Can. J. Chem. 1972, 50, 1100-1104. 
284 a) S. Min Ching, W. Jun Tan, K. Lee Chua, Y. Lam, Bioorg. Med. Chem. 2010, 18, 6657–6665; b) Q. Dai, C. 

Song, T. Pan, C. He, J. Org. Chem. 2011, 76, 4182-4188. 
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Scheme 2.1. Synthetic route to 5-ethynyl 2’-deoxyguanosine dG12 and dG1a. 

Silane route (Scheme 2.2). The previous route was quite convergent and allowed us to 

prepare 8-ethynyl-2’-deoxyguanosine (dG12), a compound that is difficult to purify due to its 

low solubility, but that is ready to be derivatized to our needs, in 6 relatively simple steps. 

However, we tested in parallel another synthetic sequence to silane-protected 2’-

deoxyguanosines that started from compound dG4, whose synthesis required 4 steps as 

already described in Scheme 1.5 in Chapter 1. Our first intention was to generate the same 

8-ethynyl-2’-deoxyguanosine (dG12) from this fully protected compound by treatment with 

Bu4NF. However, the straightforward isolation of the highly polar dG12 proved to be a very 

difficult task, due to contamination by the big amount of Bu4NF salts required to remove all 

silyl-protecting groups. Other reported isolation protocols were essayed,285 which comprised 

adding NH4PF6 or NH4Cl to influence the solubility of Bu4NF salts and complicated extraction 

                                                             
285 a) R. Bartholomus, F. Dommershausen, M. Thiele, N. S. Karanjule, K. Harms, U. Koert, Chem. Eur. J. 2013, 

19, 7423-7436; b) M. J. Catalano, S. Liu, N. Andersen, Z. Yang, K. M. Johnson, N. E. Price, Y. Wang, K. S. Gates, 
J. Am. Chem. Soc. 2015, 137, 3933-3945. 
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procedures, without much success. On the other hand, the use of other fluoride salts, such 

as KF or Me4NF did not lead to the fully unprotected compound dG12.  

We hence decided to deprotect dG4 stepwise and try to keep the TBDMS alcohol-

protecting groups at the ribose. In order to achieve the selective deprotection of the 

carbonyl group, acidic conditions were used. Previous experience evidenced that HCl 

provided the depurinated guanine GHb and GHc (see Chapter 1, Scheme 1.5), so different 

conditions were essayed (AcCO2H/H2O, BF3·Et2O,286 LiBF4,287 HCO2H288, F3CO2H, etc). The best 

result was obtained when incorporating formic acid in methanol at room temperature to the 

reaction system, which allowed us to obtain dG15 in moderate yields. Next, the weak 

trimethylsilyl protection was cleaved to provide dG2a and the amines of the purine were 

selectively protected to afford dG2b. 

 
Scheme 2.2. Synthetic pathway to afford dG2a and dG2b endowed with silane moieties.  

  

                                                             
286 S. D. Burke, G. J. Pacofsky, Tetrah. Lett. 1986, 27, 445-448. 
287 B. H. Lipshutz, J. J. Pegram, M. C. Morrey, Tetrahedron Lett. 1981, 22, 4603-4606.  
288 F. Ping Sun, T. Darbre, Helv. Chim. Acta 2002, 85, 3002-3018. 
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ADENINE 

2’-DEOXYADENOSINE (Scheme 2.3). Since 2’-deoxy-2-aminoadenine is not commercially 

available in reasonable prices, we decided to use 2’-deoxyadenine and transform it in a 

lipophilic, 8-ethynyl-substituted derivative, despite it provides slightly weaker Watson-Crick 

H-bonding pairs. For the synthesis of these compounds the most convenient synthetic route 

was pursued, and the halogenation step was preferred to be incorporated at soon as 

possible (Route 1). However, different protocols and reagents were essayed for the 

synthesis of dA1 (N-bromosuccinimide (NBS)/H2O, NBS/MeOH, Br2/H2O,289 H5IO6/I2/MeOH, 

Br2/1,4-dioxane pH=4290), but all of them led to decomposition of the nucleobase or very 

poor yields. The best results were obtained when the halogenation was set up with NBS in 

the solvent mixture CHCl3/MeOH. Despite it was considered as a quite convergent route, we 

abandoned it because the yield of the halogenation was too low regarding it was the initial 

step. Previous experience in our research group indicated that the protection of the hydroxy 

groups at the ribose enhances solubility and allows the successful selective halogenation of 

the aromatic ring.205 Therefore, we tested two different approaches in Route 2 (acetyl 

protection) and Route 3 (silane protection).  

Route 2 starts with the diacylation of the 3’-5’-O as acetyl groups, followed by the 

bromination reaction at C-8 to reach dA3. Although this synthetic pathway works properly, it 

was abandoned since it implies time consuming sequences of protection and deprotection of 

acetyl groups.  

A silane-protecting alternative was chosen instead as the most straightforward 

sequence (see Route 3). This synthetic approach involved direct double protection of the 3’-

5’-O positions by a di(tert-butyl)silyl group, as we did for the guanosine derivative. The 

soluble product dA4, equipped with a robust silane protection was then halogenated. The 

first attempts with NBS in different solvent mixtures resulted in very poor yields, while when 

using Br2/H2O or H5IO6/I2/MeOH decomposition was spotted. Finally, the reaction with 

bromine in the presence of sodium acetate291 generated dA5 and these optimized conditions 

would be used for the rest of 2’-deoxyadenosine or 2’-deoxy-2-aminoadenosine analogues 

(see below). Then a palladium catalysed reaction with TMSA was carried out in the standard 

conditions, and TMS was selectively cleaved in mild basic media in the presence of K2CO3 to 

finally yield the target compound dA1a. We also tested the incorporation of the 1,4-

diiodobenzene group on dA1a with good results, providing compound dA1b. 

                                                             
289 P. Kaloudis, M. D’Angelantonio, M. Guerra, T. Gimisis, Q. G. Mulazzani, C. Chatgilialoglu, J. Phys. Chem. 

B, 2008, 112, 5209-5217. 
290 L. Clima, W. Bannwarth, Helv. Chim. Acta, 2008, 91, 165-167. 
291 K. Beom Tae, Bull. Korean Chem. Soc. 2006, 27, 986-990. 



  
 

Chapter 2. Lipophilic Tubular Quadruplex DNA 

 

165 
 

 

Scheme 2.3. Synthetic route to different 2’-deoxyadenosine derivatives. 

2-AMINOADENINE (Scheme 2.4). A silylated 2-aminoadenine nucleobase derivative was 

also targeted. Once again, the most convergent synthetic route would start with the 

halogenation reaction.292 However, previous research in our group showed that the early 

incorporation of the halogen atom on commercial 2,6-diaminopurine was not successful, 

and implied secondary problems in the following reactions that resulted in poor yields.212 

Hence, for these purines the alkylation reaction with Alk2 in the presence of potassium 

carbonate was performed as the first step, obtaining only one regioisomer at N-9 for 

A3.293,294 The alkylating agent is a short glycolic chain whose terminal alcohol can be 

deprotected in the presence of fluoride ions. To afford this compound, the commercial 

diethylene glycol was mono protected with a steric hindered triisopropylsilane, followed by 

the incorporation of a good leaving group.  

                                                             
292 R. Volpini, D. D. Ben, C. Lambertucci, G. Marucci, R. C. Mishra, A. T. Ramadori, K. N. Klotz, M. L. Trincavelli, 

C. Martini, G. Cristalli, Chem. Med. Chem. 2009, 4, 1010-1019. 
293 L. Zhang, J. Fan, K. Vu, K. Hong, J. Y. Le Brazidec, J. Shi, M. Biamonte, D. J. Busch, R. E. Lough, R. Grecko, Y. 

Ran, J. L. Sensintaffar, A. Kamal, K. Ludgren, F. J. Burrows, R. Mansfield, G. A. Timony, E. H. Ulm, S. R. 
Kasibhatla, M. F. Boehm, J. Med. Chem. 2006, 49, 5352-5362. 
294 G. Sargsyan, B. M. Leonard, J. Kubelka, M. Balaz, Chem. Eur. J. 2014, 20, 1878-1892. 
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Once A3 was synthetized, the bromination reaction was set up with bromine in the 

presence of sodium acetate with higher yields compared to the essays with NBS.294 Next, this 

product was subjected to Pd-cross-coupling with TMSA in the usual conditions and without 

further purification, the TMS group was cleaved using fluoride ions to supply A2a.  

We also carried out other reactions on A2a with the aim to optimize TIPS group 

deprotection, amine protection, or the installation of the central block. In the first case, as 

shown in Route 1, the terminal triisopropylsilyl protection at the N-9 chain was removed as a 

proof of concept, which yielded water-soluble A5. 

On the other hand, as mentioned before, the nucleophilic amines of nucleobases 

must be blocked with base-sensitive groups for solid-phase synthesis, which is represented 

in Route 2. In a first approach, the use of a benzoyl functionality was selected as the best 

option.131 The protection reaction was essayed under a wide variety of conditions and 

reactants (benzoic anhydride (BzOBz)/py,295 BzOBz/1-methyl-1H-imidazole/CHCl3,296 benzoic 

chloride (BzCl)/py,297  BzCl/NEt3/DMAP, etc). Only the monoprotected 2-aminoadenine, 

presumably bearing the protection on N-6, could be isolated in low yields. Consequently, our 

efforts focused on incorporating another typical protecting group: 2-phenoxyacetyl. 

Attempts to perform the double protection were fruitless again using 2-phenoxyacetyl 

chloride (PacCl) or 2-phenoxyacetic anhydride in combination with various bases such as 

pyridine/HOBt,298,299 NEt3, 1-methyl-1H-imidazole296 or catalytic DMAP in different solvent 

mixture. In the end, the use of 2-phenoxyacetic anhydride in the absence of base in DMF at 

50 °C gave the best results for A2b, which was obtained in acceptable yields and the 

monoprotected compound was formed in only 10% yield. Finally, the central block was 

introduced by a Sonogashira reaction with the 8-ethynylated nucleobase to supply A2c.  

Finally, Route 3 was explored as a mean to reach compound A2d, which would be 

ready to be coupled to 5-iodouridine derivatives, as will be shown later. Compound A6 was 

obtained in excellent yields in standard Sonogashira conditions with p-diiodobenzene and 

followed by additional cross-coupling with TMSA. Subsequent TMS deprotection afforded 

A2d.  

                                                             
295 A. A. Koshkin, J. Org. Chem. 2004, 69, 3711-3718. 
296 C. Hermann, E. Kvassiouk, W. Pfleiderer, Helv. Chim. Acta 2011, 94, 362-370. 
297 Kohgo, K. Yamada, K. Kitano, Y. Iwai, S. Sakata, N. Ashida, H. Hayakawa, D. Nameki, E. Kodama, M. 

Matsuoka, H. Mitsuya, H. Ohrui, Nucleos. Nucleot. Nucl. 2004, 23, 671-690.  
298 S. Kusano, T. Sakuraba, S. Hagihara, F. Nagatsugi, Bioorg. Med. Chem. Lett. 2012, 22, 6957-6961.  
299 C. Dohno, T. Shibata, M. Okazaki, S. Makishi, K. Nakatani, Eur. J. Org. Chem. 2012, 27, 5317-5323. 
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Scheme 2.4. Synthetic route from 2-aminoadenine to obtain diverse compounds: A2a, A2b, A2c and A2d. 
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SYNTHESIS OF PYRIMIDINES 

The main objective for pyrimidines in this Chapter was to generate intermediates 

bearing the central block, with 5’-O-DMTr and 3’-O-SiR3 protections. The selective 

orthogonal deprotection employing acidic conditions or fluoride ions would give rise to the 

two target structures in a very convergent sequence in just one step. Besides, as it was 

noted before, it allows the protection of N-4 with various groups as no hydroxyl competitor 

is present. Nonetheless, this schematic route could only be pursued in the case of dC, since 

the low reactivity of dU when endowed with the central block, made us deviate from the 

optimal synthetic approach. 

2’-DEOXYCYTIDINE (Scheme 2.5). As it was exposed in Chapter 1, when customised 

intermediates dC12 and dC13 were treated with TBAF, dC1a and dC1b were obtained. 

Orthogonal deprotection of dC12 with trifluoroacetic acid (TFA)300 afforded dC2a instead, 

while dC13 needed to be subjected to formic acid,301 to provide dC2a. It is worthy to 

mention that more standard acidic conditions such as TFA, Cl2HCCO2H302 or Cl3CCO2H303 did 

not work properly for this nucleobase as they caused decomposition. 

 

Scheme 2.5. Synthesis of dC2a, dC1a, dC2b and dC1b  from 5-(p-iodophenylethynyl)-2’-deoxycytidine. 

2’-DEOXYURIDINE (Scheme 2.6). For the synthesis of silylated dU, two approaches were 

developed due to the low reactivity noted for the 2’-deoxyribose. In Route 1, when the 

aromatic ring was carrying the central block, as in dU1b, whose synthesis was detailed in 

                                                             
300 R. A. Donga, T. H. Chan, M. J. Damha, Can. J. Chem. 2007, 85, 274-282. 
301 J. Caron, E. Lepeltier, L. H. Reddy, S. Lepêtre-Mouelhi, S. Wack, C. Bourgaux, P. Couvreur, D. Desmaële, 

Eur J. Org. Chem. 2011, 14, 2615-2628. 
302 R. Gao, C. D. Claeboe, B. M. Eisenhauer, S. M. Hecht, Biochemistry 2004, 43, 6167-6181.  
303 L. Jin-Liang, Z. Zhi-Yong, Y. Zhong-Qiang, L. Dong-Sheng, F. Qing-Hua, Tetrahedron 2011, 67, 9080-9086. 
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Chapter 1 Scheme 1.11, the 3’-O protection proved to be difficult and dU8 could only be 

isolated in low yields regardless the conditions used (TBDMSCl/Imidazole/py, 304 

TBDMSCl/py/DMAP,305 TBDMS/Imidazole/DMF,306 etc).  

 
Scheme 2.6. Synthetic sequences leading to 3’-O-SiTBDMS dU2a and dU2b. 

An inspection of the literature307,308 made us realize that, to synthesize 5’-O-DMTr-3’-

O-SiR3 structures, the alcohol in position 3’ is frequently silylated before carrying out the Pd-

catalysed reaction that incorporates bulky groups at position C-5.309 Consequently, to 

circumvent the low yield of Route 1, we decided to go backwards and perform the 

protection in the iodinated compound dU1a,309 which resulted in very good yields. 

Subsequent selective deprotection of acid sensitive groups in the presence of TFA afforded 

dU2a. This step was performed previously to Sonogashira cross-coupling because dU2a is 

also an important precursor for phosphoramidite chemistry. Finally, Pd-cross-coupling and 

removal of the TMS group gave dU2b. At this stage, we decided that for Sonogashira 

coupling with dU2b, the purine A2c would carry the central block, as we had synthesised it in 

multigram scale, while for dU2b it was harder to reach big amounts due to the loss of mass 

during the 5’-O deprotection. 

                                                             
304 B. Alguero, E. Pedroso, V. Marcha, A. Grandas, J. Biol. Inorg. Chem. 2007, 12, 901-911. 
305 S. Paul, S. Roy, L. Monfregola, S. Shang, R. Shoemaker, M. H. Caruthers, J. Am. Chem. Soc. 2015, 137, 

3253-3264. 
306 S. Korneev, H. Rosemeyer, Helv. Chim. Acta 2013, 96, 201-216. 
307 a) W. Chang, J. Du, S. Rachakonda, B. S. Ross, S. Convers-Reignier, W. T. Yau, J. Pons, E. Murakami, H. Bao, 

H. M. Steuer, P. A. Furman, M. J. Otto, M. J. Sofia, Bioorg. Med. Chem. Lett. 2010, 20, 4539-4543; b) Y. Iijima, 
S. Kojima, E. Kodama, S. Kurohagi, T. Kanamori, Y. Masaki, A. Ohkubo, M. Sekine, K. Seio, Org. Biomol. Chem. 
2013, 11, 8276-8282.  
308 M. Hassler, Y. Q. Wu, N. M. Reddy, T. H. Chan, M. J. Damha, Tetrahedron Lett. 2011, 52, 2575-2578. 
309 J. Sheng, A. E. A. Hassan, W. Zhang, J. Zhou, B. Xu, A. S. Soares, Z. Huang, Nucleic Acids Res. 2011, 39, 

3962-3971. 
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2.3. LIPOPHILIC DIMERS 

As it was firstly stated in this Chapter, we aimed at the synthesis of dimeric systems 

comprised by two dinucleobase units coupled through phosphate linkers by non-automatic 

protocols, which will be explained in this Section. In Figure 2.3 a schematic representation of 

two possible approaches is shown: 1) phosphoramidite coupling of two dinucleobase 

monomers, one of them carrying a blocking DMTr group at position 5’ and the reactive 

phosphoramidite at position 3’, and the other a reactive 5’-OH group and silyl-protected 3’-

position; or 2) Sonogashira reaction between a dihalogenated bis(pyrimidine) dinucleoside 

and 2 equivalents of the corresponding complementary purine, equipped with a terminal 

ethynyl group. 

 
Figure 2.3. a) Schematic approach towards the synthesis of dimers; b) Example of the two approaches for 

the molecular structure of AU_UA and its retrosynthetic pathways. 
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Our preferred approach is the first one, since it will allow us to test coupling 

conditions (reactivity, appropriate solvents, suitability of protecting groups) that will 

ultimately serve for the automated synthesis of lipophilic oligonucleotides using the DNA 

synthesizer. However, as will be described below, the second approach was also evaluated in 

view of different problems encountered.  

2.3.1. APPROACH 1: PHOSPHORAMIDITE COUPLING 

In this Section, our study is focused on Approach 1 to generate complementary 

monomers whose coupling would lead to the formation of a dimer of dinucleosides. It is 

important to note that monomers bearing 5’-O-DMTr in pyrimidines are relevant on its own 

since they can be subjected to oligomerization when properly customised with a reactive 

phosphoramidite at 3’-O position. In Section 2.2, we have commented the synthetic pathway 

leading to the lipophilic components that will comprise each monomer. For our purposes, 

complementary unsymmetrically substituted dinucleobase monomers have been 

synthesised via Sonogashira cross-coupling. Normally, the central block was incorporated to 

the pyrimidine in previous steps and this compound reacts with the ethynylated purine, 

since the latter is typically more valuable. As it was mentioned before, all nucleobases were 

soluble in the reaction media and the ethynylated substrate was slowly added dropwise at 

high dilution, so no traces of monocoupled purines were ever spotted.  

In general, anhydrous DIPEA is used instead of NEt3 for the cross-coupling reactions to 

prevent deprotection of the base-sensitive groups. As it was noted before, the purification of 

all dinucleobase monomers by column chromatography was performed deactivating the 

silica gel with DIPEA or adding it as coeluent. Unfortunately, partial deprotection of the 

exocyclic amines may sometimes occur during the purification procedure.  

As a first approach, a small collection of dG-dC and A-dU monomers was prepared. 

This selection is based on the information gathered on the behaviour of the different 

protecting groups, as well as on the comparison of the relative reactivity when introducing 

the phosphoramidite group on substrates where there is a 2’-deoxyribose or a glycolic chain 

nearby.  

2’-DEOXYGUANOSINE-2’-DEOXYCYTIDINE MONOMERS 

Two dG-dC lipophilic monomers were initially targeted from the pool of molecular 

components prepared in Section 2.2. Both of them bear the same dG unit, protected at the 

2’-deoxyribose alcohols and at the exocyclic amino group, and the same 4-acetamide group 

in the C heterocycle. We chose this acetyl protection for the amino group because it will 

require milder deprotection conditions than the benzoyl, which may turn essential when the 

phosphate group is present in the dinucleoside dimer structure. They only differ in the 

substitution at the 2’-deoxyribose of the pyrimidine unit, either with a 5’-O-DMTr group or a 

3’-O-TBDMS group.  

Thus, Sonogashira reaction between 8-ethynyl dG2b and dC2b led to a coupled 

product that, after analysis, revealed the loss of the C-amine acetyl group (dG2b-dC2), as 



 
 
2.3. Lipophilic Dimers: Phosphoramidite Coupling 

 

172 

 

shown in Scheme 2.7. Likewise, the coupling reaction between dG2b and dC1b led to dG2b-

dC1 and minor amounts of dG2b-dC1b, a compound where the acetyl protection was 

maintained. Therefore, despite we were aware of the labile nature of this group and we took 

our precautions in defining Sonogashira reaction and isolation conditions, deprotection of N-

4 occurred unavoidably during purification.  

Nevertheless, we found out that a completely selective amine protection with benzoic 

anhydride could be performed on dG2b-dC1, to yield dG2b-dC1a. As a result of the higher 

steric hindrance of benzoyl groups, the 3’-O-alcohol cannot compete against the exocyclic 

amine. This fact offers the opportunity of performing the amine protection with bulky 

groups on the very last step, so purification can be simplified. Unfortunately, this direct 

protection of the amino group cannot be performed directly in dG2b-dC2 as well, since the 

present 5’-OH is a more reactive primary alcohol and would compete with the amine. An 

alternative would be the transient and selective blocking of the alcohol with labile TMS, to 

continue with the protection on the amine in one-pot procedure, followed by deprotection 

of the alcohol in the presence of fluoride ions.  

 

Scheme 2.7. Synthetic sequence based on Sonogashira reactions to provide monomers dG2b-dC2, dG2b-
dC1b, dG2b-dC1 and direct N-4 protection to afford dG2b-dC1a.  
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Figure 2.4 displays the 1H NMR spectra of compounds dG2b-dC2 and dG2b-dC1b, while in 

Figure 2.5 the 1H NMR spectra of final monomers dG2b-dC1 and dG2b-dC1a are shown. 

 

Figure 2.4. 1H NMR spectra of monomers: a) dG2b-dC2 in CDCl3; b) dG2b-dC1b in CDCl3.  
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Figure 2.5. 1H NMR spectra of lipophilic monomers: a) dG2b-dC1 in CDCl3; b) dG2b-dC1a in CD2Cl2.  



  
 

Chapter 2. Lipophilic Tubular Quadruplex DNA 

 

175 
 

2-AMINOADENINE-2’-DEOXYURIDINE MONOMERS 

Two complementary A-dU monomers have been also prepared that again differ in the 

substitution at the 2’-deoxyribose of the pyrimidine unit, either with a 5’-O-DMTr group or a 

3’-O-TBDMS group (Scheme 2.8). In the case of A2b-dU2a, the pyrimidine dU2a bears the 

central block for the cross-coupling with the 8-ethynylated purine A2b as usual. However, in 

the case of A2c-dU2b we followed the other way around, since as explained before, A2c 

could easily be obtained, whereas dU2b, having the 3’-O-TBDMS protection, required a 

different synthetic route that did not allow to obtain it in high amounts. Figure 2.6 displays 

the 1H NMR spectra of both compounds A2b-dU2a and A2c-dU2b. 

 

Scheme 2.8. Synthetic sequence based on Sonogashira reactions to provide lipophilic monomers A2b-dU1b 
and A2c-dU2b. 
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Figure 2.6. 1H NMR spectra of monomer a) A2b-dU1b in CDCl3 and b) A2c-dU2b in CDCl3/DMF-d7. 
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With these two pairs of conveniently protected dC-dG and A-dU monomers we would 

be now in conditions to study their coupling via a phosphoramidite. The sequence to be 

followed in both cases, as shown in Scheme 2.9, would consist in introducing a 

chlorophosphoramidite at the 3’ position of dG2b-dC1a and A2b-dU1b, coupling with the 

corresponding monomers with a free 5’-OH group and a blocked 3’ position (dG2b-dC2 and 

A2c-dU2b), and final deprotection of the base sensitive groups. Since we are aiming for 

lipohilic systems, all silyl-protected groups would remain in the final compounds and we 

would employ a methoxy-phosphoramidite, instead of the common 2-cyanoethoxy-

phosphoramidite, since it should be able to resist the reaction and basic deprotection 

conditions without generating the corresponding phosphate.  

 
Scheme 2.9. Synthesis of dimers AU_UA and GC_CG via phosphoramidite coupling of complementary 

monomers. 
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However, the synthetic route was not continued at this point. The reasons are 

manifold: lack of time due to our focus on other topics in this Thesis, the fact that the acetyl 

protection in the exocyclic amine in dG2b-dC2 was lost during purification and this group 

would likely compete with the 5’-OH group during the final coupling, leading to low yields or 

complex mixtures, and, finally, the observation that the second approach proposed, which 

was evaluated in parallel to this first one, worked reasonably well, as explained below.  
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2.3.2. APPROACH 2: SONOGASHIRA REACTION 

The second approach towards the synthesis of a dinucleoside dimer is developed in 

this Section. This sequence comprises the creation of a phosphate bond between two 

complementary 2’-deoxypyrimidines, and subsequent double Sonogashira reaction to 

introduce the purines. 

2-AMINOADENINE-2’-DEOXYURIDINE DIMER 

On this occasion, 5-iodo dU1a and dU2a were selected, while the ethynyl group will 

be located at the central block-purine fragment, as in A2d. The reasons for this choice are 

that we wanted to avoid homocoupling reactions between the ethynyl groups on a 

covalently linked U-U structure during Pd-catalysed cross-coupling, and that the 5-

idophenylethynyl-2’-deoxyuridines could not be easily reached from the same intermediate.  

The route (Scheme 2.10) starts with the introduction of the reactive phosphoramidite 

at the 3’-O position of dU1a. As stated above, for the synthesis of these dinucleoside dimers, 

the phosphoramidite carries a methoxy group instead of the base-sensitive 2-cyanoethoxy 

group used in solid-phase DNA synthesis. We selected this commercial precursor because 

the methoxy group should not be sensitive to the basic conditions employed in the 

deprotection of the amine groups,308 so we can avoid the formation of anionic phosphates 

and increase solubility of the final products in organic media. As stated in Chapter 1, the 

reaction conditions must be rigorously anhydrous and oxygen-free, due to the high 

sensitivity of the phosphoramidite to air and moisture. dU-P was isolated in deactivated 

silica gel in good yields and used straightforwardly in the next reaction with dU2a. 

 
Scheme 2.10. Synthetic sequence in approach 2 to generate the dimer AU_UA. 
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As it was previously mentioned, the lone pair on phosphorous undergoes a slow 

interconversion equilibrium, which results in the appearance of two different 

diastereoisomers. These species can be spotted by 1H NMR (Figure 2.7a) through the change 

in the multiplicity of the signals. A good example is provided by the signal on the aromatic 

base ring: for dU1a only one defined singlet is present, whereas for dU-P there are two, each 

one belonging to a different diastereoisomer. It is also interesting to note that the protons in 

the P-OCH3 function do couple to phosphorous, appearing as doublets. Again, there are two 

different sets of signals for this methoxy group, one per diastereoisomer. Another evidence 

for the existence of two compounds is the double signals observed in 31P NMR (Figure 2.7b). 

 

Figure 2.7. a) 1H NMR comparing the signals and multiplicities of dU1a and the phosphorylated dU-P in 
CDCl3; b) 31P NMR for dU-P, showing two different signals in CDCl3. 

For the coupling of the reactive dU-P with the complementary dU2a, an activator 

must be used to enhance the reactivity of the leaving N,N-diisopropylamino group. The 

order in which the reactants are added is important, and the best results were obtained 

when incorporating the activator to a mixture of dU-P and dU2a. The coupling reaction is 

extremely fast and once reactants are consumed, the oxidant was added in high excess. In 

this case, in 31P NMR we can still distinguish two different compounds, even though the ratio 

between them has changed (Figure 2.8b). There is a notable shift of the 31P signals from 

149.5, 148.8 ppm to 0.58, 0.69 ppm due to the oxidation of the phosphorous atom to 

phosphate. In 1H NMR the changes in multiplicity are still notable, for instance for the 

aromatic proton of dU. 
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Figure 2.8. a) 1H NMR spectra and b) 31P NMR spectra of dU2 in CDCl3, showing two different sets for the 31P 
and some 1H signals. 

The double Sonogashira coupling between dU2 and A2d was set up at relatively high 

temperature and a big excess of A2d was employed to circumvent reactivity and steric 

problems. In this way, the final AU_UA dinucleoside dimer was obtained. The analysis by 1H 

NMR and 31P NMR (Figure 2.9) show that the two diastereoisomers are no longer well-

resolved and a single and broader signal was observed. In addition, we performed 

correlation experiments between 29Si and 1H NMR to evidence the coexistence of two 

different silane moieties in the system. The supramolecular behaviour of this dimer will be 

detailed in the next Section 2.4. 
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Figure 2.9. a) Representation of the structure of the dimer AU_UA; b) 31P NMR spectra in CDCl3; c) 

Correlation between 29Si NMR and 1H NMR; d) 1H NMR spectra in DMF-d7.   



  
 

Chapter 2. Lipophilic Tubular Quadruplex DNA 

 

183 
 

2’-DEOXYGUANOSINE-2’-DEOXYCYTIDINE DIMER 

We also tried to perform the same synthesis for the analogous dC dimer (Scheme 

2.11). On this occasion, due to synthetic accessibility, the complementary dC1a and dC2a 

were chosen. Both of them are equipped with the central block. The introduction of the 

reactive phosphoramidite was set up in the same conditions as previously described, yielding 

dC-P. In Figure 2.10 the 1H NMR signals of dC1a in comparison to dC-P and the 31P NMR 

spectrum of this last compound are shown, revealing again the presence of two 

diastereoisomers when the phosphoramidite is attached in dC-P.  

 
Scheme 2.11. Synthetic sequence from dC1a to dC-P and trial to obtain dC2. 

 

Figure 2.10. a) comparison of 1H NMR spectra of dC1a and dC1-P in CDCl3; b) 31P NMR spectra in CDCl3. 

Unfortunately, the coupling reaction with dC2a did not work as nicely as before and, 

although dC2 was detected by MS, it could not be isolated due to the presence of complex 

mixtures, maybe caused by loss of protecting groups and degradation of the reactant. This 
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coupling reaction was not optimized further under different conditions due to a lack of time. 

This might be done in the near future in the group, with the aim to obtain the corresponding 

GC_CG dimer (Scheme 2.12). After coupling, an ethynyl-substituted G nucleobase will be 

incorporated into each C base by Sonogashira reaction and, subsequently, the base sensitive 

groups would be cleaved so as to liberate the Watson-Crick H-bonding edges at the G and C 

nucleobases. 

 
Scheme 2.12. Sonogashira reaction between dC2 and dG2b leading to GC_CG. 
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2.4. STUDY OF AU_UA SELF-ASSEMBLY IN SOLUTION 

In this Chapter we were particularly interested in comparing the relative stability and 

self-assembly characteristics of the novel dinucleoside dimers introduced in this Doctoral 

Thesis with the dinucleosides previously studied in our research group.206 Since only the 

AU_UA dimer could be obtained, we made the comparison with the AU monomer (Figure 

2.11), by means of different experimental techniques such as 1H NMR, absorption, emission 

and CD spectroscopy.  

 
Figure 2.11. Molecular structure of the dinucleoside AU and the double dinucleoside AU_UA. 

The dinucleoside AU consists of a ditopic monomer carrying complementary A and U 

nucleobases at the edges and linked through a phenylene-ethylene central block (Figure 

2.12).  

 

Figure 2.12. Proposed conformational and H-bonding equilibria between linear and closed species involved 

for AU. The AU monomer can alternate between two main -conjugated syn and anti conformations, that 
dispose the Watson-Crick edges at the same or opposite sides, respectively. A:U association leads 

progressively to linear oligomers of increasing size (AUn), that are in equilibrium with non-strained cyclic 

species, like cAU4, formed exclusively by Watson-Crick H-bonded syn conformers in a 90 angle. The fact 
that A:U can also bind via reverse Watson-Crick interactions of similar strength, among other association 

modes involving two AD-DA H-bonds, introduces a large entropic penalty for cyclization. 
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As it was stated in the Background Section, precedent research in our group 

demonstrated that the tetrameric macrocycle formed (cAU4) exhibited a lower stability 

when compared to related dinucleosides bearing G-C or iG-iC complementary bases. This is, 

on one hand, because the A:U binding constant (in CHCl3) is about two orders of magnitude 

lower than the corresponding G:C or iG:iC association constant and, on the other hand, 

because the symmetric H-pattern (ADA-DAD) of the A:U pair provides additional binding 

modes of similar association strength than the Watson-Crick association, like for instance the 

reverse Watson-Crick interactions, that imply a huge entropic penalty for ring closure. As a 

consequence, the cAU4 cyclic tetramer enjoys much lower chelate cooperativity and, 

depending on the experimental conditions, open oligomers (AUn) are also formed in 

competition. 

The double dinucleoside AU_UA shows a similarly rigid structure that was also 

designed to produce unstrained cyclic squared-shaped assemblies c(AU_UA)4 in which two 

tetrameric macrocycles would be stacked on top of each other and linked through 

phosphate connectors (Figure 2.13). The analysis of the association process for this 

monomer and the species formed as a function of the degree of H-bonding is similar to the 

previous one. Nevertheless, there is also a higher number of degrees of freedom that should 

be taken into account. 

As shown in Figure 2.13, each dinucleoside unit in the dimer can adopt as well syn and 

anti conformations by rotation around the -bonds in the p-phenylene-ethynylene spacer. 

However, in addition to this conformations and in contrast to the previous AU dinucleoside 

monomer, rotation around the flexible bonds in the phosphate-deoxyribose connector can 

lead to multiple “extra” conformations in which the longitudinal axis of the two dinucleoside 

units in AU_UA (the axis from the U to the A base) are arranged with different angles, from 

0, what we call parallel conformation (i.e. the two dinucleoside overlap), to 90 and then to 

180, named here as non-parallel conformations. 

Hence, multiple dimer structures can be generated upon double A:U Watson-Crick 

pairing. In Figure 2.13, we display the structure of two of them: one formed from two 

parallel conformers and the other from two non-parallel conformers, particularly the one in 

which the dinucleosides’ long axis are oriented at 90. Furthermore, the participation of 

reverse Watson-Crick A:U interactions produce H-bonded dimers that can only lead to open 

oligomers by further association. It is important to note that each of these H-bonded dimers 

are actually cyclic (c(AU_UA)2), since they are formed from two A:U associations, one of 

them intramolecular (or intraspecies). Therefore, a chelate effect is already associated to 

this cyclodimerization process, whose association constant would be represented as: KD = 

K2·EM1, being K the Watson-Crick association constant between complementary A:U bases 

and EM1 the effective molarity associated to this process.  

It is also interesting to remark that, as also shown in Figure 2.13, two c(AU_UA)4 cyclic 

tetramer species with a different internal organization can be potentially accessed in which 

the dinucleoside units in the AU_UA covalent dimers are oriented with a 0 (parallel) and 

90 (non-parallel). Thus, the cyclic tetramer can be regarded here as a “dimer of dimers”. 
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The cyclotetramerization constant for this species would be represented as: KT = 

(K2·EM1)4·EM2, 310  where EM2 would be the effective molarity associated to the 

cyclotetramerization process. Finally, in competition with these cyclic species we could find 

multiple structures for linear oligomers in which 1) syn and anti conformations, 2) parallel 

and non-parallel conformations, or 3) Watson-Crick and reverse Watson-Crick interactions 

can coexist. 

 

Figure 2.13. In the case of AU_UA a higher number of species are in equilibria.  

                                                             
310 This is a simplified equation that considers each EM1 value in the c(AU_UA)4 system equal, which is not 

really the case since, as the system grows by successive monomer additions, the degrees of conformational 
freedom of the dinucleoside units decrease progressively, resulting in structures with higher preorganization 
which should lead to higher EM1 values. Hence, EM1 must be regarded here as an average value for the four 
dimerization processes.  
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In order to understand the self-assembly behaviour of this AU_UA molecule in 

solution, we performed a series of experiments varying solvent composition, concentration 

and temperature and monitored by 1H NMR and optical spectroscopy techniques.  

2.4.1. 1H NMR RESULTS 

Several non-polar organic solvents (for example toluene, 1,1,2,2-tetrachloroethane, 

chloroform, etc) were tested for the supramolecular studies as they favour a higher degree 

of self-association by H-bonding. Unluckily, despite the good results achieved with AU206 and 

well-resolved 1H NMR spectra; the double dinucleoside AU_UA exhibited very poor solubility 

in all the solvents and, as a consequence, the 1H NMR was badly defined. The use of polar 

solvents such as DMSO or, especially, DMF was mandatory for solubilising the samples. 

These solvents strongly compete for H-bonding and therefore, they would prevent the 

formation of the assembled species.  

A first insight into the self-assembly process was obtained from the analysis of the 1H 

NMR in mixtures of CDCl3/DMF-d7 (Figure 2.14a). In this solvent system, the 1H NMR of the 

dinucleoside AU revealed a mixture of two main species, one exhibits a sharp U-imide 

proton signal at 13.85 ppm whose position does not change with solvent composition, and 

the other one a U-imide proton signal within the 10.63 - 11.52 ppm range, whose chemical 

shift is sensitive to the amount of DMF-d7. This picture was interpreted as a slow equilibrium 

between the tetramer cAU4 and monomer AU, which is at the same time in fast exchange 

with small open oligomers (mainly AU2). The macrocycle cAU4 can only resist a small amount 

of polar solvent, and the total disappearance of this species was observed at a volume 

fraction of DMF (χDMF-d7) of 0.05 at a 6 x 10-3 M concentration.  

The same titration experiment with AU_UA evidenced the poor solubility in 

chloroform, as the 1H NMR spectra showed extremely broad peaks indicating strong 

aggregation in this solvent (see Figure 2.14b). The spectra become clearer when a χDMF = 

0.23 is reached. At that point, as in the case of AU, two different sets of chemical shifts are 

attributed to the U-imide proton: at 15.6 ppm, corresponding to a strong H-bonding 

interaction, presumably between two adjacent U bases interacting with two A bases; and 

additional broad signals around 11.5 ppm which correlate with non-bound U units. 

Furthermore, four broad signals characteristic of upfield shifted H-bonded A-amine protons 

appear at 10.5 (double signal), 9.4 and 8.9 ppm. Finally, also unbound A-amine protons are 

spotted in the range 5.8 - 5.0 ppm. This spectrum can be thus attributed to an associated 

c(AU_UA)2 dimer species, in which two U bases are bound to A bases and two U units and 

two A units are exposed to the solvent. If the spectrum corresponds to a single c(AU_UA)2 

structure with a well-defined conformation and binding mode or a mixture of them is 

difficult to tell.  

When increasing the DMF content up to χDMF = 0.58, no significant changes in the 

shape and position of these proton signals are observed, which points to the formation of H-

bonded structures with high kinetic stability and slow exchange in the NMR timescale, and 

discards the presence of open oligomers in equilibrium. However, the signals of this 
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associated species are seen to decrease in intensity at the expense of the AU_UA monomer 

signals, which are characterized by two U-imide protons at 11.5 ppm.  

In short, this experiment seems to reveal an all-or-nothing cooperative equilibrium 

between AU_UA and c(AU_UA)2. The latter is formed in significant amounts as the CHCl3 

content increases but, above a certain amount of this polar solvent the 1H NMR signals 

broaden substantially and the sample is seen to precipitate, which is consistent with a 

supramolecular polymerization process. Unfortunately, no sign of the c(AU_UA)4 macrocycle 

was found in these experiments.  

 

Figure 2.14. 1H NMR spectra as a function of the χDMF-d7 at C = 6 x 10-3 M for a) AU in equilibrium with 
cAU4 and open oligomers; b) AU_UA in equilibrium with c(AU_UA)2. 

1H NMR temperature-dependent experiments were then performed in order to vary 

the association strength of the AU_UA double dinucleoside in DMF (see Figure 2.15) and 

check if we were able to observe the same c(AU_UA)2 species as when decreasing solvent 

polarity with CHCl3. Interestingly, although it was not formed quantitatively and a significant 

amount of dissociated AU_UA remained even at -50°C (U-imide protons at around 12.0 

ppm), similar signals were observed at temperatures below 0°C corresponding to H-bonded 

U-imide protons at 15.5 ppm, and A-amine protons within 10.5 and 9 ppm, suggesting the 

formation of c(AU_UA)2 in pure DMF-d7 at low temperatures.  
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Figure 2.15. 1H NMR spectra as a function of the temperature for AU_UA in DMF-d7 (0-50°C) at C = 10-2 M. 

2.4.2. SPECTROSCOPIC RESULTS 

Optical spectroscopy techniques, such as absorption, CD and emission are more 

sensitive than 1H NMR, allowing the supramolecular studies at lower concentrations (10-4 - 

10-6 M). Despite this fact, solubility was still an issue that probed to obstruct our analysis. As 

soon as the experimental conditions were changed so as to monitor the association 

(decreasing temperature or increasing the amount of chloroform), a precipitate would 

appear so we could not observe the whole process of aggregation and isolation (see cuvette 

photo in Figure 2.16a). Aiming to have deeper insight about the H-bonded supramolecular 

structures formed at high CHCl3 content, some samples for SEM were prepared and 

measured. The images show no clear structuration (see Figure 2.16b,c,d), which is in 

agreement with our hypothesis of the formation of ill-defined supramolecular polymers. 

 
Figure 2.16. a) Precipitate in the spectroscopic cuvette during spectra acquisition in CHCl3/DMF mixtures of 
AU_UA. SEM images performed from solutions b,c) 2x10-4 M χDMF = 0.4 and d) 1.25 x 10-4 M χDMF = 0.25. 

AU Monomer-Tetramer Equilibria. In the case of the equilibria of the reference 

dinucleoside monomer at these concentrations, it can only be investigated in non-polar 

solvents such as toluene or CCl4, or otherwise self-association is negligible. cAU4 is dominant 

at high concentrations, low temperatures or non-polar solvents (spectra marked in blue), 
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whereas the contrary is true for non-bound AU (spectra marked in red). In Figure 2.17a 

temperature-dependent spectroscopic studies are displayed. The features related to 

cyclotetramerization are the red-shifted absorption and quenched emission maxima, and 

Cotton effect maxima at 371 nm (-) and 413 nm (+), while the dissociated dinucleoside is CD-

silent. This latter phenomenon was only ascribed to the H-bonded tetramer and not to π-π 

interaction, taking concentration and titration experiments as control.206,208 The behaviour 

of the AU_UA double dinucleoside is assessed below and a comparison with AU is shown in 

Figure 2.17b. 

 
Figure 2.17. Temperature-dependent UV-vis (left), emission (centre, exc. 365 nm) and CD (right) 

spectroscopic changes of: a) AU in toluene C = 2.0 x 10-4 M from 100°C in red to 0°C in blue; b) AU_UA in 
CHCl3/DMF 1-1 at C = 2.0 x 10-4 M from 50°C in red to 0°C in blue. 

Denaturalization of AU_UA. Titration experiments in DMF:CHCl3 mixtures were 

performed to promote dissociation by increasing the amount of DMF (Figure 2.18a), or on 

the contrary, to enhance self-assembly by increasing the volume fraction of CHCl3 (see 

Figure 2.18b). As it was previously highlighted, AU_UA is not soluble in pure chlorinated 

solvents, so for the preparation of the solutions, the addition of a certain percentage of DMF 

(χDMF > 0.3) was mandatory, but the total concentration was maintained constant along the 

experiments at C = 2 x 10-4 M. For the study of the dissociation process, a solution at χDMF = 

1 was added in aliquots to solution at χDMF = 0.2, whereas for the association study, a 

solution at χDMF = 0.35 was incorporated to a solution at χDMF = 1.  

Unlike AU, the dissociated AU_UA molecule was not CD-silent and a Cotton effect 

with maxima at 397 nm was detected in pure DMF. Similar changes were observed in the 

association and dissociation experiments: upon increasing the volume fraction of apolar 

solvent, the signal intensity increases and there is a shift to 378 nm which was attributed to 

the formation of c(AU_UA)2, in analogy with the NMR experiments.311 When plotting the CD 

intensity for the 377 nm maxima for both processes (Figure 2.18d), self-assembly and 

                                                             
311 Please note that for simplicity diverse (AU_UA)2 in the graphical representations were represented in 

only one conformation/H-bonding mode, whereas they are in equilibria with others. 
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disaggregation show very similar trends, and the small differences observed can be 

attributed to solubility issues. The shape of the curves is consistent with a supramolecular 

dimerization process. The formation of a new supramolecular structure is also evidenced by 

a small quenching and blue-shift in the emission spectra (Figure 2.18c). 

 

Figure 2.18. Optical spectroscopy measurements (UV-vis on the left, CD on the centre) of AU_UA at 2 x 10-4 
M as a function of the volume fraction of DMF in the a) disassociation or b) association process. c) Emission 

spectra (exc. 360 nm) during the denaturalization process. d) Representation of the degree of aggregation vs 
the volume fraction of DMF. 

Concentration dependent Experiments. Changes in concentration in CHCl3/DMF 

solvent mixtures induced appreciable dissociation by H-bonding. A 1:1 mixture of both 

solvents (χDMF = 0.5) was chosen, since it provided both good solubility and also the most 

significant changes in previous experiments. As shown in Figure 2.19, diluting the AU_UA 

double dinucleoside resulted in a red shift from 363 nm to 370 nm, together with a small 

decrease in intensity in the absorption spectra. In CD, the dissociation could be monitored by 

the reduced signal intensity and red shift from 378 nm to 397 nm. At low concentrations, 

down to 3.93 x 10-5 M, no self-assembly is occurring and the monomer signal persists. A 

representation of the CD intensity at 377 nm vs log[C] revealed a very sharp transition that 

would be consistent with a highly cooperative process. Unfortunately, we were unable to fit 

the values obtained in the dilution experiment by ReactLab or similar programmes to a 

dimerization process.  



 
 

Chapter 2: Lipophilic Tubular Quadruplex DNA 

 

193 

 

 
Figure 2.19. a,b) Optical spectroscopy measurements (UV-vis on the left, CD on the centre) of the AU_UA 
dilution experiment performed at χDMF = 0.5. b) Representation of the CD intensity at 377 nm vs log[C]. 

Temperature dependent Experiments. Encouraged by the sudden red-shift observed 

in concentration dependent optical spectroscopy, efforts focused on optimising the 

conditions to analyse that change in variable temperature experiments at different 

concentrations. Some examples are shown in Figure 2.20. It is notable that, as the 

temperature is decreased, the Cotton effect attenuates not achieving completely neither the 

dissociated state nor the totally associated one at each concentration. Additionally, in UV-vis 

and emission experiments (exciting at 365 nm), a red-shift is appreciable at low 

temperatures, as well as slight changes in intensity. In further temperature-dependent 

measurements, CHCl3 was substituted with TCE, as it allows to further increase the 

temperature (b.p. 146°C). Nevertheless, no improvement was achieved, and we were unable 

to monitor the whole dissociation process. 

 
Figure 2.20. Temperature-dependent UV-vis (left) and CD (centre) for AU_UA at χDMF = 0.5 for a) 4 x 10-4 M 

and b) 2 x 10-4 M. c) Representation of the CD intensity at 377 nm for both samples. d) Temperature-
dependent emission spectra (exc. 365 nm) at C = 2 x 10-4 M in χDMF =0.5. 
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2.5. SUMMARY & CONCLUSIONS 

This Chapter shares the same objective with Chapter 1: to radically change DNA self-

assembly from a duplex to a tubular quadruplex by using the supramolecular 

cyclotetramerization chemistry the group has recently developed for dinucleoside 

monomers. However, while in Chapter 1 the lateral functional groups in the nucleobases 

were designed to provide solubility in water, in Chapter 2 we set our focus on lipophilic 

substituents that help to afford solubility in apolar organic solvents. The final lipophilic 

monomers would be subjected to ASPS in slightly modified conditions to produce lipophilic 

tubular DNA. Alternatively, the phosphoramidite coupling may be performed manually in the 

laboratory for the shortest sequences (dimers).  

The first part of this Chapter is hence focused on the development and optimization 

of the synthetic sequences towards various nucleobase fragments that are part of the 

lipophilic monomers adequately equipped for automated solid phase synthesis. The 

synthesis of novel lipophilic nucleobases has been described, all of them appropriately 

customised in position C-8 for purines and C-5 for pyrimidines. Contrary to Chapter 1, efforts 

are here focused on lipophilic moieties and, as a consequence, the hydroxy groups on 2’-

deoxyguanosine were blocked as tert-butyldimethylsilyl groups or with the tert-

butylsilanediyl functionality. In the case of pyrimidines, besides 5’-O-DMTr-substituted 

structures, complementary 3’-O-SiR3-blocked molecules were prepared for executing 

selective phosphoramidite couplings without the need for a solid support. Yet, all these are 

fluoride-sensitive groups and their deprotection would lead to water soluble structures. 

Therefore, in the second part of Chapter 2, we presented two synthetic protocols 

leading towards the synthesis of the shortest oligomers (dimers) without the help of a DNA 

synthesiser: phosphoramidite coupling of two properly substituted dinucleobase monomers, 

or Sonogashira reaction between a dihalogenated dinucleotide and the corresponding 

complementary purine. In this way, the double dinucleoside AU_UA was obtained. The 

second part of Chapter 2 is also devoted to the study of the supramolecular behaviour of 

AU_UA, and in the comparison with the simple dinucleoside AU previously studied by the 

research group. The analysis of the self-assembly processes was performed through 

concentration- and temperature-dependent measurements, as well as through denaturation 

and association experiments. In this regard, it soon became evident that solubility issues 

played a crucial role, since a high amount of H-competitor polar cosolvent was essential to 

maintain the compound in solution. We have demonstrated that the association of AU_UA is 

stronger than AU, and the assemblies of the former compound are able to resist lower 

concentrations and higher DMF contents. However, 1H NMR studies strongly support that 

AU_UA does not associate in c(AU_UA)4 cyclic tetramers, as its analogue AU does. Instead, 

NMR spectra are compatible with a c(AU_UA)2 cyclic dimer, formed by the association of 

two A:U pairs, observed in different conditions. In similar experiments recorded by CD, we 

could also observe and monitor this monomer-cyclic dimer equilibrium. Now, in conditions 

where H-bonding association is favoured, this cyclic dimer, instead of evolving to a double 

cyclic tetramer, which should be perfectly soluble, prefers to aggregate into open polymers 
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by additional A:U interactions, that then precipitate into structures with no clear microscale 

organization.  

It is a shame that, due to time restraints, an analogous GC_CG could not be 

synthesized by any of the two approaches exposed. Such a molecule would enjoy much 

higher EM values for cyclotetramerization, and would quite likely assemble into the desired 

double cyclic tetramers.  

As a future goal beyond this Thesis, the reactivity and coupling efficiency of the 

lipophilic, phosphoramidite-activated dinucleobase monomers prepared in this Chapter 

could be tested in the DNA synthesizer. Due to their different solubility, slightly different 

solvent and conditions may be needed than those used for regular activated nucleotides, 

while purification protocols should be adapted for apolar molecules. If successful at these 

steps, we are rather confident that the target supramolecular lipophilic DNA tubular 

quadruplexes may be assembled from the resulting oligomers, particularly if they are rich in 

G-C units. 
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2.6. EXPERIMENTAL SECTION  

2.6.1. GENERAL METHODS  

The General Methods detailed in the Experimental Section 1.6.1 of Chapter 1 are also 

applicable here. The synthesis and characterization data of compounds dG1, dG4, GHa, GHc, 

dC1a, dC1b, dU1a and dU1b can be found in Chapter 1, Section 1.6.2. 

Spectroscopy measurements. All the instruments are located at the Universidad 

Autónoma de Madrid. UV-Visible experiments were conducted using a JASCO V-660 

apparatus. Emission spectra were recorded in a JASCO FP-8600 equipment. CD spectra were 

recorded with a JASCO V-815 equipment with the parameters: DIT (2 sec), slit width (1000 

um), data pitch (1 nm). In all these three instruments the temperature was controlled using 

a JASCO Peltier thermostated cell holder with a range of 263–383 K, adjustable temperature 

slope, and accuracy of ± 0.1 K. The samples for SEM microscopy were drop-casted on glass 

support and allow to slowly evaporate. Afterwards, the samples were covered with a thin Au 

layer and measured on a JEOL JSM 7600 F in the Universidad Complutense de Madrid. 

2.6.2. SYNTHESIS AND CHARACTERIZATION 
The synthesis and/or characterization data of compounds dG7, 312 dG12,313 dG14,283 

dU2a,308 dU9,309 Alk1, 314  have been previously reported elsewhere and thus their 

characterization here is mostly limited to 1H NMR. 

SYNTHESIS OF PURINES 

SYNTHESIS OF 2’-DEOXYGUANOSINE DERIVATIVES 
▪ Standard Procedure N for the protection of alcohols with acetate groups. The 

experimental procedure was inspired by previously reported literature.315 A solution of the 

nucleobase (1 eq.) together with DMAP (catalytic amount indicated in each case, commonly 

0.1 eq. per alcohol) was diluted with anhydrous DMF at room temperature. Subsequently, 

NEt3 (equivalents indicated in each case) and acetic anhydride (1.1 eq. per alcohol), were 

added dropwise. The reaction was monitored by TLC and once it was complete, it was 

quenched by pouring MeOH and stirring at room temperature for additional 30 minutes. 

Solvents were evaporated under reduced pressure and the resulting mixture was diluted 

with CHCl3 and washed three times with NaHCO3 (sat.). The organic phases were collected, 

dried over MgSO4, filtered and concentrated in vacuo. The product was purified by column 

chromatography (eluent indicated in each case) or by precipitation. 

 

 

                                                             
312 T. Suzuki, A. Nakamura, M. Inukai, Bioorg. Med. Chem. 2013, 21, 3674-3679. 
313 Y. Shinohara, K. Matsumoto, K. Kugenuma, T. Morii, Y. Saito, I. Saito, Bioorg. Med. Chem., 2010, 20, 

2817-2820. 
314 C. J. Moody, Tetrahedron 1998, 54, 2257-2268. 
315 J. von Watzdorf, K. Leitner, A. Marx, Angew. Chem. Int. Ed. 2016, 55, 3229-3232. 
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dG7. 3’,5’-di-O-acetyl-8-bromo-2’-deoxyguanosine. 

The purine was prepared following Standard Procedure F using the 

brominated derivative dG1 (13.4 mmol, 4.64 g), DMAP (2.68 mmol, 

327 mg), Et3N (67.0 mmol, 9.34 mL) and acetic anhydride (27.5 

mmol, 2.59 mL) dissolved in dry DMF (80 mL) at room temperature 

under inert atmosphere. After concentrating in vacuo, no extraction 

was performed, and the residue was directly subjected to 

purification by column chromatography on silica gel eluted with 

CHCl3/MeOH (40:1) to provide 4.74 g of the purine (82% yield). Characterization data was in 

accordance with those previously reported in literature.312 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 10.85 (s (b), 1H, NH), 6.55 (s (b), 2H, NH2), 6.18 (t, J 

= 7.0 Hz, 1H, H1’), 5.42 (dt, J = 7.0, 3.3 Hz, 1H, H4’), 4.39 (c, J = 7.0 Hz, 1H, H3’), 4.18 (m, 2H, 

H5’), 3.50 (dt, J = 14.2, 7.2 Hz, 1H, 1 H2’), 2.43 (m, 1H, 1 H2’), 2.08 (s, 3H, COCH3), 1.99 (s, 3H, 

COCH3).  
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 170.1, 170.0, 155.4, 153.4, 151.9, 120.5, 117.4, 85.1, 

81.6, 74.3, 63.5, 33.6, 20.8, 20.5.  

MS (ESI+): m/z = 430.03 [M+H]+. 

▪ Standard Procedure O for the O6 protection by Mitsunobu reaction. In a two-neck 

flask the purine (1 eq.) was placed together with triphenylphosphine (PPh3, 1.5 eq.) and 

dissolved in 1,4-dioxane (volume indicated in each case). The reaction system was stirred at 

50 °C under argon atmosphere. Afterwards, diisopropyl azodicarboxylate (DIAD, 1.4 eq.) and 

2-(trimethylsilyl)ethanol (1.6 eq.) were added dropwise. The reaction was monitored by TLC 

until completion. Further equivalents of PPh3 and DIAD were added if necessary until the 

reaction was complete. Finally, solvents were removed under vacuum and the crude product 

was subjected to column chromatography (eluent indicated in each case).250 

dG8. 3’,5’-di-O-acetyl-8-bromo-O6-(trimethylsilylethyl)-2’-deoxyguanosine. 

The carbonyl protected nucleobase was prepared following 

Standard Procedure E, using purine dG7 (11.05 mmol, 4.74 g), PPh3 

(16.57 mmol, 4.34 g), 2-(trimethylsilyl)ethanol (17.68 mmol, 3.05 

mL) and DIAD (15.47 mmol, 3.04 mL) in 60 mL of dry 1,4-dioxane at 

50 °C under inert atmosphere. The resulting crude was subjected 

to column chromatography on silica gel eluted with CHCl3/MeOH 

(70:1) to yield 3.71 g of an oily compound (63% yield). 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 6.52 (s (b), 2H, NH2), 6.21 

(t, J = 7.0 Hz, 1H, H1’), 5.46 (m, 1H, H4’), 4.48 (t, J = 8.0 Hz, 2H, 

OCH2), 4.39 (c, J = 7.2 Hz, 1H, H3’), 4.18 (m, 2H, H5’), 3.63 (dt, J = 14.1, 7.2 Hz, 1H, 1 H2’), 2.49 

(m, 1H, 1 H2’), 2.08 (s, 3H, COCH3), 1.96 (s, 3H, COCH3), 1.11 (dd, J = 8.9, 7.5 Hz, 2H, SiCH2), 

0.06 (s, 9H, Si(CH3)3). 
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 170.1, 170.0, 159.41, 159.37, 154.3, 124.0, 114.0, 

85.3, 81.6, 74.5, 63.9, 63.4, 33.2, 20.8, 20.5, 16.9, -1.3. 

MS (ESI+): m/z = 530.11 [M+H]+. 
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▪ Standard Procedure P for the Sonogashira coupling with TMSA or TIPSA. The 

solvent mixture THF/NEt3, DMF/NEt3 or DMF/DIPEA (4:1) (indicated in each case) was 

subjected to deoxygenation by freeze-pump-thaw cycles. Then, this solvent was added over 

the system containing the corresponding halogenated nucleobase (1 eq), Cul (0.01 eq) and 

Pd(PPh3)2Cl2 (0.02 eq). Subsequently, TMSA or TIPSA (3 eq.) was added dropwise. The 

reaction was stirred under argon atmosphere at a given temperature (40 °C on regular basis) 

until completion, which was monitored by TLC. Then, the mixture was filtered over a celite 

plug and the solvent evaporated under vacuum. Finally, the crude material was subjected to 

column chromatography (eluent indicated in each case). 

dG9. 3’,5’-di-O-acetyl-8-ethynyl-O6-(trimethylsilylethyl)-2’-deoxyguanosine.  

The Sonogashira product was obtained following Standard 

Procedure B starting from dG8 (19.81 mmol, 10.50 g), Pd(PPh3)2Cl2 

(0.39 mmol, 277 mg), CuI (0.19 mmol, 37.6 mg) and TMSA (59.40 

mmol, 8.50 mL) in the solvent mixture THF/NEt3 (4:1, 45 mL) 

stirring at 40 °C during a period of 18 hours. The crude material was 

subjected to column chromatography eluted with CyHex/AcOEt 

(1.5:1) to provide 4.11 g of the purine (42% yield).  
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 6.64 (s (b), 2H, NH2), 6.32 

(t, J = 7.1 Hz, 1H, H1’), 5.43 (dt, J = 7.0, 3.1 Hz, 1H, H4’), 4.89 (s, 1H, 

H≡), 4.50 (t, J = 8.0 Hz, 2H, OCH2), 4.41 (td, J = 7.5, 2.9 Hz, 1H, H3’), 4.19 (m, 2H, H5’), 3.52 

(dtd, J = 14.7, 7.3, 3.1 Hz, 1H, 1 H2’), 2.44 (m, 1H, 1 H2’), 2.09 (s, 3H, COCH3), 1.99 (s, 3H, 

COCH3), 1.12 (dd, J = 8.9, 7.5 Hz, 2H, SiCH2), 0.07 (s, 9H, Si(CH3)3).  
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 170.1, 170.0, 160.6, 160.4, 153.0, 130.5, 113.9, 86.4, 

81.5, 74.4, 73.4, 64.0, 63.4, 59.7, 33.5, 20.8, 20.5, 16.9, -1.3.  

HRMS (ESI+): m/z calculated for C21H30N5O6Si [M+H]+: 476.1965. Found: 476.1980 [M+H]+. 

dG10. 3’,5’-di-O-acetyl-8-trimethylsilylethynyl-O6-(trimethylsilylethyl)-2’-deoxyguanosine.  

The Sonogashira compound was prepared following Standard 

Procedure B starting from dG8 (19.80 mmol, 10.50 g), Pd(PPh3)2Cl2 

(0.39 mmol, 277 mg), CuI (0.19 mmol, 37.6 mg) and TMSA (59.40 

mmol, 8.50 mL) in the solvent mixture THF/NEt3 (4:1, 45 mL) 

stirring at 40 °C during a period of 18 hours. The crude material was 

subjected to column chromatography eluted with CyHex/AcOEt 

(1.5:1) to provide 4.00 g of the purine (36% yield).  
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 6.66 (s (b), 2H, NH2), 6.33 

(t, J = 6.8 Hz, 1H, H1’), 5.43 (dt, J = 7.0, 3.1 Hz, 1H, H4’), 4.88 (m, 1H, 

1 H2’), 4.50 (t, J = 8.0 Hz, 2H, OCH2), 4.41 (td, J = 7.5, 3.1 Hz, 1H, H3’), 4.19 (m, 2H, H5’), 2.44 

(m, 1H, 1 H2’), 2.08 (s, 3H, COCH3), 1.98 (s, 3H, COCH3), 1.12 (dd, J = 8.9, 7.5 Hz, 2H, SiCH2), 

0.03 (s, 9H, Si(CH3)3), 0.07 (s, 9H, Si(CH3)3).  
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 170.1, 170.0, 160.4, 160.6, 153.1, 130.6, 114.0, 86.4, 

84.0, 81.5, 74.4, 71.2, 64.0, 63.4, 59.7, 33.5, 20.8, 20.5, 16.9, 1.8, -1.3. 

MS (ESI+): m/z = 548.23 [M+H]+. 
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▪ Standard Procedure Q for the removal of fluoride-sensitive groups. The compound 

was placed in a round‐bottomed flask equipped with a magnetic stirrer, THF was added at 

room temperature until the solid was dissolved. Then, TBAF∙3H2O (1.2 eq. per silicium) was 

added and the mixture was allowed to stir until reaction completion, which was monitored 

by TLC (approximately 1 hour in all cases). The solvent was evaporated at reduced pressure 

and the product was isolated by column chromatography (eluent indicated in each case) or 

collected by filtration. 

dG11. 3’,5’-di-O-acetyl-8-ethynyl-2’-deoxyguanosine. 

Procedure 1: The nucleobase dG11 was prepared following Standard 

Procedure D, using a solution of dG (3.84 mmol, 1.82 g) in THF (52 

mL), to which TBAF·3H2O (3.84 mmol, 1.20 g) was added. After 

solvent evaporation, the product was purified by column 

chromatography eluted with CHCl3/MeOH (30:1), to afford 1.13 g 

of the deprotected molecule (78% yield). 

Procedure 2: This same purine can be obtained following Standard Procedure D in this case 

starting from dG10 (0.58 mmol, 0.32 g) and TBAF∙3H2O (1.28 mmol, 0.45 g) diluted in THF 

(16 mL). Once all volatiles were evaporated, 150 mg of the derivate (60% yield) were 

obtained after column chromatography on silica gel eluted with CHCl3/MeOH (30:1). 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 10.88 (s (b), 1H, NH), 6.62 (s (b), 2H, NH2), 6.27 (t, J 

= 7.2 Hz, 1H, H1’), 5.40 (dt, J = 6.8, 3.1 Hz, 1H, H4’), 4.81 (s, 1H, H≡), 4.38 (m, 1H, H3’), 4.19 (m, 

2H, H5’), 3.39 (dt, J = 14.5, 7.4 Hz, 1H, 1 H2’), 2.48 (m, 1H, 1 H2’), 2.08 (s, 3H, COCH3), 2.00 (s, 

3H, COCH3). 
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 170.1, 170.0, 156.0, 154.0, 150.7, 128.6, 117.0, 85.8, 

83.8, 81.5, 74.3, 73.5, 63.4, 33.9, 30.7, 20.8, 20.5. 

HRMS (ESI+): m/z calculated for NaC16H17N5O6 [M+Na]+: 398.1077. Found: 398.1059 

[M+Na]+. 

dG12. 8-ethynyl-2’-deoxyguanosine. 

A solution of aqueous ammonia at 28% (60 mL) was poured over 

compound dG11 (1.59 mmol, 600 mg). The solution was stirred at 

room temperature for 72h. Once the reaction was complete, solvents 

were removed in vacuo and the purine was precipitated with MeCN to 

afford 438 mg of dG12 (94% yield). Characterization data was in 

accordance with those previously reported in literature.313 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 10.54 (s (b), 1H, NH), 6.56 (s (b), 2H, NH2), 6.25 (t, J 

= 7.3 Hz, 1H, H1’), 5.26 (d, J = 4.1 Hz, 1H, OH), 4.87 (t, J = 6.0 Hz, OH), 4.78 (s, 1H, H≡), 4.37 

(m, 1H, H4’), 3.80 (m, 1H, H3’), 3.61 (dd, J = 11.8, 5.9 Hz, 1H, 1 H5’), 3.51 (dd, J = 11.8, 5.9 Hz, 

1H, 1 H5’), 3.08 (dd, J = 13.8, 6.8 Hz, 1H, 1 H2’), 2.11 (m, 1H, 1 H2’). 

▪ Standard Procedure R for the protection of 3’,5’-O of purines as di-tert-

butylsilanediyl. The experimental procedure was adapted from literature.284 The purine (1 

eq.) and imidazole (4 or 4.5 eq.) were dissolved in dry DMF (volume indicated in each case) 

at 0 °C under inert atmosphere. After 15 - 30 minutes of agitation, di-tert-

butylsilylbis(trifluoro-methanesulfonate) (1.5 eq. ca) was added over a period of 10 minutes, 
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when the reaction was stirred at room temperature until completion. Solvents were 

removed in vacuo and the residue was purified by column chromatography (eluent indicated 

in each case).  

dG1a. 3’,5’-O-di-tert-butylsilanediyl-2’-deoxyguanosine.  

The deprotected purine was synthetized following Standard Procedure R. 

The nucleobase dG12 (0.69 mmol, 200 mg) and imidazole (3.10 mmol, 

320 mg) were dissolved in anhydrous DMF (1.0 mL) under argon 

atmosphere at 0°C in the presence of 3 Å sieves. After 30 minutes of 

agitation, di-tert-butylsilylbis(trifluoromethanesulfonate) (1.30 mmol, 

0.70 mL) was added dropwise over a period of 10 minutes when the 

resulting mixture was to stirred at room temperature. Once the reaction 

was finished, solvents were removed in oil-pump vacuum. The crude product was purified by 

column chromatography eluted with CHCl3/MeOH (30:1), to obtain 290 mg of product (66% 

yield).  

1H NMR (300 MHz, CDCl3): δ (ppm) = 11.87 (s (b), 1H, NH), 6.57 (s (b), 2H, NH2), 6.33 (dd, J = 

9.3, 2.2 Hz, 1H, H1’), 5.21 (q, J = 8.9 Hz, 1H, 1 H5’), 4.39 (dd, J = 9.3, 5.0 Hz, 1H, H4’), 4.04 (t, J = 

9.8 Hz, 1H, 1 H5’), 3.72 (td, J = 10.0, 5.0 Hz, 1H, H3’), 3.41 (s, 1H, H≡), 2.95 (ddd, J = 12.8, 7.7, 

2.3 Hz, 1H, 1 H2’), 2.41 (dt, J = 12.8, 9.6 Hz, 1H, 1 H2’), 1.13 (s, 9H, SiC(CH3)3), 1.03 (s, 9H, 

SiC(CH3)3).  
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 156.0, 154.1, 150.5, 128.2, 116.8, 85.4, 81.5, 77.3, 

74.5, 73.9, 66.7, 36.1, 27.3, 27.1, 22.2, 19.7.  

MS (MALDI, DCTB+NaI): m/z = 454.2 [M+Na]+. 

▪ Standard Procedure S for the protection of the N2 with dimethylaminomethylene 

group. In a round bottom flask, equipped with a stirring bar, the nucleobase (1 eq.) was 

dissolved in dry DMF (volume indicated in each case). To this solution N,N-

dimethylformamide dimethyl acetal (1.1 eq.) was added dropwise and the mixture was 

stirred at room temperature until completion, which was monitored by TLC. All volatiles 

were evaporated. Work-up and purification methods are indicated in each case. 

dG13. 8-bromo-N2-dimethylacetimidamide-2’-deoxyguanosine. 

Over a suspension of the brominated derivative dG1 (28.90 mmol, 

10.00 g) in dry DMF (130 mL) under inert atmosphere, N,N-

dimethylacetamidedimethylacetal (31.79 mmol, 21.14 mL) was 

added. The reaction was monitored by TLC. After evaporation of 

volatiles, the product was isolated by column chromatography 

eluted with CHCl3/MeOH (10:1) to afford 2.09 g of the 2’-

deoxyguanosine (17% yield).  
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 11.38 (s (b), 1H, NH), 6.18 (t, J = 7.9 Hz, 1H, H1’), 

5.30 (d, J = 4.3 Hz, 1H, OH), 4.96 (dd, J = 7.5, 4.5 Hz, 1H, OH), 4.38 (c, J = 3.2 Hz, 1H, H4’), 3.82 

(c, J = 4.5 Hz, 1H, H3’), 3.57 (m, 1H, 1 H5’), 3.44 (m, 1H, 1 H5’), 3.11 (m, 1H, 1 H2’), 3.09 (s, 3H, 

NCH3), 3.00 (s, 3H, NCH3), 2.17 (s, 3H, N=CCH3), 2.12 (m, 1H, 1 H2’).  
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 162.9, 156.5, 156.1, 150.7, 122.1, 120.0, 87.9, 85.6, 

79.1, 70.9, 62.1, 37.1, 16.5. 

https://www.sigmaaldrich.com/catalog/substance/nndimethylformamidedimethylacetal11916463724511
https://www.sigmaaldrich.com/catalog/substance/nndimethylformamidedimethylacetal11916463724511
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MS (ESI+): m/z = 437.05 [M+Na]+. 

dG14. 8-bromo-N2-dimethylaminomethylene-2’-deoxyguanosine. 

The synthesis of dG14 was in agreement to both Standard 

Procedure C and previous literature.283 The brominated derivative 

dG1 (5.77 mmol, 2.00 g) was suspended in dry DMF (28 mL). N,N-

dimethylformamidedimethylacetal (6.35 mmol, 0.84 mL) was 

then added. The reaction mixture was stirred overnight at room 

temperature. Solvents were removed in vacuo and the resulting 

material was precipitated in water to obtain 1.75 g of a white solid (76% yield).  
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 11.53 (s (b), 1H, NH), 8.48 (s, 1H, N=CH), 6.22 (t, J = 

7.1 Hz, 1H, H1’), 5.34 (d, J = 4.2 Hz, 1H, OH), 4.83 (t, J = 6.0 Hz, 1H, OH), 4.47 (m, 1H, H4’), 3.82 

(c, J = 4.7 Hz, 1H, H3’), 3.64 (m, 1H, 1 H5’), 3.53 (m, 1H, 1 H5’), 3.15 (s, 3H, NCH3), 3.04 (s, 3H, 

NCH3), 2.15 (m, 1H, 1 H2’), 2.12 (m, 1H, 1 H2’). 
13C NMR (76 MHz, DMSO-d6): δ(ppm) = 158.3, 157.2, 156.4, 150.7, 122.1, 120.5, 87.8, 85.3, 

70.8, 61.9, 40.9, 37.0, 34.7. 

MS (ESI+): m/z = 423.04 [M+Na]+. 

dG15. 3’,5’-O-bis(tert-butyldimethylsilyl)-8-trimethylsilylethynyl-2´-deoxyguanosine. 

The protected purine dG4 (1.90 mmol, 1.32 g) was dissolved in 

MeOH (130 mL) and formic acid (145.80 mmol, 5.5 mL) was 

added at room temperature. If necessary, more formic acid was 

carefully added to prevent depurination. After 18 hours, solvents 

were evaporated under reduced pressure and the crude product 

was precipitated in water to remove traces of acid. The 

deprotected product was isolated by column chromatography on silica gel eluted with 

CHCl3/MeOH (50:1) to obtain 340 mg of product (50% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 11.82 (s (b), 1H, NH), 6.38 (m, 3H, NH2, H1’), 4.67 (dd, J 

= 5.8, 2.9 Hz, 1H, H4’), 3.96 (ddd, J = 7.7, 5.5, 2.5 Hz, 1H, H3’), 3.85 (dd, J = 10.5, 7.8 Hz, 1H, 

H5’), 3.76 (m, 1H, H5’), 3.35 (m, 1H, H2’), 2.14 (m, 1H, H2’), 0.93 (s, 9H, SiC(CH3)3), 0.89 (s, 9H, 

Si(CH3)3), 0.28 (s, 9H, Si(CH3)3), 0.13 (s, 6H, 2 SiCH3), 0.05 (s, 6H, 2 SiCH3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 150.8, 131.1, 117.5, 101.2, 92.8, 87.4, 84.8, 76.5, 72.8, 

63.0, 36.4, 25.7, 25.5, 18.1, 17.7, -0.6, -4.9, -5.5, -5.6. 

MS (MALDI, DCTB+NaI): m/z = 614.4 [M+Na]+. 

▪ Standard Procedure T for the deprotection of terminal ethynyl group in mild basic 

conditions. A round-bottom flask was charged with the protected compound (1 eq.) 

dissolved in MeOH (volume indicated in each case). Thereafter, K2CO3 (normally 1.1 eq.) was 

incorporated to this system. Once the deprotection reaction was complete, solvents were 

removed in an oil-pump vacuum. The resulting crude was purified by extraction or column 

chromatography (work up and procedure indicated in each case). 
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dG2a. 3’,5’-O-bis(tert-butyldimethylsilyl)-8-ethynyl-2´-deoxyguanosine. 

The molecule was synthetized following Standard Procedure T. 

The nucleobase dG15 (11.90 mmol, 6.20 g) was dissolved in 

MeOH (40 mL). K2CO3 (13.11 mmol, 180 mg) was afterwards 

added to this solution. The reaction mixture was stirred at room 

temperature until completion. Afterwards, the solvents were 

evaporated under reduced pressure and the crude product was 

diluted with 15 mL of CHCl3 and extracted twice with H2O (2 x 10 

mL) to afford 4.40 g of the purine (81% yield). 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 10.84 (s (b), 1H, NH), 6.54 (s (b), 2H, NH2), 6.24 (t, J 

= 7.1 Hz, 1H, H1’), 4.80 (s, 1H, H≡), 4.54 (dt, J = 5.5, 2.7 Hz, 1H, H4’), 3.75 (m, 1H, H3’), 3.67 (m, 

1H, 1 H5’), 3.41 (s, 1H, 1 H5’), 3.25 (m, 1H, 1 H2’), 2.16 (ddd, J = 13.1, 6.7, 3.3 Hz, 1H, 1 H2’), 

0.89 (s, 9H, SiC(CH3)3), 0.84 (s, 9H, SiC(CH3)3), 0.11 (s, 6H, 2 SiCH3), 0.00 (s, 3H, SiCH3), -0.002 

(s, 3H, SiCH3).  
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 151.0, 128.4, 116.9, 87.1, 85.5, 83.3, 74.0, 72.6, 62.9, 

36.4, 25.8, 25.7, 18.0, 17.7, -4.7, -4.9, -5.4. 

MS (FAB): m/z = 454.2 [M+Na]+. 

dG2b. 3’,5’-O-bis(tert-butyldimethylsilyl)-8-ethynyl-N2-(dimethylaminomethylene)-2´-

deoxyguanosine.  

The derivative of 2’-deoxyguanosine was synthetized 

following Standard Procedure C. The purine dG2a (1.34 mmol, 

700 mg) was dissolved in dry DMF (7 mL) and submerged in 

an ice bath. Afterwards, N,N-dimethylformamidedimethyl-

acetal (1.42 mmol, 0.19 mL) was added. The reaction was 

stirred at 0 °C for 6 hours. Once the protection of the amine 

was complete, the mixture was immediately concentrated in 

vacuo. The crude material was subjected to column chromatography eluted with 

CHCl3/MeOH (80:1) to yield 493 mg of the nucleobase (60% yield).  

1H NMR (300 MHz, CDCl3): δ (ppm) = 10.01 (s (b), 1H, NH), 8.41 (s, 1H, N=CH), 6.37 (dd, J = 

7.9, 6.6 Hz, 1H, H1’), 4.49 (dt, J = 6.2, 3.1 Hz, 1H, H4’), 3.82 (td, J = 6.2, 3.0 Hz, 1H, H3’), 3.66 (d, 

J = 6.2 Hz, 2H, H5’), 3.28 (s, 1H, H≡), 3.12 (m, 1H, 1 H2’), 3.08 (s, 3H, NCH3), 3.01 (s, 3H, NCH3), 

2.07 (ddd, J = 13.1, 6.6, 3.1 Hz, 1H, 1 H2’), 0.80 (s, 9H, SiC(CH3)3), 0.76 (s, 9H, SiC(CH3)3), 0.00 

(s, 6H, 2 SiCH3), -0.08 (s, 3H, SiCH3), -0.09 (s, 3H, SiCH3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 158.0, 157.8, 157.2, 150.2, 130.5, 120.7, 87.4, 83.8, 82.6, 

74.0, 72.7, 63.3, 41.6, 37.7, 35.4, 26.0, 25.8, 18.4, 18.0, -4.5, -4.6, -5.2, -5.3.  

MS (MALDI, DCTB+NaI): m/z = 597.4 [M+Na]+.  
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SYNTHESIS OF 2’-DEOXYADENOSINE & 2-AMINOADENINE 

dA1. 8-bromo-2’-deoxyadenosine. 

The commercial nucleobase 2’-deoxyadenosine (2.00 mmol, 503 mg) 

was dissolved in a mixture of CHCl3/MeOH 5:1 (10 mL). NBS (4.00 mmol, 

712 mg) was incorporated over a period of 2 hours. The reaction mixture 

was stirred at room temperature during 4 days at ambient temperature. 

At that point, solvent was removed in vacuo and the residue was 

purified by column chromatography on silica gel eluted with 

CHCl3/MeOH (15:1) to afford 219 mg of the brominated compound (33% yield).  
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 8.11 (s, 1H, H2), 7.52 (s (b), 2H, NH2), 6.29 (dd, J = 

7.8, 6.6 Hz, 1H, H1’), 5.35 (d, 1H, J = 4.2 Hz, OH), 5.29 (dd, 1H, J = 7.7, 4.4 Hz, OH), 4.48 (dq, J 

= 6.0, 2.9 Hz, 1H, H4’), 3.88 (dq, J = 4.3, 2.5 Hz, 1H, H3’), 3.65 (dt, J = 11.7, 4.4 Hz, 1 H5’), 3.48 

(ddd, J = 12.1, 7.7, 4.8 Hz, 1 H5’), 3.25 (ddd, J = 13.4, 8.1, 6.5 Hz, 1H, 1 H2’), 2.19 (ddd, J = 13.4, 

6.4, 2.7 Hz, 1H, 1H2’).  
13C NMR (76 MHz, DMSO): δ (ppm) = 155.1, 152.4, 149.9, 126.6, 119.7, 88.3, 86.4, 71.2, 62.1, 

37.0.  

MS (ESI+): m/z = 330.02 [M+H]+. 

dA2. 3’,5’-di-O-acetyl-2’-deoxyadenosine.  

This nucleobase was prepared following Standard Procedure F using 

the commercial compound 2’-deoxyadenosine (20.0 mmol, 5.02 g) 

together with DMAP (10.0 mmol, 1.22 g) dissolved in dry DMF (60 

mL). Thereafter, NEt3 (100 mmol, 13.94 mL) and acetic anhydride (41 

mmol, 0.87 mL) were incorporated. Once the reaction was finished 

and after performing the corresponding work-up, the crude mixture 

was subjected to column chromatography eluted with CHCl3/MeOH 

(15:1) to obtain 5.77 g of the pure product (86% yield). 
1H NMR (300MHz, DMSO-d6): δ (ppm) = 8.34 (s, 1H, H8), 8.15 (s, 1H, H2), 7.32 (s (b), 2H, NH2), 

6.36 (t, J = 7.1 Hz, 1H, H1’), 5.40 (c, J = 6.1 Hz, 1H, H4’), 4.25 (m, 3H, H3’, H5’), 3.16 (dt, J = 14.4, 

6.8 Hz, 1H, 1H2’), 2.55 (m, 1H, 1 H2’), 2.09 (s, 3H, COCH3), 2.01 (s, 3H, COCH3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 170.5, 170.35, 156.0, 153.2, 149.6, 138.5, 120.2, 84.6, 

82.6, 74.6, 63.8, 37.6, 21.0, 20.8.  

MS (ESI+): m/z = 336.13 [M+H]+. 

dA3. 3’,5’-di-O-acetyl-8-bromo-2’-deoxyadenosine.  

The 2’-deoxyadenosine derivative dA2 (8.00 mmol, 2.68 g) was 

dissolved in a mixture of H2O/MeCN (2:1, 40 mL). NBS (16.0 mmol, 

2.85 g) was added slowly in portions over a period of 2 hours. The 

reaction was stirred at ambient temperature until completion, which 

was monitored by TLC. Afterwards, solvent was evaporated under 

reduced pressure and the product was isolated by column 

chromatography eluted with CHCl3/MeOH (40:1) to obtain 2.25 g of the brominated 

compound (71% yield). 
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1H NMR (300 MHz, CDCl3): δ (ppm) = 8.24 (s, 1H, H2), 6.37 (m, 3H, NH2, H1’), 5.60 (dq, J = 6.3, 

2.5 Hz, 1H, H4’), 4.49 (dd, J = 10.6, 4.2 Hz, 1H, H3’), 4.31 (m, 2H, H5’), 3.82 (dt, J = 14.1, 7.0 Hz, 

1H, 1H2’), 2.40 (ddd, J = 14.1, 6.9, 3.1 Hz, 1H, 1H2’), 2.11 (s, 3H, COCH3), 2.01 (s, 3H, COCH3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 170.7, 170.4, 154.6, 152.8, 150.9, 127.3, 120.5, 86.3, 

82.7, 74.8, 63.7, 34.3, 21.1, 20.8.  

MS (ESI+): m/z = 414.04 [M+H]+. 

dA4. 3’,5’-O-di-tert-butylsilanediyl-2’-deoxyadenosine.  

The nucleobase dA4 was prepared following Standard Procedure R. The 

commercial purine 2’-deoxyadenosine (27.72 mmol, 7.00 g) and imidazole 

(111.02 mmol, 7.56 g) were dissolved in dry DMF (350 mL) under argon 

atmosphere at 0 °C. After 20 minutes of agitation, di-tert-

butylsilylbis(trifluoromethanesulfonate) (41.58 mmol, 13.65 mL) was 

added dropwise over a period of 10 minutes, when the mixture was stirred 

at room temperature. Once the reaction was complete, solvents were 

removed in vacuo. The crude product was purified by column chromatography eluted with 

CyHex/AcOEt/MeOH (1:1:0.1) to yield 8.40 g of product (77% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.34 (s, 1H, H2), 7.86 (s, 1H, H8), 6.34 (dd, J = 8.5, 1.8 Hz, 

1H, H1’), 5.71 (s (b), 2H, NH2), 4.76 (ddd, J = 10.5, 8.3, 7.3 Hz, 1H, H4’), 4.43 (dd, J = 9.2, 5.0 Hz, 

1H, H3’), 4.04 (dd, J = 10.4, 9.3 Hz, 1H, H5’), 3.79 (ddd, J = 10.4, 8.9, 5.0 Hz, 1H, H5’), 2.79 (ddd, 

J = 13.1, 7.3, 1.8 Hz, 1H, H2’), 2.51 (dddd, J = 13.1, 10.6, 8.3, 2.3 Hz, 1H, H2’), 1.10 (s, 9H, 

SiC(CH3)3), 1.03 (s, 9H, SiC(CH3)3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 155.9, 153.2, 149.3, 138.6, 120.2, 82.8, 78.6, 74.6, 67.6, 

38.7, 27.5, 27.2, 22.7, 20.2.  

MS (MALDI, DCTB+NaI): m/z = 392.2 [M+H]+. 

▪ Standard Procedure U for the bromination of C-8 in A derivatives. The 

experimental procedure was adapted from reported literature.316 Bromine (1.3 eq.) and 

sodium acetate (1.3 eq.) were incorporated at ambient temperature to a solution of the 

corresponding purine (1 eq.) in MeOH (volume indicated in each case). The reaction mixture 

was monitored by TLC until completion. Afterwards, the solvent was removed under 

reduced pressure and the residue was diluted with CH2Cl2 and washed with Na2S2O5 (sat.), 

NaHCO3 (sat.) and H2O (volume indicated in each case). The organic phases were collected, 

dried over Na2SO4, and concentrated. The product was purified by column chromatography 

on silica gel (eluent indicated in each case). 

 

 

 

 

 

                                                             
316 K. BeomTae, Bul. Korean Chem. Soc. 2006, 27, 986-990. 
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dA5. 3’,5’-O-di-tert-butylsilanediyl-8-bromo-2’-deoxyadenosine.  

The brominated compound was synthetized in agreement to Standard 

Procedure U. Bromine (33.20 mmol, 2.20 mL) and sodium acetate (33.20 

mmol, 2.70 g) were added to a solution of dA4 (25.50 mmol, 10.00 g) in 

MeOH (300 mL). Afterwards, solvent was evaporated in oil-pump vacuum 

and the crude mixture was diluted with 100 mL of CH2Cl2 and washed with 

Na2S2O5 (sat. 3 x 100 mL), NaHCO3 (sat. 2 x 100 mL) and finally, H2O (50 mL). 

The organic layers were collected, dried over MgSO4, and concentrated by 

rotatory evaporation. The product was purified by column chromatography eluted with 

CyHex/AcOEt (1.5:1) to afford 8.25 g (69% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.23 (s, 1H, H2), 6.68 (s (b), 2H, NH2), 6.29 (dd, J = 9.3, 

2.1 Hz, 1H, H1’), 5.38 (q, J = 8.6 Hz, 1H, H4’), 4.34 (dd, J = 9.1, 5.0 Hz, 1H, H3’), 4.00 (t, J = 9.7 

Hz, 1H, H5’), 3.73 (td, J = 9.4, 4.9 Hz, 1H, H5’), 3.10 (ddd, J = 12.5, 7.6, 2.2 Hz, 1H, H2’) 2.43 (dt, 

J = 12.5, 9.5 Hz, 1H, H2’), 1.10 (s, 9H, SiC(CH3)3), 1.00 (s, 9H, SiC(CH3)3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 154.8, 153.0, 150.5, 127.0, 120.3, 84.1, 78.7, 74.5, 67.5, 

36.7, 27.6, 27.3, 22.7, 20.1.  

MS (MALDI, DCTB+NaI): m/z = 470.2 [M+H]+. 

dA6. 3’,5’-O-di-tert-butylsilanediyl-8-trimethylsilylethynyl-2’-deoxyadenosine.  

The purine was synthetized following Standard Procedure B, starting 

from dA5 (2.89 mmol, 1.36 g), Pd(PPh3)2Cl2 (28.9 µmmol, 20.4 mg), CuI 

(58.0 µmmol, 11.0 mg) and TMSA (11.60 mmol, 1.65 mL) dissolved in 

the solvent mixture THF/NEt3 (15 mL) at 40°C. The Sonogashira 

coupling was complete after 3 hours. The crude material was subjected 

to column chromatography eluted with CyHex/AcOEt (1:1) to provide 

0.85 g of the nucleobase (65% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.28 (s, 1H, H2), 6.99 (s (b), 2H, NH2), 6.45 (d, J = 9.3 Hz, 

1H, H1’), 5.50 (q, J = 8.8 Hz, 1H, H4’), 4.37 (dd, J = 9.0, 5.0 Hz, 1H, H3’), 4.07 (dd, J = 11.7, 6.8 Hz, 

1H, H5’), 3.77 (td, J = 9.7, 4.9 Hz, 1H, H5’), 2.98 (dd, J = 11.8, 7.5 Hz, 1H, 1 H2’), 2.47 (q, J = 11.8, 

10.3 Hz, 1H, 1 H2’), 1.13 (s, 9H, SiC(CH3)3), 1.02 (s, 9H, SiC(CH3)3), 0.29 (s, 9H, SiCH3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 155.9, 153.7, 148.6, 133.8, 119.7, 103.5, 92.3, 83.1, 78.7, 

74.3, 67.4, 37.2, 27.5, 27.2, 22.5, 20.0, 0.5.  

MS (MALDI, DCTB+NaI): m/z = 488.3 [M+H]+. 

dA1a. 3’,5’-O-di-tert-butylsilanediyl-8-ethynyl-2’-deoxyadenosine.  

The purine was synthetized inspired by literature,317 and according to 

Standard Procedure T. The compound was obtained by using dA6 (8.40 

mmol, 4.10 g) dissolved in MeOH (150 mL) and adding K2CO3 (4.20 mmol, 

580 mg). After solvent removal, the purification was performed by column 

chromatography eluted with CyHex/AcOEt (1:1) to obtain 2.24 g of dA1a 

(70% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.32 (s, 1H, H2), 6.49 (dd, J = 9.3, 2.1 

Hz, 1H, H1’), 6.06 (s (b), 2H, NH2), 5.38 (q, J = 8.9 Hz, 1H, H4’), 4.37 (dd, J = 9.2, 5.0 Hz, 1H, H3’), 

                                                             
317 M. R. Reddy, N. Shibata, Y. Kondo, S. Nakamura, T. Toru, Angew. Chem. Int. Ed. 2006, 45, 8163-8166. 
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4.05 (t, J = 9.8 Hz, 1H, 1 H5’), 3.76 (td, J = 9.8, 5.0 Hz, 1H, 1 H5’), 3.52 (s, 1H, H≡), 3.01 (dd, J = 

12.7, 7.9 Hz, 1H, 1 H2’), 2.47 (dt, J = 12.7, 9.7 Hz, 1H, 1 H2’), 1.13 (s, 9H, SiC(CH3)3), 1.03 (s, 9H, 

SiC(CH3)3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 155.8, 154.3, 149.1, 133.1, 119.8, 84.3, 83.0, 78.8, 74.5, 

72.8, 67.5, 37.3, 27.7, 27.3, 22.8, 20.2. 

MS (MALDI, DCTB+NaI): m/z = 416.2 [M+H]+. 

▪ Standard Procedure V for the Sonogashira coupling between the ethynyl-

nucleobases and p-diiodobenzene. A dry THF/NEt3 or DMF/ NEt3 (4:1) solvent mixture 

(indicated in each case) was subjected to deoxygenation by three freeze-pump-thaw cycles 

with argon. Afterwards, this solvent was added over the reaction mixture containing the 

corresponding base equipped with a terminal ethynyl group (1 eq.), Cul (0.01 eq.), 

Pd(PPh3)2Cl2 (0.02 eq.) and an excess of the corresponding central block (indicated in each 

case). The Pd-catalyzed reaction was stirred at 40°C or at room temperature until 

completion, which was monitored by TLC. Thereafter, the mixture was filtered over a celite 

plug and solvents were evaporated at reduced pressure. The resulting crude product was 

purified by column chromatography (eluent indicated in each case). 

dA1b. 3’,5’-O-(di-tert-butylsilanediyl)-8-(p-iodophenylethynyl)-2’-deoxyadenosine.  

The Sonogashira product was synthetized by following Standard 

Procedure I using the system dA1a (72 µmol, 30.0 mg), CuI (0.72 

µmol, 0.13 mg), Pd(PPh3)2Cl2 (1.44 µmol, 1.01 mg) and p-

diiodobenzene (0.22 mmol, 72.0 mg) dissolved in the solvent 

mixture THF/NEt3 (4:1, 0.5 mL) at 40 °C under argon atmosphere. 

The compound was isolated by column chromatography on silica 

gel eluted with CHCl3/MeOH (50:1) to provide 32 mg of a brownish 

solid (70% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.34 (s, 1H, H2), 7.77 (d, J = 8.4 Hz, 2H, Ha), 7.36 (d, J = 

8.4 Hz, 2H, Hb), 6.51 (dd, J = 9.3, 2.2 Hz, 1H, H1’), 5.64 (s (b), 2H, NH2), 5.40 (q, J = 8.9 Hz, 1H, 

H4’), 4.38 (dd, J = 9.2, 5.0 Hz, 1H, H3’), 4.05 (m, 1H, 1 H5’), 3.78 (m, 1H, 1 H5’), 3.06 (ddd, J = 

12.8, 7.7, 2.2 Hz, 1H, 1 H2’), 2.49 (dt, J = 12.8, 9.6 Hz, 1H, 1 H2’), 1.10 (s, 9H, SiC(CH3)3), 1.04 (s, 

9H, SiC(CH3)3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 155.0, 153.5, 149.3, 138.1, 134.7, 133.75, 132.2, 120.3, 

120.0, 97.0, 95.0, 83.2, 78.9, 74.7, 67.6, 37.4, 27.7, 27.4, 22.8, 20.3.  

HRMS (ESI+): m/z calculated for C26H33IN5O3Si [M+H]+: 618.1319. Found: 618.1380 [M+H]+. 

Alk2.1. 2-(2-((triisopropylsilyl)oxy)ethoxy)ethan-1-ol. 

Imidazole (45.30 mmol, 3.15 g) was solubilized in dry DMF (3.0 mL). 

Subsequently, diethylene glycol (141.45 mmol, 13.50 mL) and 

triisopropylsilyl chloride (27.90 mmol, 6.0 mL) were slowly added. The 

reaction mixture was stirred at room temperature until completion and the solvent was 

removed under reduced pressure. Thereafter, the mixture was diluted with 150 mL of 

dichlorometane and washed with AcOH (10%, 2 x 50 mL), NaOH (10%, 2 x 50 mL), water (2 x 

50 mL) and NaCl (sat. 50 mL). The organic layers were collected, dried over MgSO4 and 
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concentrated in vacuo to obtain the pure product 6.45 g (86% yield). Characterization data 

was in accordance with those previously reported in literature.314 
1H NMR (300 MHz, CDCl3): δ (ppm) = 3.71 (t, J = 6.2 Hz, 1H, Hd), 3.58 (t, J = 4.2 Hz, 1H, Ha), 

3.48 (q, J = 6.2, 4.2 Hz, 2H, Hb, Hc), 0.94 (s, 21 H, Si(CH[CH3]2)3). 

Alk2. 2-(2-((triisopropylsilyl)oxy)ethoxy)ethyl 4-methylbenzenesulfonate.  

The glycol chain (19.00 mmol, 5.00 g) together with NaOH 

(114.50 mmol, 5.00 g) were dissolved in the mixture THF/H2O 

(1:3, 30 mL). The solution was placed in an ice bath and p-

toluenesulfonyl chloride (22.00 mmol, 4.20 g) was 

incorporated. The mixture was stirred for 4 hours at room temperature, when it was diluted 

with 200 mL of H2O and extracted with diethylether (2 x 100 mL). The organic phases were 

collected, dried over Na2SO4 and concentrated under reduced pressure to afford 7.00 g of 

the pure product as an oil (90% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 7.77 (d, J = 8.2 Hz, 2H, H2), 7.31 (d, J = 8.2 Hz, 2H, H1), 

4.12 (m, 2H, Hd), 3.74 (t, J = 5.3 Hz, 2H, Ha), 3.68 (m, 2H, Hc), 3.48 (m, 2H, Hb), 2.41 (s, 3H, 

CH3), 1.02 (s, 21H, Si(CH[CH3]2)3). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 144.8, 133.1, 129.8, 128.0, 72.9, 69.4, 68.9, 63.1, 21.6, 

18.0, 12.0.  

MS (MALDI, DCTB): m/z = 439.2 [M+Na]+. 

▪ Standard Procedure W for the N9 alkylation reaction of purines. The experimental 

procedure was adapted from previous literature in our research group.212 To a suspension of 

the nucleobase starting material (1 eq.) and K2CO3 (1.2 eq.) in dry DMF (volume indicated in 

each case), the corresponding Alk2 (1.2 eq.) was added dropwise. The reaction mixture was 

stirred overnight until completion under argon atmosphere at 40 or 60 °C (indicated in each 

case). Work‐up and purification methods are indicated in each case.  

A3. N9-[2-(2-((triisopropylsilyl)oxy)ethoxy)ethyl]-2-aminoadenine. 

The purine was synthetized following Standard Procedure A starting from 

the commercial 2-aminoadenine (66.60 mmol, 10.0 g) together with 

K2CO3 (79.90 mmol, 11.0 g) suspended at 60 °C under argon atmosphere 

in dry DMF (200 mL). Previously dried Alk2 (79.70 mmol, 33.20 g) was 

diluted with DMF (100 mL) and incorporated to the system. Finally, 

solvents were removed under vacuum and the crude product was diluted 

with 200 mL of CHCl3 and extracted with H2O (2 x 100 mL). The organic 

phases were collected, dried over Na2SO4 and concentrated under 

reduced pressure. The crude product was purified by column 

chromatography eluted with CHCl3/MeOH (30:1) to provide 13.80 g of an oil (54% yield).  

1H NMR (300 MHz, CDCl3): δ (ppm) = 7.62 (s, 1H, H8), 6.09 (s (b), 2H, NH2), 5.07 (s (b), 2H, 

NH2), 4.15 (t, J = 5.3 Hz, 2H, Ha), 3.76 (t, J = 5.3 Hz, 4H, Hb, Hc), 3.50 (t, J = 5.3 Hz, 2H, Hd), 1.01 

(s, 21H, Si(CH[CH3]2)3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 160.0, 156.1, 151.5, 138.4, 113.7, 76.5, 72.5, 69.3, 62.7, 

43.0, 17.7, 11.6.  
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MS (MALDI, DCTB+NaI): m/z = 395.3 [M+H]+. 

A4. 8-bromo-N9-[2-(2-((triisopropylsilyl)oxy)ethoxy)ethyl]-2-aminoadenine. 

Bromine (0.16 mmol, 0.01 mL) and sodium acetate (16.00 mmol, 1.50 g) 

were added at room temperature to a solution of A3 (13.00 mmol, 5.0 g) 

in MeOH (200 mL). The reaction was monitored by TLC until completion. 

Afterwards, the solvent was removed under reduced pressure and the 

crude mixture was diluted with 150 mL of CH2Cl2 and washed with 

Na2S2O5 (sat. 3 x 30 mL), NaHCO3 (sat. 2 x 30 mL), and H2O (30 mL). The 

organic phase was dried over Na2SO4, filtered, and concentrated by 

rotatory evaporation. The product was purified by column 

chromatography eluted with CHCl3/MeOH (40:1). The product was then 

precipitated in MeOH to wash away any traces of bromine, obtaining 3.0 g of the 

brominated compound (55% yield).  

1H NMR (300 MHz, CDCl3): δ (ppm) = 5.60 (s (b), 2H, NH2), 4.87 (s (b), 2H, NH2), 4.21 (t, J = 

5.9 Hz, 2H, Ha), 3.84 (t, J = 5.9 Hz, 2H, Hb), 3.76 (t, J = 5.3 Hz, 2H, Hc), 3.54 (t, J = 5.3 Hz, 2H, 

Hd), 1.02 (s, 18H, Si(CH[CH3]2)3), 1.01 (s, 3H, Si(CH[CH3]2)3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 159.9, 154.8, 153.4, 123.9, 114.9, 73.0, 68.7, 63.1, 43.8, 

18.1, 12.1. 

MS (MALDI, DCTB): m/z = 473.2 [M+H]+. 

A5. 8-ethynyl-N9-[(2-(2-hydroxyethoxy)ethyl)]-2-aminoadenine. 

The derivative of the 2-aminoadenine was synthetized in agreement to 

Standard Procedure D. A2a (0.24 mmol, 100 mg) was dissolved in THF (2 

mL) and TBAF 3H2O (0.36 mmol, 114 mg) was then incorporated. The 

purification by column chromatography eluted with CHCl3/MeOH (5:1) 

and precipitation in MeCN afforded 68 mg of the purine (65% yield). 
1H NMR (300 MHz, DMF-d7): δ (ppm) = 7.00 (s (b), 2H, NH2), 6.09 (s (b), 

2H, NH2), 4.74 (s (b), 1H, OH), 4.69 (s, 1H, H≡), 4.26 (t, J = 6.0 Hz, 2H, Ha), 

3.84 (t, J = 6.0 Hz, 2H, Hb), 3.56 (td, J = 8.2, 4.4 Hz, 4H, Hc, Hd).  
13C NMR (76 MHz, DMF-d7): δ(ppm) = 162.0, 156.9, 152.2, 130.2, 113.8, 84.1, 74.4, 72.9, 

68.5, 61.1, 42.8.  

HRMS (ESI+): m/z calculated for C11H15N6O2 [M+H]+: 263.1256. Found: 263.1259 [M+H]+. 

A6.1. 8-(p-iodophenylethynyl)-N9-[2-(2-((triisopropylsilyl)oxy)ethoxy)ethyl]-2-amino 

adenine. 

The Sonogashira product was prepared following Standard 

Procedure I, starting from A2a (0.59 mmol, 250 mg), 

Pd(PPh3)2Cl2 (12.0 µmol, 8.4 mg), CuI (6 µmol, 1.1 mg) and p-

diiodobenzene (1.77 mmol, 600 mg) in the deoxygenated 

mixture DMF/EtN3 (4:1, 6 mL). The isolation performed by 

column chromatography eluted with CHCl3/MeOH (40:1), 

followed by precipitation in MeCN provided 340 mg of product 

(91% yield).  
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1H NMR (300 MHz, CDCl3): δ (ppm) = 7.73 (d, J = 8.3 Hz, 2H, He), 7.29 (d, J = 8.3 Hz, 2H, Hf), 

5.37 (s (b), 2H, NH2), 4.77 (s (b), 2H, NH2), 4.34 (t, J = 5.9 Hz, 2H, Ha), 3.92 (t, J = 5.9 Hz, 2H, 

Hb), 3.75 (t, J = 5.4 Hz, 2H, Hc), 3.55 (t, J = 5.4 Hz, 2H, Hd), 1.00 (s, 18H, Si(CH[CH3]2)3), 0.99 (s, 

3H, Si(CH[CH3]2)3). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 160.6, 155.8, 152.2, 137.9, 133.3, 132.4, 120.9, 114.9, 

95.9, 93.2, 80.5, 72.9, 69.0, 63.1, 43.3, 18.1, 12.1.  

MS (MALDI, DCTB+NaI): m/z = 621.3 [M+H]+. 

A6. 8-(p-(trimethylsilylethynyl)phenylethynyl)-N9-[2-(2-((triisopropylsilyl)oxy)ethoxy)ethyl] 

-2-aminoadenine. 

A round-bottom flask was charged with A2a (1.20 mmol, 

500 mg) together with Pd(PPh3)2Cl2 (24.0 µmol, 17.0 mg), 

CuI (12.0 µmol, 2.0 mg) and p-diiodobenzene (2.40 mmol, 

780 mg). This reaction mixture was dissolved in THF/NEt3 

(4:1, 30 mL) at 40°C and stirred overnight. The reaction 

was monitored by TLC and once the Sonogashira 

coupling was complete, TMSA (6.00 mmol, 0.9 mL) was 

added. When this second Pd-catalyzed reaction was 

finished, the resulting mixture was passed through a 

celite plug, concentrated in vacuo and subjected to column chromatography eluted with 

CHCl3/MeOH (40:1) to afford 464 mg of A6 (66% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 7.46 (m, 4H, He, Hf), 6.13 (s (b), 2H, NH2), 5.19 (s (b), 2H, 

NH2), 4.32 (t, J = 5.9 Hz, Ha ), 3.90 (t, J = 5.9 Hz, 2H, Hb), 3.74 (t, J = 5.4 Hz, 2H, Hc), 3.53 (t, J = 

5.4 Hz, 2H, Hd), 0.97 (s, 18H, Si(CH[CH3]2)3), 0.96 (s, 3H, Si(CH[CH3]2)3) 0.24 (s, 9H, Si(CH3)3). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 160.8, 156.0, 151.8, 131.9, 131.7, 131.5, 124.1, 121.2, 

114.5, 104.3, 97.1, 93.5, 80.7, 72.7, 68.9, 62.9, 43.1, 17.9, 11.9, -0.12. 

MS (MALDI, DCTB+NaI): m/z = 613.4 [M+Na]+. 

A2a. 8-ethynyl-N9-[2-(2-((triisopropylsilyl)oxy)ethoxy)ethyl]-2-aminoadenine. 

A2a was prepared following Standard Procedure B using A4 (21.00 mmol, 

10.0 g), Pd(PPh3)2Cl2 (0.42 mmol, 300 mg), CuI (0.21 mmol, 40 mg) and 

TMSA (64.00 mmol, 10.0 mL) in the solvent mixture THF/NEt3 (4:1, 200 

mL) at 40 °C stirring overnight. Solvents were removed under reduced 

pressure and the crude material was later subjected to Standard 

Procedure T, by dissolving the resulting crude in MeOH (200 mL) and 

incorporating K2CO3 (21 mmol, 2.30 g). Once the reaction was complete, 

the mixture was evaporated and subjected to column chromatography 

on silica gel eluted with CHCl3/MeOH (50:1) to yield 7.70 g (77% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 5.49 (s (b), 2H, NH2), 4.79 (s (b), 2H, NH2), 4.30 (t, J = 

5.8 Hz, 2H, Ha), 3.88 (t, J = 5.8 Hz, 2H, Hb), 3.76 (t, J = 5.4 Hz, 2H, Hc), 3.54 (t, J = 5.4 Hz, 2H, 

Hd), 3.39 (s, 1H, H≡), 1.03 (s, 18H, Si(CH[CH3]2)3), 1.01 (s, 3H, Si(CH[CH3]2)3). 
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 161.2, 156.1, 151.5, 129.2, 113.1, 84.5, 74.0, 71.9, 

67.9, 62.6, 42.3, 17.8, 11.4.  

MS (MALDI, DCTB): m/z = 418.3 [M]+. 
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▪ Standard Procedure X for N2 and N6 protection with phenoxyacetyl groups. In a 

double neck round-bottom flask, equipped with a magnetic stirred, the nucleobase (1 eq.) 

was placed under argon atmosphere. Dry DMF (volume indicated in each case) was added 

and the mixture was heated to 50 °C or 80 °C (indicated in each case). Phenoxyacetic 

anhydride (2 eq. per amino group) was incorporated to the system and the resulting mixture 

was stirred overnight until completion, which was monitored by TLC. After solvent 

evaporation, the residue was purified by column chromatography on silica gel (eluent 

indicated in each case). 

A2b. 8-ethynyl-N2,N6-bis(2-phenoxyacetyl)-N9-[2-(2-((triisopropylsilyl)oxy)ethoxy)ethyl]-2-

aminoadenine. 

The derivative of the 2-aminoadenine was prepared following 

Standard Procedure G. Phenoxyacetyl anhydride (4.07 mmol, 

1.17 g) was added to a solution of A2a (1.09 mmol, 460 mg) in 

anhydrous DMF (15 mL). The resulting mixture was stirred 

under inert atmosphere at 50 °C. Solvent was removed under 

reduced pressure and the crude product was subjected to 

column chromatography on silica gel eluted with CHCl3/MeOH 

(80:1) to provide 400 mg of A2b (61% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 9.31 (s (b), 1H, NH), 8.98 (s 

(b), 1H, NH), 7.38 (dd, J = 8.7, 7.2 Hz, 4H, Hf), 7.10 (m, 6H, He, 

Hg), 5.03 (s (b), 2H, COCH2), 4.89 (s (b), 2H, COCH2), 4.52 (t, J = 5.6 Hz, 2H, Ha), 4.01 (t, J = 5.6 

Hz, 2H, Hb), 3.78 (t, J = 5.8 Hz, 2H, Hc), 3.58 (m, 3H, H≡, Hd), 1.04 (s, 18H, Si(CH[CH3]2)3), 1.03 

(s, 3H, Si(CH[CH3]2)3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 157.4, 157.3, 152.3, 148.6, 136.3, 129.72, 129.68, 

129.55, 122.1, 121.7, 115.0, 114.9, 114.7, 85.4, 72.8, 68.4, 68.1, 63.0, 43.9, 18.0, 11.9.  

MS (ESI+): m/z = 687.35 [M+H]+. 

A2c. 8-(p-iodophenylethynyl)-N2,N6-bis(2-phenoxyacetyl)-N9-[2-(2-((triisopropylsilyl)oxy) 

ethoxy)ethyl]-2-aminoadenine. 

The compound A2c was synthesized by following 

Standard Procedure I, using A2b (0.29 mmol, 200 mg), 

Pd(PPh3)2Cl2 (5.82 µmol, 4.0 mg), CuI (2.91 µmol, 0.55 

mg) and p-diiodobenzene (0.87 mmol, 288 mg) in the 

deoxygenated mixture THF/DIPEA (4:1, 5 mL) plus dry 

DMF (1 mL). The purification by column 

chromatography eluted with CHCl3/MeOH (100:1) 

afforded 175 mg of product (68% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 9.19 (s (b), 1H, 

NH), 8.89 (s (b), 1H, NH), 7.63 (d, J = 8.4 Hz, 2H, Hh), 

7.19 (m, 6H, Hf, Hi), 6.92 (m, 6H, He, Hg), 4.85 (s, 2H, COCH2), 4.72 (s, 2H, COCH2), 4.37 (t, J = 

5.6 Hz, 2H, Ha), 3.86 (t, J = 5.6 Hz, 2H, Hb), 3.58 (t, J = 5.3 Hz, 2H, Hc), 3.42 (t, J = 5.3 Hz, 2H, 

Hd), 0.84 (s, 18H, Si(CH[CH3]2)3), 0.83 (s, 3H, Si(CH[CH3]2)3).  
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13C NMR (76 MHz, CDCl3): δ (ppm) = 157.4, 152.8, 152.1, 148.3, 139.4, 138.0, 137.4, 133.5, 

129.8, 122.2, 120.0, 119.4, 115.2, 115.0, 96.9, 95.6, 79.6, 72.8, 68.7, 68.2, 63.0, 44.0, 29.8, 

17.9, 12.0.  

MS (MALDI, DCTB): m/z = 889.3 [M+H]+. 

A2d. 8-(p-ethynylphenylethynyl)-N9-[2-(2-((triisopropylsilyl)oxy)ethoxy)ethyl]-2-

aminoadenine. 

The purine A6 was deprotected following Standard Procedure 

T. A6 (0.78 mmol, 464 mg) was dissolved in MeOH (10 mL), 

then K2CO3 (1.20 mmol, 108 mg) was added to the reaction 

mixture. Solvent was removed under reduced pressure and 

the resulting material was again dissolved in CHCl3 (15 mL) 

and washed with H2O (2 x 10 mL). The organic phases were 

collected, dried over MgSO4 and evaporated to obtain 363 

mg of the pure product (95% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 7.51 (m, 4H, He, Hf), 5.50 

(s(b), 2H, NH2), 4.84 (s (b), 2H, NH2), 4.35 (t, J = 5.9 Hz, 2H, Ha), 3.92 (t, J = 5.9 Hz, 2H, Hb), 

3.75 (t, J = 5.4 Hz, 2H, Hc), 3.56 (t, J = 5.4 Hz, 2H, Hd), 3.22 (s, 1H, H≡), 1.00 (s, 18H, 

Si(CH[CH3]2)3), 0.99 (s, 3H, Si(CH[CH3]2)3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 160.8, 156.0, 152.2, 132.3, 132.2, 131.8, 123.3, 121.8, 

114.9, 93.4, 83.1, 80.9, 79.8, 72.8, 69.0, 63.0, 43.2, 18.0, 12.0.  

MS (MALDI, DCTB+NaI): m/z = 541.3 [M+Na]+. 

SYNTHESIS OF PYRIMIDINES 

SYNTHESIS OF 2’-DEOXYCYTIDINE DERIVATIVES 

▪ Standard Procedure Y for 5’-O acid-sensitive deblocking. A solution of 2% 

trifluoroacetic acid (TFA) in CH2Cl2 was added to the protected nucleobase (8 mL of acid 

solution per 1 mmol of compound). The reaction is monitored by TLC until completion, when 

drops of MeOH were added and the crude solution was directly applied to column 

chromatography (eluent indicated in each case). After purification, the resulting compound 

was then precipitated in a solution of NaHCO3 (sat.) and filtered, in order to neutralize the 

remaining acidity. 

dC2a. N4-benzoyl-3’-O-(tert-butildimethylsilyl)-5-(p-iodophenylethynyl)-2’-deoxycytidine. 

Formic acid (6.40 mL) was added to an ice cooled solution of 

dC12 (0.820 mmol, 800 mg) in a solvent mixture CH2Cl2/MeOH 

1/1 (7.0 mL). After one hour the reaction was complete and 

without further work up, the crude was applied to column 

chromatography eluted with CyHex/AcOEt (4:1) through a long 

silica plug. The remaining of the evaporation of the product was 

diluted with CHCl3 and extracted with a solution of NaHCO3 (sat. 

2 x 30 mL) and water (30 mL). The organic phases were collected 

and dried over Na2SO4 to afford 440 mg (80%) of the desired compound. 
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1H NMR (300 MHz, CDCl3): δ (ppm) = 13.22 (s (b), 1H, NH), 8.28 (s, 3H, H6, Hc), 7.70 (d, J = 8.4 

Hz, 2H, Ha), 7.54 (dd, J = 7.5, 5.7 Hz, 1H, He), 7.43 (dd, J = 8.4, 7.5 Hz, 2H, Hd), 7.23 (d, J = 8.4 

Hz, 2H, Hb), 6.19 (t, J = 6.1 Hz, 1H, H1’), 4.50 (dt, J = 7.5, 4.3 Hz, 1H, H4’), 4.01 (m, 2H, H3’, 1 

H5’), 3.82 (d, J = 15.8 Hz, 1H, 1 H5’), 2.35 (m, 2H, H2’).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 158.8, 144.7, 137.8, 133.0, 129.8, 128.5, 122.3, 104.6, 

94.7, 88.2, 87.7, 83.2, 82.2, 71.3, 61.7, 55.3, 41.8, 29.8, 25.8, 18.1, -4.5, -4.7. 

MS (FAB): m/z = 672.5 [M+H]+. 

dC2b. N4-acetyl-3’-O-(tert-butyldimethylsilyl)-5-(p-iodophenylethynyl)-2’-deoxycytidine. 

dC2b  was prepared following Standard Procedure Y, starting from 

the nucleobase dC13 (0.13 mmol, 116 mg) and a solution of 2% TFA 

in CH2Cl2 (1.0 mL). The purification by column chromatography 

eluted with CHCl3/MeOH (50:1), followed by precipitation in basic 

media afforded 60 mg of a white solid (60% yield). 

1H NMR (300 MHz, CDCl3): δ (ppm) = 8.23 (s, 1H, H6), 7.89 (d, J = 8.2 

Hz, 2H, Ha), 7.39 (d, J = 8.2 Hz, 2H, Hb), 6.26 (t, J = 6.3 Hz, 1H, H1’), 

5.93 (s (b), 1H, NH), 5.50 (s (b), 1H, OH), 4.66 (q, J = 5.2 Hz, 1H, H4’), 

4.18 (m, 2H, H5’), 3.97 (m, 1H, H3’), 2.93 (m, 1H, 1 H2’), 2.58 (q, J = 6.5 Hz, 1H, 1 H2’), 1.81 (s, 

3H, COCH3), 1.08 (s, 9H, SiC(CH3)3), 0.27 (s, 6H, 2 SiCH3).  
13C NMR (76 MHz, DMSO): δ = 163.7, 153.2, 145.0, 137.2, 132.9, 122.0, 99.5, 94.9, 93.0, 89.3, 

87.5, 85.4, 83.1, 71.5, 60.5, 40.9, 25.6, 17.7, -4.8, -4.9. 

MS (MALDI, DCTB+NaI): m/z = 632.2 [M+Na]+. 

SYNTHESIS OF 2’-DEOXYURIDINE DERIVATIVES 

dU8. 3’-O-(tert-butyldimethylsilyl)-5-(p-iodophenylethynyl)-5’-O-(4,4’-dimethoxytrityl)-2’-

deoxyuridine. 

A two neck-round flask was charged with nucleobase dU1b 

(0.589 mmol, 446 mg) and imidazole (3.50 mmol, 220 mg) 

dissolved in dry DMF (5.0 mL) stirring at 70 °C. To this system, 

tert-butyldimethylsilyl chloride (1.18 mmol, 160 mg) was 

added. Solvents were removed under vacuo and the resulting 

mixture was subjected to column chromatography on 

deactivated silica gel eluted with CHCl3/MeOH (70:1) to afford 

102 mg (20% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.36 (s, 1H, H6), 7.49 (d, J 

= 7.1 Hz, 2H, Ha), 7.45 (d, J = 8.4 Hz, 2H, Hx), 7.39 (d, J = 8.8 Hz, 4H, Hv), 7.30 (m, 3H, Hy, Hz), 

6.82 (dd, J = 8.9, 2.2 Hz, 4H, Hw), 6.62 (d, J = 8.4 Hz, 2H, Hb), 6.37 (dd, J = 7.2, 5.8 Hz, 1H, H1’), 

5.49 (s (b), 1H, NH), 4.52 (dt, J = 6.0, 3.1 Hz, 1H, H4’), 4.05 (t, J = 2.7 Hz, 1H, H3’), 3.73 (s, 6H, 2 

OCH3), 3.54 (dd, J = 10.9, 2.5 Hz, 1H, 1 H5’), 3.26 (dd, J = 10.9, 3.1 Hz, 1H, 1 H5’), 2.46 (ddd, J = 

13.3, 5.8, 3.0 Hz, 1H, 1 H2’), 2.28 (dt, J = 13.3, 7.2 Hz, 1H, 1 H2’), 0.87 (s, 9H, SiC(CH3)3), 0.06 (s, 

3H, SiCH3), 0.00 (s, 3H, SiCH3). 
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13C NMR (76 MHz, CDCl3): δ (ppm) = 161.05, 158.76, 149.04, 144.53, 142.72, 137.08, 135.70, 

135.62, 133.17, 130.02, 128.18, 128.05, 127.20, 122.03, 113.46, 100.34, 94.26, 92.93, 87.67, 

87.20, 86.16, 81.48, 72.37, 63.09, 55.34, 42.44, 25.86, 18.09, -4.54, -4.74. 

MS (ESI+): m/z = 893.22 [M+Na]+. 

dU9. 3’-O-(tert-butyldimethylsilyl)-5-iodo-5’-O-(4, 4’-dimethoxytrityl)-2’-deoxyuridine. 

Tert-butyldimethylsilyl chloride (8.23 mmol, 1.24 g) was added 

to a solution of the pyrimidine dU1a (1.89 mmol, 1.80 g) and 

imidazole (24.60 mmol, 1.68 g) in dry DMF (10 mL) stirring at 

70 °C. The reaction was monitored by TLC. Once it was 

complete, solvents were removed under reduced pressure. The 

pyrimidine was purified by column chromatography on 

deactivated silica gel eluted with CHCl3/MeOH (50:1) to obtain 

1.90 g of product (86% yield). This nucleoside reproduces the 

characterization data previously reported in literature and the procedure was inspired by 

precedent articles.309 
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.41 (s (b), 1H, NH), 8.20 (s, 1H, H6), 7.43 (d, J = 8.6 Hz, 

4H, Hv), 7.33 (m, 7H, Hx, Hy, Hz), 6.85 (d, J = 8.6 Hz, 4H, Hw), 6.28 (dd, J = 7.7, 5.8 Hz, 1H, H1’), 

4.46 (m, 1H, H4’), 4.00 (q, J = 2.7 Hz, 1H, H3’), 3.80 (s, 6H, 2 OCH3), 3.41 (dd, J = 10.8, 2.8 Hz, 

1H, 1 H5’), 3.28 (dd, J = 10.8, 3.1 Hz, 1H, 1 H5’), 2.38 (ddd, J = 13.4, 5.8, 2.6 Hz, 1H, 1 H2’), 2.19 

(ddd, J = 13.4, 7.7, 2.9 Hz, 1H, 1 H2’), 0.84 (s, 9H, SiC(CH3)3), 0.02 (s, 3H, SiCH3), -0.03 (s, 3H, 

SiCH3). 

dU2a. 3’-O-(tert-butyldimethylsilyl)-5-iodo-2’-deoxyuridine. 

The pyrimidine was synthetized following Standard Procedure Y, 308 the 

deprotected dU2a was obtained when adding a solution of TFA in CH2Cl2 

(2%, 3.0 mL) to nucleobase dU9 (0.387 mmol, 300 mg). The deprotection 

reaction was monitored by TLC and twice 3.0 mL of 2% TFA was added to 

promote the completion. Purification was performed by column 

chromatography on silica gel eluted with CHCl3/MeOH (40:1). The 

resulting solid was then washed with a solution of NaHCO3 (sat.) to afford to 138 mg of dU2a 

(75% yield). 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 11.68 (s (b), 1H, NH), 8.33 (s, 1H, H6), 6.07 (t, J = 6.4 

Hz, 1H, H1’), 5.19 (t, J = 4.7 Hz, 1H, OH), 4.41 (dt, J = 5.6, 3.5 Hz, 1H, H4’), 3.78 (t, J = 5.6 Hz, 1H, 

H3’), 3.61 (ddd, J = 9.8, 3.5, 1.8 Hz, 1H, 1 H5’), 3.56 (m, 1H, 1 H5’), 2.23 (dt, J = 12.8, 6.4 Hz, 1H, 

1 H2’), 2.08 (dt, J = 12.8, 3.9 Hz, 1H, 1 H2’), 0.86 (s, 9H, SiC(CH3)3), 0.08 (s, 3H, SiCH3), 0.07 (s, 

3H, SiCH3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 160.2, 150.0, 146.0, 88.0, 87.0, 71.5, 68.2, 61.9, 41.5, 

25.8, 18.1, -4.5, -4.7.  

MS (MALDI, DCTB+NaI): m/z = 491.1 [M+Na]+. 
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dU10. 3’-O-(tert-butyldimethylsilyl)-5-(trimethylsilylethynyl)-2’-deoxyuridine. 

The nucleobase dU10 was synthetized following Standard Procedure B. 

The coupling product was obtained using the derivative dU2a (1.60 

mmol, 760 mg), TMSA (4.85 mmol, 0.65 mL), Pd(PPh3)2Cl2 (32.05 μmol, 

22.8 mg), CuI (16.00 μmol, 3.1 mg) in the solvent mixture DMF/NEt3 

(4:1, 15 mL). Purification via column chromatography eluted with 

CHCl3/MeOH (30:1) afforded 505 mg of product (71% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 9.42 (s (b), 1H, NH), 7.99 (s, 1H, 

H6), 6.12 (t, J = 6.6 Hz, 1H, H1’), 4.46 (td, J = 5.0, 3.3 Hz, 1H, H4’), 3.93 (m, 1H, H3’), 3.88 (m, 1H, 

1 H5’), 3.75 (m, 1H, 1 H5’), 2.25 (dd, J = 6.6, 5.0 Hz, 2H, H2’), 0.86 (s, 9H, SiC(CH3)3), 0.19 (s, 9H, 

Si(CH3)3), 0.06 (s, 6H, 2 SiCH3).  
13C NMR (76 MHz, CDCl3): δ = 161.6, 149.4, 144.4, 100.1, 99.2, 95.7, 88.1, 86.8, 71.6, 61.8, 

41.3, 25.7, 18.0, -0.1, -4.7, -4.8. 

MS (ESI+): m/z = 461.19 [M+Na]+. 

dU2b. 3’-O-(tert-butyldimethylsilyl)-5-ethynyl-2’-deoxyuridine. 

The deprotection of pyrimidine dU10 was achieved by following 

Standard Procedure T. K2CO3 (1.10 mmol, 150 mg) was added to a 

solution of dU10 (2.20 mmol, 960 mg) in MeOH (15 mL). Once the 

reaction was complete, solvents were evaporated in vacuo and the 

target nucleobase was precipitated a solution of NaHCO3 (sat.) to afford 

770 mg of the compound as a white solid (85% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.09 (s, 2H, H6, NH), 6.17 (t, J = 6.4 Hz, 1H, H1’), 4.49 (dt, 

J = 6.0, 3.9 Hz, 1H, H4’), 3.96 (dd, J = 6.0, 2.6 Hz, 2H, H3’, H5’), 3.80 (m, 1H, 1 H5’), 3.18 (s, 1H, 

H≡), 2.28 (m, 2H, H2’), 0.90 (s, 9H, SiC(CH3)3), 0.09 (s, 6H, 2 SiCH3).  

13C NMR (76 MHz, DMSO): δ (ppm) = 161.7, 149.5, 144.4, 97.6, 87.6, 84.7, 83.5, 76.5, 71.5, 

60.4, 40.3, 25.6, 17.6, -4.8, -4.9.  

MS (MALDI, DCTB+NaI): m/z = 389.2 [M+Na]+. 

SYNTHESIS OF MONOMERS 

SYNTHESIS OF G-DC AND DG-DC MONOMERS 

▪ Standard Procedure Z for the Sonogashira coupling to synthesize asymmetrically 

substituted monomers. A dry THF/DIPEA or DMF/DIPEA (6:1 or 4:1, depending on the 

molecule sensibility) solvent mixture (volume indicated in each case) was subjected to 

deoxygenation by three freeze-pump-thaw cycles with argon. Then, this solvent was added 

over the system containing the corresponding ethynyl-substituted base (1 eq.), excess of the 

iodoarene derivative (indicated in each case), Cul (0.01 eq.) and PdCl2(PPh3)2 (0.02 eq.). The 

mixture was stirred under argon at 40 ⁰C (unless indicated otherwise) until completion, 

which was monitored by TLC. The purification methods are indicated in each case. 
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dG2b-dC2. 

dG2b-dC2 was obtained in agreement to 

Standard Procedure L. A dry a DMF/DIPEA 

(4:1) mixture (2.5 mL) was incorporated 

over dC2b (0.41 mmol, 250 mg), 

PdCl2(PPh3)2 (8.20 μmol, 5.75 mg) and CuI 

(0.21 mmol, 0.75 mg). Then, dG2b (0.45 

mmol, 259 mg) dissolved in the solvent 

mixture DMF/DIPEA (6:1, 3.0 mL) was 

added dropwise and the reaction was stirred under argon atmosphere for 6 hours at 40 °C. 

Once complete, the mixture was passed through a celite plug and solvents were evaporated 

under reduced pressure. The product was purified by column chromatography on 

deactivated silica gel, eluted with CHCl3/MeOH (40:1), to afford 250 mg of dG2b-dC2 as a 

yellow solid (60% yield). 

1H NMR (300 MHz, CDCl3): δ = 9.27 (s (b), 1H, NH), 8.40 (s, 1H, N=CH), 8.17 (s, 1H, H6), 7.36 

(s, 4H, Hcb), 6.35 (t, J = 7.1 Hz, 1H, H1’dC), 6.28 (d, J = 6.0 Hz, 1H, H1’dG), 6.06 (s (b), 1H, NH2), 

4.69 (s (b), 1H, NH2) 4.52 (m, 2H, H4’dC, H4’dG), 4.12 (d, J = 11.6 Hz, 1H, 1 H5’dC), 4.02 (d, J = 4.1 

Hz, 1H, 1 H5’dC), 3.90 (m, 2H, H3’dC, H3’dG), 3.75 (d, J = 6.5 Hz, 2H, H5’dG), 3.17 (s, 3H, NCH3), 

3.07 (s, 3H, NCH3), 2.26 (m, 4H, H2’dG, H2’dC), 0.92 (s, 9H, SiC(CH3)3), 0.88 (s, 9H, SiC(CH3)3), 

0.84 (s, 9H, SiC(CH3)3), 0.09 (dd, J = 6.6, 3.6 Hz, 6H, 2 SiCH3), 0.01 (s, 3H, SiCH3), -0.01 (s, 3H, 

SiCH3).  
13C NMR (76 MHz, CDCl3): δ = 164.2, 157.8, 157.7, 156.9, 154.2, 150.5, 145.0, 132.0, 131.7, 

131.4, 123.1, 121.3, 121.0, 94.9, 94.0, 90.7, 88.4, 87.4, 87.2, 83.7, 82.3, 81.0, 72.7, 71.2, 63.7, 

61.3, 42.3, 41.7, 37.8, 35.4, 27.0, 26.0, 25.9, 18.5, 18.1, 18.0, -4.3, -4.5, -4.7, -5.1, -5.2.  

HRMS (MALDI, DCTB+PPGNa): m/z = Calculated for NaC50H57N9O8Si3: 1036.4939 [M+Na]+. 

Found: 1036.4912 [M+Na]+.  

dG2b-dC1b. 

dG2b-dC1b was prepared 

following Standard Procedure L. 

using dC1b (0.35 mmol, 275 

mg), dG2b (0.38 mmol, 218 

mg), Pd(PPh3)2Cl2 (7.00 µmol, 

4.83 mg), CuI (3.50 µmol, 0.65 

mg) in the mixture THF/DIPEA 

(4:1, 3.0 mL). The isolation of 

the compound was performed 

via deactivated column 

chromatography, eluted with CHCl3/MeOH (80:1 to 30:1) to afford 20 mg of dG2b-dC1b (5% 

yield). Most of the monomer suffered deprotection during the purification by column 

chromatography to provide 310 mg of dG2b-dC1 (73% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.57 (s, 1H, H6), 8.54 (s, 1H, N=CH), 7.5 – 7.2 (m, 10H, 

Hx, Hy, Hv, Hcb), 7.16 (d, J = 7.4 Hz, 1H, Hz), 7.01 (d, J = 8.1 Hz, 2H, Hcb), 6.77 (d, J = 8.9 Hz, 4H, 

Hw), 6.53 (t, J = 7.2 Hz, 1H, H1’dG), 6.30 (t, J = 6.2 Hz, 1H, H1’dC), 4.62 (d, J = 6.0 Hz, 2H, H4’dG, 
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H4’dC), 4.23 (d, J = 3.3 Hz, 1H, H3’dC), 3.97 (t, J = 6.7 Hz, 1H, H3’dG), 3.77 (d, J = 8.8 Hz, 2H, H5’dG), 

3.70 (s, 3H, 2 OCH3), 3.31 (m, 2H, H5’dC), 3.18 (s, 3H, NCH3), 3.12 (s, 3H, NCH3), 2.73 (s, 3H, 

COCH3), 2.37 (dd, J = 13.3, 6.6 Hz, 2H, H2’), 2.11 (m, 2H, H2’), 0.92 (s, 9H, SiC(CH3)3), 0.85 (s, 

9H, SiC(CH3)3), 0.11 (s, 6H, 2 SiCH3), 0.01 (s, 3H, SiCH3), -0.02 (s, 3H, SiCH3). 
13C NMR (76 MHz, CDCl3): δ (ppm) = 172.2, 159.5, 158.6, 157.8, 157.6, 157.0, 153.1, 150.4, 

146.4, 144.6, 135.7, 135.6, 131.9, 131.6, 131.5, 131.4, 129.9, 128.0, 127.9, 127.0, 122.5, 

121.6, 121.4, 113.3, 96.6, 93.6, 92.2, 88.2, 87.5, 87.4, 86.9, 86.4, 84.5, 81.3, 81.0, 73.0, 71.5, 

63.6, 63.3, 58.0, 55.2, 54.4, 42.6, 41.6, 39.7, 37.5, 35.5, 29.0, 28.9, 26.5, 25.9, 18.4, 17.9, 

17.3, 17.1, -4.6, -4.7, -5.2, -5.4. 

HRMS (MALDI, DCTB+PPGNa): m/z = Calculated for NaC67H81N9O11Si2: 1266.5486 [M+Na]+. 

Found: 1266.5425 [M+Na]+.  

dG2b-dC1. 

dG2b-dC1 was prepared in 

agreement to Standard 

Procedure L. by starting with 

dC1b (0.35 mmol, 275 mg), 

dG2b (0.38 mmol, 218 mg), 

Pd(PPh3)2Cl2 (7.00 µmol, 4.83 

mg), CuI (3.50 µmol, 0.65 mg) 

in the mixture THF/DIPEA (4:1, 

3.0 mL). Once the reaction was 

complete, which was monitored by TLC, the mixture was filtered over a celite plug and 

concentrated in vacuo. The isolation of the compound was performed via deactivated 

column chromatography, eluted with CHCl3/MeOH (80:1 to 30:1) to afford 310 mg of dG2b-

dC1 (73% yield).  
1H NMR (300 MHz, CD2Cl2): δ = 8.54 (s, 1H, N=CH), 8.29 (s, 1H, H6), 7.97 (s (b), 1H, NH2), 7.47 

(m, 4H, Hcb), 7.38 (d, J = 8.8 Hz, 4H, Hv), 7.27 (t, J = 7.6 Hz, 2H, Hy), 7.17 (dd, J = 7.6, 4.2 Hz, 

3H, Hx, Hz), 6.81 (d, J = 8.8 Hz, 4H, Hw), 6.53 (t, J = 7.2 Hz, 1H, H1’dG), 6.33 (d, J = 6.8 Hz, 1H, 

H1’dC), 6.18 (s (b), 1H, NH2), 4.61 (m, 2H, H4’dG, H4’dC), 4.24 (m, 1H, H3’dC), 3.96 (td, J = 6.3, 3.0 

Hz, H3’dG), 3.77 (d, J = 6.3 Hz, 2H, H5’dG), 3.70 (s, 3H, OCH3), 3.34 (m, 2H, H5’dC),3.17 (s, 3H, 

NCH3), 3.12 (s, 3H, NCH3), 2.79 (q, J = 7.4 Hz, 1H, 1 H2’), 2.24 (m, 2H, H2’), 1.80 (t, J = 5.6 Hz, 

1H, 1 H2’), 0.93 (s, 9H, SiC(CH3)3), 0.86 (s, 9H, SiC(CH3)3), 0.13 (s, 6H, 2 SiCH3), 0.01 (s, 3H, 

SiCH3), -0.01 (s, 3H, SiCH3).  
13C NMR (76 MHz, CD2Cl2): δ = 165.0, 159.2, 158.34, 158.25 157.7, 155.1, 151.1, 145.4, 

144.9, 136.4, 136.2, 132.4, 132.2, 132.0, 130.54, 130.46, 128.5, 127.4, 124.1, 121.8, 121.4, 

113.8, 95.1, 94.2, 91.3, 88.1, 87.8, 87.5, 87.4, 87.3, 85.0, 83.5, 81.4, 78.2, 73.5, 72.4, 64.2, 

61.4, 56.6, 55.7, 51.7, 42.9, 42.0, 41.0, 38.9, 38.0, 35.7, 29.2, 28.1, 26.2, 26.1, 19.6, 18.7, 

18.3, 17.2, -4.3, -4.4, -5.0, -5.1.  

HRMS (MALDI, DCTB+PPGNa): m/z = Calculated for NaC65H79N9O10Si2: 1224.5381 [M+Na]+. 

Found: 1224.5334 [M+Na]+.  
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dG2b-dC1a. 

The monomer was synthetized 

following Standard Procedure 

L. dG2b-dC1 (99.87 µmol, 120 

mg) was dissolved in dry DMF 

(0.5 mL) at 45 °C and benzoic 

anhydride (119.84 µmol, 27 

mg) was incorporated. The 

reaction mixture was stirred 

overnight until completion, 

when solvents were removed 

by rotatory evaporation and the resulting crude was subjected to deactivated column 

chromatography eluted with CHCl3/MeOH (80:1) to provide 90 mg of the desired monomer 

(69% yield). 
1H NMR (300 MHz, CD2Cl2): δ = 11.06 (s (b), 1H, CONH), 8.77 (s (b), 1H, NH), 8.56 (s, 1H, 

N=CH), 8.45 (s, 1H, H6), 8.28 (m, 2H, Hc), 7.58 (d, J = 7.1 Hz, 1H, Ha), 7.55 – 7.45 (m, 6H, Hb, 

Hcb, Hx), 7.39 (d, J = 8.5 Hz, 4H, Hv), 7.30 (m, 2H, Hy), 7.19 (d, J = 7.2 Hz, 1H, Hz), 7.11 (d, J = 

7.9 Hz, 2H, Hcb), 6.82 (d, J = 8.9 Hz, 4H, Hw), 6.54 (t, J = 7.0 Hz, 1H, H1’dG), 6.32 (t, J = 7.3 Hz, 

1H, H1’dC), 4.63 (m, 2H, H4’dG, H4’dC), 4.20 (dt, J = 4.8, 2.6 Hz, 1H, H3’dC), 3.96 (ddd, J = 6.7, 3.9, 

2.2 Hz, 1H, H3’dG), 3.77 (d, J = 6.3 Hz, 2H, H5’dG), 3.71 (s, 3H, OCH3), 3.69 (s, 3H, OCH3), 3.38 

(td, J = 11.9, 4.9 Hz, 2H, H5’dC), 3.18 (s, 3H, NCH3), 3.12 (s, 3H, NCH3), 2.65 (m, 2H, H2’dG), 2.39 

(s, 1H, 1 H2’dC), 2.22 (s, 1H, 1 H2’dC), 0.93 (s, 9H, SiC(CH3)3), 0.86 (s, 9H, SiC(CH3)3), 0.13 (s, 6H, 

2 SiCH3), 0.02 (s, 3H, SiCH3), -0.00 (s, 3H, SiCH3).  
13C NMR (76 MHz, CDCl3): δ = 167.9, 158.9, 158.7, 157.8, 157.4, 156.9, 150.3, 144.6, 135.7, 

132.9, 132.5, 132.1, 131.6, 131.5, 131.0, 130.1, 130.0, 128.9, 128.5, 128.2, 128.0, 127.1, 

123.8, 121.6, 121.1, 113.5, 94.0, 87.6, 87.2, 87.2, 87.0, 84.5, 83.1, 81.1, 76.0, 73.1, 72.1, 68.3, 

63.7, 63.6, 55.3, 42.3, 41.6, 38.8, 37.7, 37.6, 35.5, 30.56, 30.3, 29.8, 29.0, 28.9, 26.0, 25.8, 

23.9, 23.8, 23.1, 23.0, 18.6, 18.5, 18.0, 14.2, 14.2, 14.1, 11.1, 11.0, -4.5, -5.1, -5.3. 

HRMS (MALDI, DCTB+PPGNa): m/z = Calculated for NaC72H83N9O11Si2: 1328.5648 [M+Na]+. 

Found: 1328.5699 [M+Na]+. 

SYNTHESIS OF A-DU AND DA-DU MONOMERS 

A2b-dU1b.  

dU1-A1 was prepared according 

to Standard Procedure L 

between the ethynyl-

nucleobase dU1b and A2b. The 

solvent mixture THF/DIPEA (6:1, 

1 mL) was poured over dU1b 

(0.26 mmol, 200 mg), A2b (0.34 

mmol, 236 mg), PdCl2(PPh3)2 

(5.28 µmol, 4.00 mg), and CuI 

(2.64 µmol, 0.52 mg). The 
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mixture was stirred under argon overnight at 40 °C. Once complete, the mixture was filtered over a 

celite plug and the solvent was evaporated under reduced pressure. The product was purified by 

column chromatography on deactivated silica gel, eluted with CHCl3/MeOH (80:1), affording 268 

mg of A2b-dU1b as a yellow solid (77% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 9.50 (s (b), 1H, NH), 9.04 (s (b), 1H, NH), 8.29 (s, 1H, H6), 7.5 – 

7.3 (m, 12H, Hcb, Hf, Hv), 7.16 (d, J = 7.3 Hz, 1H, Hz), 7.10 (m, 7H, He, Hx, Hy), 6.96 (d, J = 8.5 Hz, 2H, 

Hg), 6.79 (d, J = 9.0 Hz, 4H, Hw), 6.36 (t, J = 6.6 Hz, 1H, H1’), 4.99 (s (b), 2H, COCH2), 4.85 (s (b), 2H, 

COCH2), 4.59 (m, 1H, H4’), 4.51 (t, J = 5.6 Hz, 2H, Ha), 4.15 (c, J = 2.9 Hz, 1H, H3’), 4.02 (t, J = 5.6 Hz, 

2H, Hb), 3.73 (t, J = 4.9 Hz, 2H, Hc), 3.70 (s, 3H, OCH3), 3.36 (s, 3H, OCH3), 3.56 (dd, J = 5.8, 4.5 Hz, 

2H, Hd), 3.50 (dd, J = 10.8, 2.8 Hz, 1H, 1 H5’), 3.30 (dd, J = 10.8, 3.3 Hz, 1H, 1 H5’), 2.54 (m, 1H, 1 H2’), 

2.32 (dt, J = 13.6, 6.7 Hz, 1H, 1 H2’), 0.97 (s, 18H, Si(CH[CH3]2)3), 0.96 (s, 3H, Si(CH[CH3]2)3).  
13C NMR (76 MHz, CDCl3) δ (ppm) = 161.1, 158.8, 157.5, 152.9, 152.2, 149.2, 148.3, 144.6, 142.9, 

137.6, 135.7, 135.6, 131.9, 131.8, 130.1, 129.9, 129.9, 128.2, 128.1, 127.2, 124.7, 122.3, 120.0, 

119.5, 115.3, 115.1, 113.5, 100.2, 96.4, 93.2, 87.3, 86.9, 86.1, 83.4, 79.7, 77.4, 72.9, 72.4, 68.7, 

68.4, 63.6, 63.2, 55.3, 44.1, 41.9, 31.0, 29.8, 18.0, 12.0.  

HRMS (MALDI, DCTB+NaI): m/z = Calculated for NaC74H78N8O13Si: 1337.5350 [M+Na]+. Found: 

1337.5340 [M+Na]+. 

A2c-dU2b. 

Following Standard Procedure L, the 

coupling product was obtained 

from the derivative dU2b (5.40 

mmol, 200 mg), A2c (6.00 mmol, 

530 mg), Pd(PPh3)2Cl2 (0.109 mmol, 

7.60 mg), CuI (54.51 µmol, 0.20 mg) 

in the mixture DMF/DIPEA (6:1, 4 

mL) stirring under argon 

atmosphere for a period of 18 

hours at 40 °C. Once the reaction 

was complete, all volatiles were evaporated. Purification via deactivated column 

chromatography eluted with the mixture CHCl3/Acetone/MeOH (100:0.5:0.5) afforded 400 

mg of the monomer (66% yield).  
1H NMR (300 MHz, CDCl3+DMF-d7): δ (ppm) = 11.67 (s (b), 1H, NHU), 10.38 (s (b), 1H, NHA), 

10.36 (s (b), 1H, NHA), 8.56 (s, 1H, H6), 7.66 (d, J = 8.3 Hz, 2H, Hcb), 7.56 (d, J = 8.2 Hz, 2H, Hcb), 

7.31 (t, J = 7.4 Hz, 4H, Hf), 7.07 (t, J = 7.4 Hz, 4H, He), 7.01 (m, 2H, Hg), 6.32 (t, J = 6.4 Hz, 1H, 

H1’), 5.32 (m, 1H, H4’), 5.26 (s (b), 2H, COCH2), 5.15 (s (b), 2H, COCH2), 4.60 (m, 3H, H3’, Ha), 

4.07 (t, J = 5.6 Hz, 2H, Hb), 3.90 (m, 1H, 1 H5’), 3.83 (m, 1H, 1 H5’), 3.74 (t, J = 4.9 Hz, 2H, Hc), 

3.59 (m, 2H, Hd), 2.34 (m, 2H, 2 H2’), 0.99 (s, 18H, Si(CH[CH3]2)3), 0.98 (s, 3H, Si(CH[CH3]2)3), 

0.94 (s, 9H, SiC(CH3)3), 0.14 (s, 6H, 2 SiCH3).  
13C NMR (76 MHz, DMF-d7) δ (ppm) = 169.5, 163.4, 162.5, 159.7, 159.6, 154.3, 153.9, 150.9, 

150.4, 145.7, 137.2, 133.4, 132.7, 130.5, 130.5, 126.0, 122.1, 121.9, 121.3, 119.8, 115.8, 

115.8, 99.4, 95.7, 92.4, 89.5, 86.9, 86.6, 81.7, 73.4, 73.1, 69.5, 69.4, 69.3, 64.1, 62.2, 45.0, 

42.0, 26.5, 18.8, 18.6, 12.8, -4.2, -4.3.  
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HRMS (MALDI, DCTB+NaI): m/z = Calculated for NaC59H74N8O11Si2: 1149.4887 [M+Na]+. 

Found: 1149.4908 [M+Na]+. 

SYNTHESIS OF PHOSPHORAMIDITES 

▪ Standard Procedure AA for introduction of the phosphoramidite functionality. An 

oven dried round-bottom flask was charged with the pyrimidine (1 eq.) and dissolved in 

MeCN or CH2Cl2 (amount indicated in each case) under argon atmosphere. The flask was 

submerged in an ice bath. Afterwards DIPEA (1.30 eq.) and N,N-

diisopropylmethylphosphonamidic chloride (1.10 eq.) were added dropwise under rigorous 

anhydre conditions. The reaction mixture was then allowed to stir at room temperature. 

Once the coupling was completed (after additional incorporation of reactants if needed), 

solvents were removed in vacuo and the crude product was subjected to column 

chromatography on deactivated silica gel using NEt3 (eluent indicated in each case). 

dU-P. 

The amidite was prepared following the Standard Procedure M, 

starting from the pyrimidine dU1a (0.43 mmol, 280 mg) 

dissolved in dry MeCN (4.0 mL), N,N-

diisopropylmethylphosphonamidic chloride (0.27 mL, 1.41 

mmol).and anhydrous DIPEA (1.83 mmol, 0.32 mL). Once the 

reaction was complete, all volatiles were removed by rotatory 

evaporation and the resulting residue was purified by column 

chromatography on deactivated silica gel eluted with 

CyHex/AcOEt (1:1) to afford 281 mg of the amidite (81% yield). This compound was directly 

subjected to the next reaction. 
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.18 (s, 1H, H6), 8.16 (s, 1H, H6),7.42 (m, 2H, Hx), 7.33 

(m, 6H, Hv, Hy), 7.25 (m, 1H, Hz), 6.84 (dd, J = 8.8, 1.8 Hz, 4H, Hw), 6.33 (td, J = 8.0, 5.6 Hz, 1H, 

H1’), 4.63 (ddd, J = 12.0, 5.4, 2.6 Hz, 1H, H4’), 4.20 (m, 1H, H3’), 3.79 (s, 6H, 2 OCH3), 3.54 (m, 

2H, 2H5’), 3.39 (d, J = 13.3 Hz, 3H, POCH3), 3.27 (d, J = 13.3 Hz, 3H, POCH3), 2.54 (m, 1H, 1 

H2’), 2.27 (m, 1H, 1 H2’), 1.16 (d, J = 6.8 Hz, 12H, 2 NCH(CH3)2), 1.07 (d, J = 6.8 Hz, 2H, 2 

NCH(CH3)2).  
13C NMR could not be acquired due to the low stability of the compound. 
13P NMR (76 MHz, CDCl3): δ (ppm) = 149.5, 148.8.  

MS (ESI+): m/z = 840.19 [M+Na]+.  

dU2.  

Firstly, an oven dried round-bottom flask was 

charged with the activated phosphoramidite (0.34 

mmol, 281 mg) as well as the alcohol-free 

nucleobase dU2a (0.38 mmol, 177 mg) dissolved in 

a mixture of dry MeCN and CH2Cl2 until dilution in 

an ice bath. The activator BTT (0.36 mmol, 69 mg) 

was then added, and the reaction was stirred under 

argon atmosphere at room temperature until 
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completion. Finally, a solution of tert-butyl hydroperoxide 5.0 M in decane (1.72 mmol, 0.07 

mL) was incorporated to oxidize the phosphorous core. At that point, solvents were 

removed under reduced pressure and the crude phosphate was subjected to column 

chromatography on deactivated silica gel eluted with CHCl3/MeOH (30:1) to afford 197 mg of 

a white solid (41% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.11 (d, J = 6.5 Hz, 1H, H6), 7.89 (d, J = 10.2 Hz, 1H, H6), 

7.39 (m, 2H, Hx), 7.31 (m, 6H, Hy, Hv), 7.22 (m, 1H, Hz), 6.85 (d, J = 8.9 Hz, 4H, Hw), 6.32 (dt, J = 

8.8, 5.9 Hz, 1H, H1’), 6.15 (dq, J = 6.1, 2.9 Hz, 1H, H1’), 5.16 (dd, J = 11.8, 5.1 Hz, 2H, H5’), 3.82 

(d, J = 11.32 Hz, POCH3), 3.77 (d, J = 11.32 Hz, POCH3), 3.80 (s, 6H, 2 OCH3), 3.43 (ddt, J = 9.8, 

6.7, 3.1 Hz, 2H, H5’), 2.73 (m, 2H, H4’, H3’), 2.34 (m, 2H, H4’, H3’), 1.24 (m, 2H, H2’), 1.12 (m, 2H, 

H2’), 0.90 (s, 9H, SiC(CH3)3), 0.09 (s, 6H, 2 SiCH3).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 159.8, 158.8, 149.8, 144.5, 144.4, 135.6, 135.5, 130.2, 

130.1, 128.2, 127.2, 113.5, 113.5, 87.5, 87.2, 85.9, 72.6, 68.4, 63.2, 55.4, 42.2, 25.9, 18.1, -

4.6, -4.7. 
13P NMR (122 MHz, CDCl3): δ (ppm) = 0.58, 0.69.  

HRMS (ESI+): m/z = calculated for NaC46H55I2N4O14PSi: 1223.1203 [M+Na]+. Found: 

1223.1175 [M+Na]+. 

AU_UA. 

The double pyrimidine dU2 

(41.66 µmol, 50 mg) 

together with CuI (0.83 

µmol, 0.15 mg) and 

Pd(PPh3)2Cl2 (1.66 µmol, 

1.16 mg) were dissolved in 

a solvent mixture of 

DMF/DIPEA (4:1, 1.0 mL) 

under inert atmosphere, 

stirring at 60 °C. Thereafter, the derivative of adenine A2d (0.16 mmol, 86 mg) dissolved in 

the mixture DMF/DIPEA (4:1, 2.0 mL) was added slowly over a period of 24 hours. The Pd-

catalyzed reaction was monitored by TLC. After evaporation of all volatiles, the solid was 

purified by column chromatography in deactivated silica gel eluted with CHCl3/MeOH (3:1), 

followed by precipitation in CHCl3. Finally, the dimer was washed with various solvents 

(CyHex, THF, MeCN) to obtain 20 mg of an ochre solid (24% yield).  
1H NMR (300 MHz, DMF-d7): δ (ppm) = 11.83 (s (b), 1H, NHdU), 11.73 (s (b), 1H, NHdU), 8.48 

(s, 1H, H6), 8.24 (s, 1H, H6), 7.7 – 7.4 (m, 12H, Hx, Hy, Hv, Hcb), 7.32 (t, J = 7.6 Hz, 1H, Hz), 7.21 

(d, J = 8.8 Hz, 4H, Hw), 6.35 (d, J = 6.4 Hz, 2H, 2 H1’), 6.21 (s (b), 2H, NH2), 5.17 (m, 2H, H5’), 

4.66 (s (b), 1H, NH), 4.52 (s (b), 1H, NH), 4.37 (m, 4H, 2 Ha), 4.19 (s (b), 4H, 2 NH2), 3.97 (t, J = 

5.8 Hz, 4H, Hb), 3.76 (qd, J = 7.4, 6.9, 2.7 Hz, 9H, 2 OCH3, POCH3), 3.53 (m, 4H, Hc, Hd), 3.25 

(m, 2H, H5’), 2.46 (m, 4H, 2 H4’
, 2 H3’), 1.32 (m, 4H, H2’), 0.99 (s, 21H, Si(CH[CH3]2)3), 0.97 (s, 

21H, Si(CH[CH3]2)3), 0.92 (s, 9H, SiC(CH3)3), 0.15 (s, 6H, 2 Si(CH3)).  
13C NMR (126 MHz, DMF-d7): δ= 162.5, 162.4, 159.7, 159.5, 153.1, 150.9, 150.7, 146.0, 

141.7, 137.0, 136.7, 132.7, 132.7, 132.6, 132.3, 131.1, 131.0, 130.3, 129.1, 129.0, 128.5, 

127.9, 127.6, 125.9, 125.4, 125.1, 121.9, 114.3, 113.9, 100.0, 99.9, 92.6, 87.8, 86.4, 85.8, 
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82.4, 81.9, 76.7, 73.4, 69.5, 69.4, 66.2, 65.0, 64.1, 64.1, 58.9, 56.0, 46.7, 44.3, 44.2, 26.5, 

18.8, 18.6, 12.84, 12.83, -4.2. 
31P NMR (202 MHz, DMF-d7): δ= -0.60. 

MS (ESI+): m/z = Calculated for NaC102H129N16O18PSi3: 2003.8614 [M+Na]+. Found: 2003.9 

[M+Na]+. 

dC-P. 

The synthesis of the amidite was in accordance with  

Standard Procedure M. The pyrimidine dC1a (34.92 

µmol, 30 mg) was dissolved in dry MeCN (0.6 mL) at 0 

°C under rigorous anhydre conditions and argon 

atmosphere. Afterwards, DIPEA (45.39 µmol, 7.9 µL) 

and N,N-diisopropylmethylphosphonamidic chloride 

(38.41 µmol, 7.5 µL) were subsequently added and the 

reaction mixture was allowed to stir at room 

temperature. The crude mixture was purified by 

column chromatography on deactivated silica gel eluted with CyHex/AcOEt (1:1) to afford 25 

mg of the foam solid (70% yield).  
1H NMR (300 MHz, CDCl3): δ(ppm) = 8.46 (d, J = 6.6 Hz, 1H, H6), 8.30 (m, 2H, Hc), 7.6 – 7.3 (m, 

12H, Hv, Hx, Hy, Hd, Ha), 7.24 (m, 1H, Hz), 7.15 (m, 1H, He), 6.78 (m, 4H, Hw), 6.69 (m, 2H, Hb), 

6.36 (q, J = 7.3 Hz, 1H, H1’), 4.64 (ddd, J = 12.3, 6.0, 3.0 Hz, 1H, H4’), 4.26 (d, J = 11.7 Hz, 1H, 

H3’), 3.70 (s, 3H, OCH3), 3.69 (s, 3H, OCH3), 3.54 (m, 2H, H5’), 3.39 (d, J = 13.3 Hz, 3H, POCH3), 

3.26 (d, J = 13.3 Hz, 3H, POCH3), 3 2.75 (m, 1H, 1 H2’), 2.35 (m, 1H, 1 H2’), 1.17 (dd, J = 6.8, 2.3 

Hz, 12H, 2 NCH(CH3)2), 1.08 (dd, J = 6.8, 1.6 Hz, 2H, 2 NCH(CH3)2). 
13C NMR and MS could not be acquired due to the low stability of the compound. 
31P NMR (122 MHz, CDCl3): δ(ppm) = 149.55, 148.81. 

2.6.3. NMR AND UV-VIS DILUTION AND TITRATION EXPERIMENTS  
NMR dilutions and titrations were carried out in in 5 mm NMR tubes using DMF-d7 

and CDCl3. Deuterated solvents were purchased from Aldrich in ampoules and used as 

received. UV-vis dilutions and titrations were carried out in CHCl3 or DMF (Alfa Aesar, 

Spectrophotometric Grade). The experiments were performed in 1 cm or 1 mm path length 

quartz cuvettes. Volumes were added using Hamilton microsyringes. UV-vis absorbances 

were kept within the 0.2-3.5 range. Temperature control was set at 298 K in all cases.  

Dilution experiments were carried out by successive injections of clean solvent into a 

stock solution of the corresponding nucleoside, thus performing successive dilutions of the 

concentrated starting sample. The full 1H NMR/UV-vis spectra were recorded over at least 15 

concentrations, considering, as far as possible, that most of them should yield chemical 

shift/absorbance data within the 20-80% saturation range.  

Titration experiments were performed as follows. A sample of the nucleoside was 

dissolved in the appropriate solvent, whose concentration, indicated in each experiment 

below, varied depending on the technique employed (1H NMR or UV-Vis). A portion of this 

solution was used as the sample 1, and the remainder was used to prepare sample 2, so that 
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the concentration remained constant throughout the titration. At that point both samples 

were further diluted in the appropriate solvent mixtures. Successive aliquots of one sample 

were added to other one, and the whole 1H NMR / UV-vis spectra were recorded after each 

addition. Each titration experiment was repeated at least twice. 
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DNA is a robust template capable of organising organic structures in programable 

architectures with high precision (see Introduction). DNA additionally presents an optimum 

distance between nucleobases, favouring π-π stacking, and may thus provide fine control 

over the length and sequence of π-conjugated stacks. In this Chapter, we utilize single 

strands of DNA, which can be purchased with a defined length, to study their ability to 

template the stacking of chromophores via H-bonding and − stacking interactions in 

aqueous media. Part of the work described in this Chapter was performed in cooperation 

with Dr. Sara Sierra Tornero. We want to express our gratitude for her collaboration in some 

of the measurements in Section 3.3.2. 

3.1. MONOMER DESIGN AND SYNTHETIC STRATEGY 

Our approach is focused on purine-appended chromophore guests and 

oligopyrimidine DNA templates (Figure 3.1). Our chromophore selection comprises 

complementary NDI and pyrene dyes, which are rigid and planar, have the same length, and 

would be linearly disubstituted with guanine and 2-aminoadenine recognition units. Both 

nucleobases and central blocks are equipped with oligoethyleneglycol chains to favour the 

solubility of the final compounds in aqueous media, where hydrophobic interactions are 

expected to induce stacking. 

 

Figure 3.1. Representation of the disubstituted chromophores and complementary oligonucleotides, whose 
combined self-assembly would lead to double helix nanofibers. 

We have focused on monomers ANDIA, GNDIG and GNDIA (Figure 3.1). This family 

was designed to gather information about the different strength of the supramolecular 

architectures, solubility issues and the optimal experimental procedures for the preparation 

of the samples. Their chiral supramolecular self-assembly processes will be studied by 

absorption, fluorescence and CD spectroscopy, as well as by various microscopy techniques. 

The collection of compounds composed of pyrene as chromophore could not be developed 

due to time restrictions.   
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3.2. SYNTHESIS OF THE MONOMERS 

The synthetic route towards the different disubstituted hydrophilic monomers 

equipped with the NDI chromophore as central block, will be explained in this section. 

Previously, in Chapter 1, the synthesis of hydrophilic purines A1a and G1a was described. 

Consequently, in the following sections the focus is on the route leading to the central block 

and the consecutive Pd-catalysed reactions to generate the target monomers. 

3.2.1. SYNTHESIS OF THE CENTRAL BLOCK  

NDI1.This central block has been considered due to its strong tendency to aggregate 

by π-π stacking. The optimized synthetic pathway to NDI1 is shown in Scheme 3.1:  

 

Scheme 3.1. Synthesis of NDI1 central block from commercial naphthalene dianhydride. 

The commercial naphthalene dianhydride (NAD) was first subjected to a bromination 

reaction with dibromoisocyanuric acid (DBIA) in strong acidic conditions (fuming sulfuric 

acid).318 The mixture of brominated products cannot be isolated mainly due to their strong 

aggregation and insolubility. However, the crude mixture can be analysed by 1H NMR to 

identify the existence of different brominated compounds (as shown in Figure 3.2).319 Even 

though the NAD derivative is difficult to solubilize, the anhydride groups can be hydrolysed 

by a 0.1 M solution of KOD in D2O, leading to water-soluble ring-opened molecules, which 

enables their characterization. At this point, we realised that, on average, the actual yield of 

the reaction was below 20% yield and the major compound was commercial NAD when 

performing the reaction at 40 ᵒC. Therefore, we tested diverse reaction conditions by 

modifying the rate of addition of DBIA (from 4 hours to 5 minutes), the temperature (from 

40 ᵒC to reflux at 120 ᵒC), the order and physical state in which the reactants were added, as 

well as the reaction time to finally afford 40 % yield of dibrominated product in mixtures 

with other brominated compounds. 

                                                             
318 C. Thalacker, C. Röger, F. Würthner, J. Org. Chem. 2006, 71, 8098-8105. 
319 A. C. Thompson, H. M. Grimm, A. Gray Bé, K. J. McKnight, J. J. Reczek, Synth. Comm. 2015, 45, 1127-1136. 

http://www.tandfonline.com/author/Thompson%2C+Annelise+C
http://www.tandfonline.com/author/Grimm%2C+Haley+M
http://www.tandfonline.com/author/Gray+B%C3%A9%2C+Ariana
http://www.tandfonline.com/author/McKnight%2C+Keenan+J
http://www.tandfonline.com/author/Reczek%2C+Joseph+J
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Figure 3.2. Aromatic region of 1H NMR spectra of the reaction mixture of hydrolysed brominated NAD.319 

The previously obtained crude was then treated with p-iodoaniline in acetic acid 

under reflux to provide NDI1.1 mixed with the non-brominated NDI.320 Acidic conditions are 

required to activate the carbonyl group and also to decrease the reactivity of the amines, 

which can react by substitution at the bay positions.321 This is the reason why only two 

equivalents of p-iodoaniline are added and reaction times are short. Then, these bay 

positions were reacted with an alkyl amine (Alk3). To synthetize this primary amine, firstly a 

terminal alcohol in tetraethylenglycol monomethyl ether was converted into an amine group 

via modified Gabriel synthesis, through a two-step synthetic route. 322  The N-glycolic 

phtalimide Alk3.1 was then hydrolysed using hydrazine in refluxing ethanol to provide Alk3. 

In the literature, there are examples in which the amine is used as solvent to perform the 

aromatic substitution in the NDI.323 However, in our case, the final substitution was induced 

by heating the crude to 100 ᵒC in the presence of a slight excess of Alk3 in DMF. This step 

may seem to be yield-limiting (28%), but only because it allows the isolation of the pure 

disubstituted central block from the complex original mixture. The ochre colour of the 

NDI1.1 was modified to a dark iridescent navy blue in chlorinated solvents when the amines 

were incorporated to the core of the chromophore. 

In Figure 3.3, the UV-vis spectra of NDI1 in DMF is shown, as well as some photographs 

taken under the sunlight or under a UV lamp (254 nm irradiation). Furthermore, in Figure 3.4 

one can observe the assigned 1H NMR or the central block. 

                                                             
320 E. L. Spitler, J. W. Colson, F. J. Uribe-Romo, A. R. Woll, M. R. Giovino, A. Saldivar, W. R. Dichtel, Angew. 
Chem. Int. Ed. 2012, 51, 2623-2627. 
321 F. Würthner, S. Ahmed, C. Thalacker, T. Debaerdemaeker, Chem. Eur. J. 2002, 8, 4742-4750. 
322 A. Tuchscherer, D. Schaarschmidt, S. Schulze, M. Hietschold, H. Lang, Eur. J. Inorg. Chem. 2011, 28, 4421-

4428. 
323 S. L. Suraru, F. Würthner, Angew. Chem. Int. Ed. 2014, 53, 7428-7448. 
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Figure 3.3. a) UV-vis spectra of NDI1 in DMF at C = 4 x 10-5 M showing the peak maxima. Photographs of the 
same sample solution under b) the sunlight and c) 254 nm light. 

 

Figure 3.4. 1H NMR spectra of the NDI1 central block in CDCl3.  

3.2.2. MONOMERS SYNTHESIS 

The final hydrophilic monomers were synthesised by two consecutive Sonogashira 

reactions (see Scheme 3.2). Our first attempt was performed with 8-ethynylated G1a using 

the standard conditions at 40 ᵒC, which resulted in just monocoupled purine-NDI in low 

yields. The majority of the purine would react with itself to provide homocoupled compound. 

Nonetheless, the double cross-coupled product GNDIG was favoured when incorporating 

the 8-ethynylated nucleobase in excess (around 4 equivalents), under high dilution at a very 

slow addition rate (around 6 hours) to the reaction system at 90 ᵒC. 
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Scheme 3.2. Synthetic pathway towards GNDIG, ANDIA and GNDIA monomers. 

However, only 3 equivalents of the nucleobase A1a were purposedly incorporated to 

the reaction mixture to synthetize the doubly substituted ANDIA and the monocoupled A1a-

NDI in one step, which were separated by column chromatography. This last substrate was 

quite soluble in organic media, and Sonogashira reaction with just 1.1 equivalents of G1a 

was enough to supply GNDIA. The strong tendency of these chromophores to π-π aggregate 

hinders the acquisition of 1H NMR, which must be performed under high dilution. 

Additionally, the solubility of these compounds varies depending on the attached 

nucleobases in the order ANDIG > ANDIA > GNDIG. The different 1H NMR for ANDIA, ANDIG 

and GNDIG in DMSO-d6 are compared in Figure 3.5. 
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Figure 3.5. 1H NMR spectrum of monomers ANDIA, GNDIA and GNDIG in DMSO-d6. 

In Figure 3.6 we are showing the UV-vis absorption spectra of the central block NDI1, 

GNDIG and ANDIA in DMF at C = 4 x 10-5 M. The presence of the two purine heterocycles 

increases absorption intensity around 350 nm with respect to the NDI core maximum at 600 

nm.  

 
Figure 3.6. a) UV-vis spectra of NDI1 and the monomers GNDIG, ANDIA in DMF at C = 4 x 10-5 M.  

b) Molecular structure of the compounds. 
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3.3. STUDY OF THE SELF-ASSEMBLY PROCESS 

In this Chapter, we will assess the supramolecular organization of functional organic 

bolaamphiphile chromophores bearing nucleobase directors, which can interact with 2 

complementary DNA templates to generate a chiral double helix (Figure 3.7). Two main 

equilibria are involved. On one hand, the guest molecule in aqueous media at room 

temperature spontaneously generate columnar aggregates due to the combination of 

several non-covalent interactions: solvophobic forces and π-π interactions between 

extended aromatic surfaces. These non-ordered structures can be disaggregated if the 

temperature is increased or the polarity/concentration decreases, as the dyes are more 

efficiently solvated. On the other hand, provided complementary DNA template is present, a 

change in the conditions may control the stacking process and generate precisely ordered 

helical nanofibers with defined length, guided by H-bonding interactions between 

complementary bases. 

 

Figure 3.7. Representation of the diverse equilibria and experimental conditions involved in the formation 
of non-templated (left) of templated helical (right) molecular stacks of semiconducting organic molecules. 

The final NDI chromophores and the selected complementary oligonucleotides are 

shown in Figure 3.8. The supramolecular equilibria leading to stacked guests in the absence 

of DNA was firstly approached by optical techniques (absorption and emission; these non-

chiral monomers obviously do not display CD signals), as will be explained in Section 3.3.1. 

Then, the affinity between the oligonucleotides and the monomers is studied under diverse 

experimental conditions in Section 3.3.2, supported also by CD and microscopy techniques.  

 

Figure 3.8. Representation of the two complementary couples: dT40+ANDIA and dC40+GNDIG. 
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3.3.1. Study of the Self-Assembly of the NDI monomers 

In the literature it is stablished that core-substitution in this type of polycyclic NDIs 

with electron-donating groups like NDI leads to reduced quadrupolar moment, and 

therefore decreases the tendency to π-stack.324 As a consequence, side-group participation 

becomes important to guide the assembly by H-bonding interactions or solvophobic 

forces.325 In this regard, the association of hydrophobic cores by weak π-π stacking, creates 

physical confinement which offers local concentration increments, as well as an entropy 

reduction that can be overcome leading to aggregation, provided there is a small enthalpic 

gain.326  

Our approach therefore takes advantage of hydrophobic forces in water to guide 

aggregation. Nevertheless, despite the adequate localization of hydrophilic groups at the 

periphery and core of the aromatic NDI, the dye monomers proved to be insoluble in 

aqueous media, specially GNDIG. This fact came as no surprise, since it is quite common in 

the literature that guests are not solvated in pure water unless DNA is present, and even 

sometimes H-competitor polar solvents are required to break associative interactions, 

before the sample is injected to the oligonucleotides dissolved in water (see examples in our 

Introduction). To sum up, this fact is not a problem for oligonucleotide-templated stacking of 

guests and it can be properly circumvented. Taking into account our previous experience 

with NDIs and solubility tests, polar DMF was selected as co-solvent. We established an 

interplay between water, that strongly enhances the formation of stacks; and DMF, that not 

only breaks more efficiently H-bonding between nucleobases, but also improves the NDI 

core solvation, thereby favouring disaggregation.  

Solvent Titration Experiments. A first insight into the aggregation process was 

performed by varying the relative amount of water/DMF in solution, maintaining the overall 

concentration constant (Figure 3.9). The same experiment was carried out for both GNDIG 

and ANDIA, monitoring the spectral changes by optical spectroscopy at 4·10-5 M 

concentration. To perform the experiment, a solution of a low volume fraction of DMF 

(χDMF) = 0.25 for GNDIG and 0.20 for ANDIA (lower DMF contents lead to sample 

precipitation) was stepwisely incorporated to another one at χDMF = 1 of the corresponding 

monomer at the same concentration. This methodology was selected to prevent 

precipitation troubles of the monomers in water. The common features in UV-vis (see also 

Figure 3.6) involve a broad signal in the 300-400 nm range, which is attributed to the 

absorption of nucleobases and S0-S2 transitions in the NDI core. An additional maximum is 

observed in the red region of the spectra (500-700 nm) which is related to S0-S1 transitions of 

                                                             
324 R. S. K. Kishore, O. Kel, N. Banerji, D. Emery, G. Bollot, J. Mareda, A. Gomez-Casado, P. Jonkheijm, J. 

Huskens, P. Maroni, M. Borkovec, E. Vauthey, N. Sakai, S. Matile, J. Am. Chem. Soc. 2009, 131, 11106-11116. 
325 a) S. V. Bhosale, C. Jani, C. H. Lalander, S. J. Langford, Chem. Commun. 2010, 46, 973-975; b) S. V. Bhosale, 

C. Jani, C. H. Lalander, S. J. Langford, I. Nerush, J. G. Shapter, D. Villamainac and E. Vauthey, Chem. Commun., 
2011, 47, 8226; H. Kar, D. W. Gehrig, F. Laquai, S. Ghosh, Nanoscale 2015, 7, 6729-6736; c) A. Das, S. Ghosh, 
Chem. Commun. 2016, 52, 6860-6817. d) M. Al Kobaisi, S. V. Bhosale, K. Latham, A. M. Raynor, S. V. Bhosale, 
Chem. Rev. 2016, 116, 11685-11796. 
326 S. Sao, I. Mukherjee, P. De, D. Chaudhuri, Chem. Commun. 2017, 53, 3994-3997. 
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the NDI core. As the polarity of the medium is slowly modified increasing the molar fraction 

of water in decrement of DMF, a bathochromic effect appears in the 500-700 nm region.  

 

Figure 3.9. Optical spectroscopy measurements. UV-vis (left), emission (center, exc. 350 nm) and normalised 
emission intensity (right) trend at different wavelengths (402 and 650 nm) at C = 4.0 x 10-5 M for: a) GNDIG 

from χDMF = 1.00 to 0.52. b) ANDIA from χDMF = 1.00 to 0.48. The stock solutions at χDMF = 0.25 and o.20, 
respectively, are also represented for comparison. Lower DMF contents lead to precipitation. 

The dye guest molecules were selectively excited at 350 nm and their fluorescence 

emission recorded during these titrations. It should be noted here that nucleobases and NDI 

cores are not strongly coupled by -conjugation effects, since the phenylene ring is not 

perfectly coplanar to the NDI imide. As a consequence, we observed two maxima regions: 

from 380 to 500 nm, which is mainly related to emission of the nucleobases, and the area 

between 600 and 750 nm, which correlates with the emission of the NDI core. Fluorescence 

emission in this second red-shifted region is strongly quenched at high water contents327 

(χDMF = 0.25/0.20) and then recovers and suffers a small blue shift as the relative amount of 

DMF increases up to χDMF = 0.9 for GNDIG and χDMF = 0.75 for ANDIA, a point where the 

monomer state is reached. This indicates that the GNDIG aggregates are stronger than the 

ANDIA stacks. At very high DMF contents there is then a small intensity fluctuation that was 

attributed to solvent effects. In particular, emission intensity of the NDI core is slightly higher 

and red-shifted in the presence of small amounts of water than in pure DMF. It is also 

interesting to remark the different behaviour of the trend at 402 nm (in black), 

corresponding to the emission of the -conjugated purine units. Whereas for ANDIA there 

are no significant changes within the χDMF = 0.5-1.0 range, emission intensity increases 

slightly in this region for GNDIG upon aggregation. Although we are not sure about the origin 

                                                             
327 J. B. Birks, Photophysics of Aromatic Molecules, Wiley, London, 1970. 
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of this phenomenon, we cannot discard additional H-bonding interactions between stacks, 

which should be stronger for GNDIG.328  

Temperature-dependent experiments. Once we had tested the effect of the solvent 

composition, we centred on a temperature-dependent analysis. As it was noted before, at 

low temperature aggregation is promoted, whereas warming up leads to disaggregation. 

Two different solvent compositions, χDMF = 0.50 and 0.33, were studied for both monomers 

as can been seen in Figure 3.10.  

Monitoring of the spectral changes for GNDIG as a function of temperature (Figure 

3.10a) evidenced that, as the temperature decreases, the absorption maxima at 338 nm 

does not change significantly, while the maxima at 612 nm splits into slightly blue-and red-

shifted bands, a feature that was already observed at high water contents (Figure 3.9). In 

emission, although the changes in the 400 nm region are normally subtle, the maxima at 648 

nm provides practical information about stacking, and a drastic decrease in intensity is 

observed at low temperatures. This effect is more significant in the χDMF = 0.33 sample with 

almost no residual emission at 0 °C (Figure 3.10b). The normalised intensity at 650 nm was 

plotted for GNDIG (Figure 3.10e). The trend clearly indicates that stacking at χDMF = 0.33 is 

stronger, as it can resist until 30 °C without significant spectral changes, while complete 

dissociation occurs above 90°C. For the χDMF = 0.5 sample these values are ca. 15 °C and 

75 °C, denoting the relevant impact of solvophobic forces.  

The next comparison we performed was for ANDIA at both χDMF = 0.5 and 0.33, 

shown in Figure 3.10c,d. While at χDMF = 0.5 this compound does not exhibit very relevant 

absorption and emission changes, indicating only moderate stacking, at χDMF = 0.33 a 

strong red-shifted absorption from 604 nm to 618 nm (please, compare with Figure 3.9) and 

almost total emission quenching was noted, suggesting that aggregation was virtually 

complete. In fact, after the cooling experiment at χDMF = 0.33 we noted some precipitation 

of the ANDIA compound, which must be the cause for the broad and slightly scattered 

absorption spectra recorded at low temperatures. It is interesting to note that, for ANDIA, 

there is a bigger difference in stability induced by the DMF content than in the GNDIG case 

(see Figure 3.10f). The analysis of the emission trends indicate that, at χDMF = 0.5, stacking 

is not complete even at 0 °C, while the monomer state is reached above 65 °C; while at 

χDMF = 0.33, the aggregates are stable below 40 °C and are not completely disaggregated at 

100 °C. 

Finally, we carried out the comparison between ANDIA and GNDIG at χDMF = 0.5 and 

0.3 (as illustrated in Figure 3.10g). Interesting as it is, at higher amounts of DMF, the ANDIA 

aggregates are much weaker and the maximum association is not reached at low 

temperature, while for GNDIG the whole process can be observed. On the other hand, for 

                                                             
328 Among the nucleobases, G is the one displaying stronger self-association by H-bonding, see Ref. 192.  
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lower percentage of polar solvent, the trends for both compounds are alike and ANDIA 

assembly proves to resist higher temperatures until complete dissociation. 

 

Figure 3.10. Temperature-dependent UV-vis (left) and emission (center, exc. 350 nm) spectra at 4.0 x 10-5 M 
for a) GNDIG at χDMF = 0.50; b) GNDIG at χDMF = 0.33; c) ANDIA at χDMF = 0.50; d) ANDIA at χDMF = 0.33. 

(Right) normalised emission at 650 nm comparing e) χDMF = 0.50 and 0.33 for GNDIG, f) χDMF = 0.50 for 
GNDIG and ANDIA, g) all the data for GNDIG and ANDIA. 

Concentration-dependent experiments. Finally, a study as a function of the 

concentration (see Figure 3.11) was developed in order to assess good experimental 

conditions for future measurements, and in order to have insight about the effects of 
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concentration on the self-assembly of these dye molecules. Again, two different solvent 

compositions, χDMF = 0.50 and 0.33, were studied for both monomers (as in Figure 3.10).  

 

Figure 3.11. Concentration-dependent measurements recorded by UV-vis (left) or emission (center, exc. 350 
nm). (Right) normalised fluorescence intensity at various wavelengths for: a) GNDIG at χDMF = 0.50; b) 

GNDIG at χDMF = 0.33; c) ANDIA at χDMF = 0.50; d) ANDIA at χDMF = 0.33. 

In the case of GNDIG (illustrated in Figure 3.11a,b), when diluting the sample the 

changes are basically the same as the ones observed with increasing the temperature in the 

first area, while the contrary is true in the 500-700 nm region. The tendency is inverted at 1 x 
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10-5 M and 6.46 x 10-6 M for χDMF = 0.5 and 0.33 respectively. Nevertheless, the tendency at 

402 nm maintains a curved constant increase as more solvent is added, and the emission is 

favoured in these conditions. 

For ANDIA (shown in Figure 3.11c,d), the UV-vis changes are not much relevant while 

in the emission as in the previous case the signal around 400 nm experiments significant 

increase when diluting. Regarding the area assigned to the NDI stacking, it is remarkable to 

note that the tendencies are different to the ones described for GNDIG. When adding 

solvent, at 650 nm the tendency follows a constant curved increase.  

The effect of the proportion of DMF is basically noted in the slope in diverse 

wavelength tendencies, and the strength of the stacking, which is evaluated regarding the 

relative height in emission in the red region and the overall changes. However, not much 

information can be extracted from this concentration experiments. 

3.3.2. Self-Assembly Studies of the NDI monomers and complementary DNA 

Our focus in this Section is the supramolecular interaction between the two DNA 

templates (dC40 or dT40) and our complementary hydrophilic monomers (GNDIG or ANDIA 

respectively), as illustrated before in Figure 3.7. Apart from hydrophobic forces and π-π 

stacking, a new interaction is responsible for the formation of the double helix: H-bonding 

interaction between complementary nucleobases, that is, pyrimidines in the DNA strands 

and purines in our monomeric guests. Our selection of the length of the strand (40 

nucleotides) is based on published data.195 It is reported that as the amount of nucleobases 

present in the template increases, so does the CD-signal intensity and thereof the template 

effect becomes more relevant.  

Preliminary Annealing Results. We initially reasoned that both NDI monomers and 

the long DNA strands would be strongly self-associated in water. In this scenario, it is 

interesting to note the importance of the annealing process, that corresponds to preliminary 

thermal treatments to promote the interaction between DNA-templates and monomeric 

guests. Firstly, the temperature is raised so as to break supramolecular self-association: π-π 

stacking between NDI monomers and H-bonding forces between nucleobases in the DNA 

strand. At this stage, the interaction between host and guest is favoured and subsequent 

cooling of the sample would lead to ordered double helix nanofibers, driven by a 

combination of supramolecular forces acting together.  

We soon realized that this previous annealing process was mandatory for dC40, since 

this nucleobase is known to auto-associate in DNA,329 but not so important for dT40. Not 

only that, the incorporation of a certain amount of polar organic solvent (DMF) was also 

found to be decisive to favour solubility and to control the degree of aggregation of the 

guest. In pure water, even after thermal treatment, no interaction between DNA and the 

NDI guests was found and, GNDIG or ANDIA were not actually soluble even at high 

temperatures.  

                                                             
329 R. Iwaura, T. Iizawa, H. Minamikawa, M. Ohnishi-Kameyama, T. Shimizu, Small 2010, 6, 1131-1139. 
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Therefore, we first selected a certain amount of DMF (χDMF = 0.04), based on our 

previous self-association studies of GNDIG and ANDIA, as the minimum volume fraction to 

avoid sample precipitation. Then, we recorded CD and absorption spectra of GNDIG+dC40 

and ANDIA+dT40 in a 40:2 ratio, to favour the formation of a double helix, at 25°C, then 

heated to 85°C, and finally cooled down at 25°C again in a timescale of a few minutes (that is, 

relatively fast). Our intention was to gain insight into the spectral changes promoted by the 

introduction of the DNA-templates before and after the annealing process.  

In Figure 3.12a, the results for the mixture 40GNDIG+2dC40, at respective 

concentrations of 4.0 x 10-5 M and 2.0 x 10-6 M, are shown. While our monomer is CD-silent 

(green line), the contrary is true for the DNA strand (grey line), which displays an important 

Cotton-effect at 288 nm. This signal is ascribed to the formation of chiral, intramolecularly H-

bonded objects, driven by self-association of the C nucleobases, as it was previously 

reported.329 In the combined 40GNDIG+2dC40 sample (black line), we observed an almost 

identical spectrum to dC40, with a maximum at 288 nm, suggesting no interaction between 

them, which was ascribed to the strong dC40 aggregation. Now, after rising the temperature 

to 85°C and cooling down again, this maximum at 288 nm was diminished and shifted 

slightly to the blue. In addition, another CD signal appeared at 357 nm, which is the region 

where both the conjugated purines and the NDI core absorbs and would be in accordance 

with a chiral induction process due to host-guest interactions.  

 

Figure 3.12. CD (left) and UV-Vis (right) in water-DMF (χDMF = 0.04) at different temperatures for a) GNDIG, 
dC40 and 40GNDIG+2dC40, b) ANDIA, dT40 and 40ANDIA+2dT40.  
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On the other hand, in Figure 3.12b we are displaying our preliminary results on the 

couple 40ANDIA+2dT40 at exactly the same conditions (C(monomer) = 4.0 x 10-5 M and 

C(DNA) = 2.0 x10-6 M). In this case, the monomer is again CD-silent (orange line) and the 

oligonucleotide has a small CD-signal at 280 nm (grey line). More interestingly, simply mixing 

the host template and guest at room temperature (black line) provides a Cotton-effect in the 

ANDIA absorption region, with maxima at 367 nm (black line). When the temperature is 

raised and then cooled down, the CD signal increases in intensity and red-shifts to 396 nm, 

which is due to an absorption shift of the same magnitude. This CD/absorption spectra are 

not affected by temperature in a range of 60°C, which correlates to the presence of strongly 

bonded, chirally ordered ANDIA assemblies. 

All these preliminary data prompted us to further investigate the effect of χDMF and 

thermal annealing to both disrupt H-bonding in dC40 and further disaggregate the stacks. 

Volume Fraction of Polar DMF in the Annealing Process. Our preliminary results 

made us envision that tuning the amount of DMF could provide improved results, as in χDMF 

= 0.04 dC40 is strongly interacting with itself and our monomers are quite aggregated, so 

overall the interaction between host and guest is not favoured and reaching the 

thermodynamic minimum is hampered. It is important to note that high amounts of DMF 

can also have a detrimental effect, since it can interrupt H-bonding between complementary 

nucleobases, so the titration must be done with caution. All the data below have been 

measured again at C(monomer) = 4.0 x 10-5 M and C(DNA) = 2.0 x10-6 M in pure water with 

increasing amounts of DMF content. As in the previous experiments, the temperature is 

raised and cooled fast. 

In the case of 40GNDIG+2dC40, as shown in Figure 3.13a, we observed that at all the 

diverse χDMF, when the temperature is raised, the decrease in the Cotton-effect at 288 nm 

becomes clear, which seems to indicate dC40 disaggregation. However, after performing the 

annealing process in the samples above χDMF = 0.125, two maxima peaks emerge: a small 

one at 650 nm and, a more intense one at 364 nm, which can be ascribed to the induction of 

chiral helical order to the GNDIG molecule. Increasing χDMF resulted in a progressive 

increase in intensity and red shift of this last CD maxima to 384 nm, until χDMF = 0.20 is 

reached. At higher DMF content, the intensity of this CD band decreases again until it is 

totally lost at χDMF > 0.4, which is attributed to the disruption of H-bonding interactions 

between nucleobases due to the presence of this strong H-bonding acceptor (see the 

plotting of the area under the curve vs χDMF in Figure 3.13a).  

Finally, if we analyse the effect of the temperature at each χDMF, the induced CD 

band in GNDIG is lost at high temperatures in all cases, while not much differences are 

observed after the annealing between 25°C and 5°C, which indicates that a maximum 

amount of chiral order has been already transferred to GNDIG at room temperature (see 

below). In all cases, we observed the signal at 288 nm corresponding to the chiral 

organization of dC40, since the same CD spectrum is observed when recording dC40 alone 

(see Figure 3.12). The UV-Vis spectra does not offer so much information and consequently, 

we are just showing a few examples in Figure 3.13b. 
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Figure 3.13. a) CD spectra of 40GNDIG+2dC40 (C = 4x10-5 M and 2x10-6 M respectively) in diverse χDMF 
(0.05, 0.125, 0.185, 0.20 and 0.33) and plot of the area under the curve in the samples in the (+) maxima; b) 

UV-Vis spectra of 40GNDIG+2dC40 in χDMF 0.05, 0.20 and 0.33.  

We performed the same type of experiments to determine the optimal amount of 

DMF for the pair 40ANDIA+2dT40, bearing in mind that this co-solvent is needed in a smaller 

proportion now because: 1) ANDIA is far more soluble in aqueous media; 2) dT40 do not 

interact so strongly with itself as dC40; 3) the H-bonding for A:T is weaker than the 

analogous Watson-Crick interaction for G:C. In Figure 3.14b one can observe the effect of 

the annealing process for diverse samples ranging from χDMF = 0.05 to 0.20.  

As noted before (Figure 3.12b), for small volume fractions of DMF (0.05 or 0.065), in 

addition to the dT40 CD signal at 278 nm, there is a strong Cotton effect with maxima at 321 

(-) and 378 (+) nm and a weaker and broad CD signal centred at 650 nm, assigned to the 

ANDIA molecule. However, when the sample is subjected to fast thermal treatment, this 

first CD signal suffers a red shift to 330 (-) and 392 (+) nm, which matches the red-shift from 

342 to 371 nm observed in absorption (Figure 3.12b). Furthermore, the samples display the 

same spectra at 85°C, 25°C and 5°C, which underlines the stability of the supramolecular 

structure formed upon heating. These findings made us propose that we are maybe 
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witnessing two different processes. The first one would be attributed to the association of 

dT40 strands to ANDIA stacks in an ill-defined fashion, perhaps in the form of a single helix 

(see below) in a spontaneous manner by simple mixing. The second one occurs once the 

temperature is quickly raised and cooled down, and we attribute the new red-shifted CD 

signals to the formation of the double helix330. Above χDMF = 0.085, we encountered signals 

with weaker intensity, after they fully disappeared above χDMF = 0.2, which was again 

attributed to disruption of the A:T Watson-Crick bonds and racemization of the ANDIA 

stacks. As in the previous case, a few examples of UV-Vis have been selected in Figure 3.14c.  

 

Figure 3.14. a) CD spectra of ANDIA+2dT40 (C = 4x10-5 M and 2x10-6 M respectively) in buffer for diverse 
χDMF (0.05, 0.065, 0.085, 0.10, 0.20); b) Comparison between at χDMF = 0.05 in buffer and water; c) UV-Vis 

spectra in χDMF 0.05 and 0.20; d) plot of the are under the curve for all the samples before and after the 
thermal treatment in the (+) maxima. 

At this point we were intrigued whether the use of a Tris-EDTA buffer at pH 7.4 rather 

than pure water could bring any substantial change, as ions could help to stabilise the 

negative charges along the DNA backbone. As shown in Figure 3.14a, the Cotton effect 

increased slightly in intensity when using buffer, which may indicate small stabilization 

                                                             
330 For the sake of simplicity, we represent the single helix in red, while the double helix is in blue. 
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effects. In addition, further experiments revealed that the use of buffer resulted in higher 

reproducibility. These facts prompted us to perform all the following experiments using this 

buffer solution instead of milliQ water. 

Temperature-dependent Experiments. All the previous data encouraged us to select 

for 40GNDIG+2dC40 χDMF = 0.20, and for 40ANDIA+2dT40 χDMF = 0.05, as the optimum 

solvent composition for the formation of our target double helixes. Next, we proceeded to 

investigate the effect of the temperature. Nevertheless, in this Section we are focusing on 

40GNDIG+2dC40, since for 40ANDIA+2dT40 the amount of DMF is so small that once the 

double strand is formed, thermal treatment is uncapable of breaking the resulting 

nanostructure.  

For 40GNDIG+2dC40, two different χDMF ratios were actually studied, that is 0.20 

and 0.33, maintaining the concentration and relative proportion of guest/host as before (C = 

4x10-5 M and 2x10-6 M, respectively). Firstly, we analysed the effect of the temperature at 

χDMF = 0.20 in milliQ water (Figure 3.15a) and in Tris-EDTA buffer (Figure 3.15b) considering 

the CD, emission and absorption spectrum in the 90 – 5 °C range. In contrast to the previous 

experiments, we now recorded the whole spectra at low cooling rates (< 0.5°C/min). For 

both samples at high temperatures, the CD-signal is almost null in the 400 – 700 nm region, 

indicating the non-interacting behaviour of templates and guest. As the temperature is 

decreased, three positive maxima peaks emerge at 288, 384 and 650 nm for the sample in 

water, while only two are spotted in buffer at 392 and 650 nm. Plotting of the temperature 

trends of both samples (Figure 3.15c), indicates that while in water the DNA-templated 

process commences at 55 °C in a highly cooperative manner, this melting temperature 

increases to 70 °C in the buffer. This seems to suggest that the template effect is significantly 

stronger in buffer but, although a proper analysis with a template model should be made, it 

looks in principle slightly less cooperative. Both temperature trends further develop until 

they saturate at approximately room temperature, which indicates that the chiral induction 

by the DNA template is complete. We propose the formation of a double helix rather than a 

single one, considering diverse aspects such the red-shift and shape of the CD maxima, the 

monitoring of a single process at a 40:2 ratio, the high amount of DMF employed, and the 

strength of the G:C Watson-Crick H-bonding. 

However, when monitoring fluorescence emission in the same conditions (central 

column in Figure 3.15) and comparing the spectra in water or buffer with those shown by 

GNDIG alone (Figure 3.15d), we noticed very similar changes. In all cases, when the 

temperature is decreased a strong quenching of the signal at 655 nm appears as a result of 

stronger aggregation of the NDI cores. Plotting the normalised temperature trends at the 

NDI emission maximum (Figure 3.15e) results in an almost perfect overlap. This seems to 

indicate that the media or the DNA templates are actually not affecting much NDI stacking, 

which is still notable at high temperatures, since no plateau is reached. The direct 

implication is that DNA does not really act as a template for the formation of stacks from 

isolated GNDIG monomers or even facilitates enormously the stacking process. Only a small 

sudden increase in the degree of aggregation monitored by fluorescence was noticed in the 

water sample (Figure 3.15e) at around 55 °C, implying an additional stabilization of the 
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stacks upon DNA binding. Instead, the main role played by the dC40 strands is to impart 

chiral order. The nice cooperative process monitored by CD indicates that, once a given stack 

size is reached, the complementary DNA strands are able to bind in a cooperative fashion, 

presumably in a double helix configuration, and induce chiral helical order to the NDI 

columns. To end up, the UV-Vis spectra has been represented on the right in Figure 3.15, but 

the information it provides is less relevant and more difficult to monitor, even though clear 

changes attributed to NDI stacking are observed in the area around 600 nm.  

 

Figure 3.15. Temperature-dependent CD (left), emission (centre) and UV-Vis (right) spectra for 
40GNDIG+2dC40 in χDMF = 0.20 in a) pure water, b) buffer; c) Plot of the trends for CD; e) equivalent 

temperature-dependent emission for GNDIG without DNA; f) Plot of the normalised intensities at 655 nm in 
the emission spectra (χDMF = 0.20). 

It is important to highlight that before measuring the samples of 40GNDIG+2dC40, we 

performed a rather long annealing process in the laboratory and stored the samples in the 

refrigerator overnight. We then set a slow temperature-slope setting (aprox 1°C every 6 min). 

Under these experimental conditions we were able to promote the complete formation of a 

supramolecular chiral object without traces of non-interacting dC40 or the presence of the 
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single helix. On the other hand, when the thermal treatment was fast (as shown above in 

Figure 3.13) the monomer is still aggregated and the templates do self-interact, so we can 

hardly form any supramolecular chiral object. On the contrary, our investigation points to 

the fact that the nanostructures from 40ANDIA+2dT40 are not so stable in time (see next 

Section) or temperature, so they must be prepared and measured straight forward. It is also 

true that the binding of A:T nucleobases occur spontaneously when mixing guests and 

templates.  

We also performed the same experiments but with χDMF = 0.33, as shown in Figure 

3.16. From the CD spectra and the temperature trends at 384 nm, we realised that 

increasing in 0.33 the amount of DMF means that the nanofiber does not start to form until 

reaching 45 °C and, at 5 °C the maximum association has not yet been achieved. This 

indicates that Watson-Crick G:C pairing to form the double helix is sensitively less stable at 

high DMF contents. From the analysis of the emission spectra we learnt that the nanofiber 

starts to dissociate at 35 °C instead of 45 °C, as for χDMF = 0.20, and, at higher temperatures 

the degree of aggregation is small. A quick comparison with the data observed for GNDIG 

alone (Figure 3.10e), suggests that there is indeed stabilization due to the DNA-templates as 

the monomer alone would start to disassociate at 25 °C. As previously stated, the changes 

related to UV-Vis are small although similar to the trends observed for monomers without 

template, mainly in the 600 nm area.  

 

Figure 3.16. a) Temperature-dependent CD (left), emission (centre) and UV-Vis (right) spectra of 
40GNDIG+2dC40 in water-DMF at χDMF = 0.33. b) Plot of the CD trend at 384 nm (left), plot of the emission 

trend at the 650/420 nm ratio (centre). 

Time-evolution. The different requirements that 40GNDIG+2dC40 and 

40ANDIA+2dT40 exhibited regarding their annealing process made us consider the time-

evolution they could suffer. Firstly, we noticed that 40GNDIG+2dC40 CD-signal would stay 
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stable over weeks when the sample was stored in the fridge. Surprisingly the contrary was 

true for 40ANDIA+2dT40 and we discovered that spectroscopic changes where noticeable at 

room temperature in short time lapses (Figure 3.17). 

 

Figure 3.17. Time evolution for ANDIA+2dT40 (C = 4x10-5 M and 2x10-6 M respectively) at χDMF =0.05 in 
buffer for a) CD-spectra and b) absorption spectra during 48 hours.  

From the analysis of the CD-spectra it is clear that the signal maintains stable at 374 

nm for 1 hour even though the intensity slightly differs. Interestingly, after 2 hours of sample 

preparation, the positive maxima shifts to reach 392 nm and becomes sharper. From that 

point the signal keeps losing intensity. Similarly, the supramolecular changes can be followed 

up by absorption, as one can observe there is a shift from 348 to 373 nm in the transition 

from 1 to 2 hours of preparation. 

Guest/Host Ratios. Along this Section we are focused on ANDIA+dT40 in buffer at 

χDMF =0.05, as it offers clearer changes than the analogous of G:C in which we are working 

at the moment this Doctoral Thesis was presented.  

Firstly, dT40 was incorporated to a solution of ANDIA (C = 4.0 x 10-5 M) until a 

concentration of 2.0 x 10-6 M was reached, what corresponds to the stochiometric 40:2 

proportion. In Figure 3.18a the CD-spectra shows a continuous increasing of the signal 

maxima as well as DNA self-interacting. By absorption no changes or shifts are spotted, we 

can only comment on the change in relative intensity between the bands corresponding to 

DNA and our monomer. When plotting the intensity of the CD-signal with respect to the 

concentration of template (Figure 3.18b) it is evident the appearance of a plateau once one 

equivalent of strand is incorporated. Further changes do not occur when reaching the 

stochiometric proportion (40:2), so we hypothesize that only the single helix is being 

generated. 

This titration experiment was also performed the other way around, that is 

maintaining the concentration of dT40 in 2.0 x 10-6 M and adding increasing amounts of 

ANDIA in DMF until a C = 4.0 x 10-5 M is reached (Figure 3.18c). We could observe that now 

the positive Cotton-effect continuously increases without any stabilization. We credited this 

finding to the fact that as ANDIA is solubilised more effectively now, it is easier to interact 
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with the template and thereof incorporate in the helix. Nonetheless, in the previous 

example, the semiconductors are already forming small unordered stacks when the 

template is incorporated. Above all the most interesting result is that when this sample was 

subjected to fast thermal treatment, shown in Figure 3.18d, the maxima peak shifts 12 nm 

and drastically decrease to provide the double helix, which again demonstrated to be highly 

stable towards disaggregation. 

 

Figure 3.18. Titration experiments modifying the amount of a) ANDIA or c) dT40. b) Trend at 380 nm 

for case a; d) CD-spectra for the thermal treatment of c. 

Encouraged by these results, we investigated the effect of adding increasing amounts 

of ANDIA to the annealed double helix until reaching a 80:2 proportion (Figure 3.19a). 

Surprisingly, we saw the gradual shift of the CD maxima peak at 392 nm to 380 nm with a 

significant increase in the intensity, together with a shift from 355 to 372 nm in the UV-Vis 

spectra. The clear implication is that the mere addition of a H-bonding monomeric 

competitor promotes the step-wise opening of the double helix in favour to single strands. It 

was also nice to see that again the fast thermal heating would lead to disaggregation and 

formation of the double helix with increased intensity than before. 

Valoracion de ANDIA+dT40 5 % DMF
Se prepara una disolución de ANDIA 4x5 y sobre ella se van adicionando alícuotas de dT40 hasta 
alcanzar la concentración 2x6 de dT40 
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Figure 3.19. CD and UV-Vis spectra for addition of increasing amounts of ANDIA to an annealed double 
helix; b) CD-spectra after thermal treatment of the previous sample after titration. 

Supramolecular Behaviour of the asymmetrically substituted monomer ANDIG. 

These studies are informative as they can be taken as monomers with a stopper in the sense 

that if only one equivalent of a complementary strand (i. e. dT40) is incorporated, the only 

possible nanostructure is a single helix, while the addition of the remaining strand dC40 can 

finally lead to the double helix. The comparison of these results and our previous research 

reaffirms our control over the supramolecular structure induced as a function of the 

annealing process and experimental conditions.  

In order to prove our theory, we firstly titrated the among of ANDIG over dT40 in C = 

1.0 x 10-6 M until reaching the stochiometric 40:1 proportion at χDMF =0.05 in buffer (Figure 

3.20a). The CD-spectra presents exactly the same features we observed for 40ANDIA+1dT40 

in Figure 3.18c, in clear accordance with the presence of a single strand (characterised by 

the maxima at 378 nm) that spontaneously evolves when the template and the monomer 

are mixed. When the complementary strand dC40 is incorporated until reaching the C = 1.0 x 

10-6 M at χDMF =0.10 no changes are evident for 40ANDIG+1dT40+1dC40 (Figure 3.20b). 

The explanation is that these G:C interaction demands thermal heating due to high self-

aggregation. Finally, with mere fast heating we witnessed the formation of the double helix, 

with impressive stability when compared to 40ANDIA+2dT40, see Figure 3.20c. 

 

Figure 3.20. a) Titration of ANDIG over dT40 until reaching 40:1 proportion; b) Addition of dC40 until 
reaching 1 equivalent; c) Thermal treatment of the sample. 
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3.4. SUMMARY & CONCLUSIONS 

The final aim of the project described in this Chapter is to produce supramolecular 

stacks of -conjugated energy/electron donor and acceptor dyes in which the stack 

sequence and length is controlled by oligonucleotide templates, which would interact with 

the dyes and guide their stacking through H-bonding Watson-Crick interactions. Although 

much is known in recent literature about supramolecular DNA templates,192 it is true that 

the precise control over the stack length and sequence has not been demonstrated yet. As a 

matter of fact, to the best of our knowledge only the A:T (or related) H-bonding interaction 

has been explored so far, and this work constitutes the first example of the use of 

complementary G:C interactions in DNA templates. 

The first part of the Chapter is devoted to the development of a synthetic pathway 

leading to diverse hydrophilic monomers, that are constituted by a polycyclic aromatic NDI 

central block substituted at both edges with identical (GNDIG and ANDIA) or different 

(GNDIA) purine nucleobases. Both the NDI and the nucleobases are endowed with 

oligoethylene glycol tails to increase water solubility. Thus, our monomer design includes 

available recognition units for interaction with oligonucleotide templates, and a 

semiconducting chromophore that strongly promotes π-π stacking. On the other hand, we 

have obtained 40mer DNA sequences (dC40 and dT40) from commercial suppliers.  

In the absence of the complementary DNA template, the purine-substituted dyes 

show strong aggregation and poor solubility in pure water, and a certain amount of DMF 

cosolvent (χDMF > 0.2) is required to solubilize the samples. Higher contents of DMF also 

produced disaggregation. In fact, we were able to control the degree of aggregation from 

“molecularly dissolved” monomers to strongly stacked systems by varying the DMF/water 

proportion and/or the temperature. The results collected were important to establish 

preliminary conditions for the subsequent study of our chromophore monomers with 

oligonucleotide templates. 

In the presence of DNA template, the solubility of the dyes in water was increased 

significantly. Although they were not soluble in pure water or in a Tris-EDTA buffer, and no 

interaction between both components was detected, the addition of a very small amount of 

DMF (χDMF > 0.04) resulted in sample solubilisation and the appearance of a CD signal 

within the NDI dye absorption range. Such chiral induction phenomenon is an indication of 

the complementary interactions between the chiral DNA host and achiral dye guests. 

Different experiments, in which the DMF content and thermal annealing processes were 

evaluated, were then performed to maximize such chiral induction effects. From the first 

measurements the relevance of the presence of DMF cosolvent was evident, as it promoted 

the partial disaggregation of NDI monomers and the DNA, so that both components are 

available for complementary interaction. However, above a certain DMF content, such 

interaction was lost, presumably due to a too strong solvation of the Watson-Crick H-

bonding sites by this competing H-bond acceptor. We soon realized on the drastic difference 

between our 40ANDIA+2dT40 and 40GNDIG+2dC40 systems regarding thermal annealing 

protocols. In the first case, direct mixing of the two components resulted in the appearance 
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of a template-induced ANDIA CD signal. However, this signal shifted to the red with time or 

after a fast heating-cooling process. On the contrary, the strong self-aggregation of dC40 

demands higher contents of DMF co-solvent and also a slow annealing process to display 

interactions with GNDIG, that are characterized by a red-shifted induced CD signal.  

Temperature-dependent experiments of the 40GNDIG+2dC40 mixture at slow cooling 

rates revealed a highly cooperative chiral templating process. However, when comparing the 

evolution of the fluorescence emission of GNDIG and 40GNDIG+2dC40 in the same 

temperature range, it is clear that the stacking process is actually not affected by the 

presence of dC40. Instead, once a given stack size is reached, the complementary DNA 

strands are able to bind and induce, in a cooperative fashion, chiral helicity to the NDI stack.  

We have been able to ascribe the diverse changes in intensity and wavelength shift to 

the two supramolecular structures involve (single and double helix) and tune the dominant 

state by the experimental conditions. We have also performed experiments with the 

asymmetrically substituted monomer that confirm our hypothesis. 

Currently, the group is synthesizing other purine-appended chromophores of identical 

length that are electronically complementary to the amino-substituted NDI dyes studied in 

this Chapter. A first target would be the ethynyl-substituted NDI. This dye, which would 

absorb and emit in a different spectral region, will be an excellent energy donor partner to 

ANDIA. Another alternative would be to use a pyrene dye of identical length (see also 

Chapter 4), which van be considered as an energy donor, but could also function as an 

electron donor for NDI. We hope that a correct design, by choosing the right DNA template 

composed of both dC and dT pyrimidines, will help us to demonstrate the successful control 

over stack sequence and length in mixed assemblies.  
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3.5. EXPERIMENTAL SECTION 

3.5.1. GENERAL METHODS 

The General Methods detailed in the Experimental Section 1.6.1 of Chapter 1 are also 
applicable here. The synthesis and characterization data of compounds G1a and A1a can be 
found in Chapter 1, Section 1.6.2. 

The exact amount of each oligonucleotide was quantified by UV-Vis measurements in 
a JASCO V-660 apparatus, taking the epsilon data of dT40 as 324600 M-1cm-1 and for dC40 
288200 M-1cm-1. 

For the CD spectra acquisition, the parameters employed are: Data pitch (2 sec), slit 
width (1000 um) and DIT (2 sec) in order to increase the resolution in the 600 – 700 nm. 

TEM images were taken in the Centro Nacional de Microscopía Electrónica in the 
Universidad Complutense de Madrid.  

3.5.2. SYNTHESIS AND CHARACTERIZATION 
The synthesis and characterization data of compounds Alk3.1,322 Alk3,322 NAD1,323 

have been previously reported elsewhere and thus their characterization here is mostly 
limited to 1H NMR. 

SYNTHESIS OF THE CENTRAL BLOCK 
Alk3. 1. 2-(methoxytetraethyleneglycolamino) isoindoline-1,3-dione.  

The experimental procedure to obtain this compound was 

previously reported in the literature.322 Phthalimide (0.15 mol, 

21.50 g) and triphenylphosphane (0.15 mol, 37.8 g) were 

dissolved in THF (400 mL). Then tetraethyleneglycol 

monomethyl ether (0.12 mol, 25.0 g) was incorporated to this mixture. The solution was 

stirred for 20 minutes at room temperature when DIAD (0.15 mol, 28 mL) was added 

dropwise over 30 minutes. The reaction was stirred overnight, and ethanol was poured over 

the crude mixture (230 mL). Solvent was eliminated under vacuum and the remaining crude 

was treated with a mixture of CyHex/AcOEt (1:1, 100 mL) and heated at 40 °C for 1 hour. The 

resulting precipitate was filtered and washed twice with CyHex/AcOEt (1:1, 20 mL). All 

volatiles were removed under reduced pressure and the crude product was passed through 

a silica plug eluted with CyHex/AcOEt (1:4) to afford 34.2 g of the product (79 % yield) as a 

colourless oil.  
1H NMR (300 MHz, CDCl3): δ (ppm) = 7.74 (d, J = 8.3 Hz, 2H, H2), 7.30 (d, J = 8.3 Hz, 2H, H1), 

3.90 (t, J = 5.8 Hz, 2 H, NCH2CH2O), 3.74 (dd, J = 6.7, 4.9 Hz, 2H, NCH2CH2O), 3.6-3.5 (m, 12 H, 

OCH2CH2O), 3.34 (s, 3H, OCH3). 

Alk3. methoxytetraethyleneglycolamine.  

The experimental procedure to obtain this compound was previously 

reported in the literature.322 Alk3.1 (30.9 mmol, 10.0 g) was dissolved 

in ethanol (100 mL) and treated with hydrazinemonohydrate (61.8 mmol, 3.4 mL). The 

mixture was refluxed overnight, and a precipitate appeared. After cooling to ambient 

temperature, the solid was filtered off and solvents were evaporated in an oil-pump vacuum. 

The crude mixture was dissolved in water (40 mL) and afterwards it was basified with 1 M 
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NaOH (40 mL). The resulting solution was extracted with CH2Cl2 (2 x 25 mL). The combined 

organic phases were collected and dried over MgSO4. After evaporation of the solvent, the 

residue was distilled under vacuum (1.5 Torr, 120 °C) to provide 5.7 g of the derivative of the 

amine as an oil (90 % yield). The characterization data is in agreement with the precedent 

literature.331 
1H NMR (300 MHz, CDCl3): δ (ppm) = 3.7-3.6 (m, 12H, OCH2CH2O), 3.54 (2H, CH2OCH3), 3.50 

(dd, J = 6.1, 4.3 Hz, NCH2CH2O) 3.34 (s, 3H, OCH3), 2.85 (dd, J = 6.1, 4.3 Hz, 2H, NCH2CH2O), 

1.42 (s, 2H, NH2).  

NAD1. 

Dibromoisocyanuric acid (20.0 mmol, 5.72 g) was slowly added at room 

temperature over 1 hour to a solution of naphthalene dianhydride (20.0 

mmol, 5.36 g) dissolved in oleum (200 mL). Once the addition was complete, 

the mixture was stirred for 36 hours at 120 °C, when it was cooled down and 

then poured over crushed ice to afford a yellow precipitate, which was 

filtered and washed with diluted HCl, and acetone. The crude product was employed in the 

next step without further purification even though it consisted of a mixture of brominated 

compounds.319  

MS (ESI+): m/z = 458.87 [M+H]+. 

NDI1.1.  

The preparation of this compound was adapted from other 

previously reported in the literature320 and optimized by us. 

NAD1 (3.43 mmol, 1.46 g) and 4-iodoaniline (6.86 mmol, 1.49 

g) were refluxed in acetic acid (40 mL) over one hour under 

argon atmosphere. The resulting suspension was cooled to 

room temperature and the brownish precipitate was filtered and washed twice with MeOH 

(4 x 10 mL) and CHCl3 (2 x 10 mL). This process provided 2.84 g of a brown solid which was 

used without further purification.  
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.85 (s, 2H, H3, H7), 7.92 (d, J = 8.1 Hz, 4H, Ha), 7.10 (d, J 

= 8.4 Hz, 4H, Hb).  
13C NMR could not be acquired due to the low solubility and purity of the compound.  

MS (ESI+): m/z = 827.18 [M+H]+. 

NDI1. 

A round-bottom flask was charged with NDI1.1 (0.93 

mmol, 780 mg) and suspended in dry DMF (8 mL) at 

100 °C under inert atmosphere. Afterwards, Alk3 (3.76 

mmol, 778 mg) dissolved in dry DMF (1 mL) was added 

dropwise. The reaction was carefully monitored by TLC 

and cooled to room temperature when side products 

started to appear. Solvent was removed under reduced 

                                                             
331 R. Voicu, R. Boukherroub, V. Bartzoka, T. Ward, J. T. Wojtyk, D. D. Wayner, Langmuir 2004, 20, 11713-

11720. 
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pressure and the residue was purified by flash column chromatography on silica gel 

(CHCl3/Acetone, 10:1) to provide 110 mg of the central block as a dark blue solid (28% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 9.39 (t, J = 5.2 Hz, 2H, 2 NH), 8.18 (s, 2H, H3, H7), 7.90 (d, 

J = 8.5 Hz, 4H, Ha), 7.08 (d, J = 8.5 Hz, 4H, Hb), 3.78 (t, J = 5.3 Hz, 4H, 2 NHCH2CH2O), 3.6-3.4 

(m, 28H, OCH2CH2O, 2 NHCH2CH2O), 3.36 (s, 6H, 2 OCH3).   

13C NMR (76 MHz, CDCl3): δ (ppm) = 165.8, 162.8, 162.7, 149.3, 138.7, 135.1, 130.9, 125.9, 

121.5, 118.7, 101.9, 94.7, 72.04, 70.82, 70.72, 70.70, 70.65, 70.60, 69.4, 59.1, 43.1, 29.8.  

MS (ESI+): m/z = 1103.15 [M+Na]+. 

SYNTHESIS OF MONOCOUPLED PRODUCTS 

▪ Standard Procedure BB for the Sonogashira coupling with ethynyl-nucleobases in 

order to synthesize monomers bearing a chromophore as central block. A dry DMF/NEt3 

(4:1) solvent mixture (volume indicated in each case) was subjected to deoxygenation by 

three freeze-pump-thaw cycles with argon. Then, this solvent was added over the reaction 

mixture containing the corresponding chromophore central block NDI1 (1 eq), Cul (0.02 eq 

for symmetrical monomers, 0.01 for asymmetrical ones) and Pd(PPh3)2Cl2 (0.04 eq for 

symmetrical monomers, 0.02 for asymmetrical ones). The mixture was stirred under argon 

at 90 °C and then, the corresponding ethynyl nucleobase (normally 3 or 4 eq. for 

symmetrical monomers, 1.1 eq. for asymmetrical ones) was dissolved in the solvent mixture 

(eluent indicated in each case) and incorporated to the reaction mixture over a period of 6 

hours using an automatic perfusor. The reaction was stirred overnight, concentrated under 

reduced pressure and subjected to column chromatography (eluent indicated in each case).  

A1a-NDI. 

A1a-NDI was synthetized following  

Standard Procedure BB by adding A1a 

(138.86 µmol, 51 mg) dissolved in the 

solvent mixture DMF/NEt3 (4:1, 2 mL) 

to the system containing the central 

block NDI1 (46.29 µmol, 50 mg), Pd 

(PPh3)2Cl2 (1.85 µmol, 1.29 mg) and CuI 

(0.92 µmol, 0.17 mg) dissolved in 1 mL 

of the solvent mixture stirring at 90 °C. After solvent removal and column chromatography 

on silica gel eluted with CHCl3/MeOH (50:1), the compound was precipitated in MeCN to 

provide 20 mg of A1a-NDI (32% yield). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 9.34 (m, 2H, NH), 8.19 (s, 1H, NDIH3/H7), 8.18 (s, 1H, 
NDIH3/H7), 7.84 (d, J = 8.2 Hz, 2H, Ha), 7.73 (d, J = 8.2 Hz, 2H, Hb), 7.30 (d, J = 8.5 Hz, 2H, Hc), 

7.01 (d, J = 8.5 Hz, 2H, Hd), 5.30 (s (b), 2H, NH2), 4.73 (s (b), 2H, NH2), 4.33 (t, J = 5.9 Hz, 2H, 
ANCH2CH2O), 3.85 (t, J = 5.9 Hz, 2H, ANCH2CH2O), 3.73 (t, J = 5.9 Hz, 4H, 2 NDINCH2CH2O), 3.6-

3.4 (m, 40H, OCH2CH2O, 2 NDINCH2CH2O), 3.42 (s, 3H, OCH3), 3.29 (s, 3H, OCH3), 3.27 (s, 3H, 

OCH3). 

13C NMR could not be acquired due to low resolution and aggregation troubles. 

HRMS (ESI+): m/z calculated for C60H74IN10O16 [M+H]+: 1317.4329. Found: 1317.4319 [M+H]+. 

 



 
 

Chapter 3. Oligonucleotide-Templated Stacking of Semiconductors 

 

253 

 

SYNTHESIS OF DISUBSTITUTED MONOMERS 

GNDIG. 

The monomer GNDIG was 

synthetized following 

Standard Procedure BB by 

adding G1a (185.16 µmol, 

67.6 mg) dissolved in the 

solvent mixture DMF/NEt3 

(4:1, 2 mL) to the system 

containing NDI1 (46.29 

µmol, 50 mg), Pd(PPh3)2Cl2 (1.85 µmol, 1.29 mg) and CuI (0.92 µmol, 0.17 mg) dissolved in 1 mL of 

the solvent mixture stirring at 90 °C. After solvent removal and column chromatography on silica 

gel eluted with CHCl3/MeOH/AcOH (5:1:1), the compound was precipitated in MeCN to provide 60 

mg of the symmetrical monomer (79% yield). 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 9.35 (s, 2H, NDINH), 8.16 (s, 2H, NDIH3, NDIH7), 7.80 (d, J = 9.5 

Hz, 4H, Hb), 7.55 (d, J = 9.5 Hz, 4H, Ha), 6.84 (s (b), 4H, 2 NH2), 4.28 (t, J = 5.3 Hz, 4H, 2 GNCH2CH2O), 

3.83 (t, J = 5.3 Hz, 2H, 2 GNCH2CH2O), 3.70 (m, 4H, 2 NDINCH2CH2O), 3.5-3.3 (m, 52H, OCH2CH2O, 2 
NDINCH2CH2O), 3.19 (s, 6H, 2 OCH3), 3.18 (s, 6H, 2 OCH3). 
13C NMR could not be acquired due to low solubility and aggregation troubles.  

HRMS (MALDI, DCTB+PPGNa): m/z = Calculated for NaC76H95N14O22: 1577.6659 [M+Na]+. 
Found: 1577.6657 [M+Na]+. 

ANDIA. 

The monomer ANDIA 

was synthetized 

following Standard 

Procedure BB by 

adding A1a (138.86 

µmol, 51 mg) dissolved 

in the solvent mixture 

DMF/NEt3 (4:1, 2 mL) 

to a round-bottom flask containing NDI1 (46.29 µmol, 50 mg), Pd(PPh3)2Cl2 (1.85 µmol, 1.29 

mg) and CuI (0.92 µmol, 0.17 mg) dissolved in 1 mL of the solvent mixture stirring at 90 °C. 

After solvent removal and column chromatography on silica gel eluted with CHCl3/MeOH 

(50:1), the compound was precipitated in MeCN to provide 32 mg of the symmetrical 

monomer (42% yield). 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 9.35 (m, 2H, NH), 8.16 (s, 2H, NDIH3, NDIH7), 7.80 (d, J 

= 8.2 Hz, 4H, Hb), 7.54 (d, J = 8.2 Hz, 4H, Ha), 6.96 (s (b), 4H, 2 NH2), 6.05 (s (b), 4H, 2 NH2), 

4.29 (t, J = 5.3 Hz, 4H, 2 ANCH2CH2O), 3.83 (t, J = 5.3 Hz, 2H, 2 ANCH2CH2O), 3.70 (m, 4H, 2 
NDINCH2CH2O), 3.5-3.3 (m, 52H, OCH2CH2O, 2 NDINCH2CH2O), 3.19 (s, 6H, 2 OCH3), 3.18 (s, 6H, 

2 OCH3). 
13C NMR (126 MHz, DMF-d7): δ (ppm) = 166.3, 163.4, 157.0, 152.6, 149.5, 137.6, 132.62, 

130.9, 130.8, 130.4, 130.3, 126.8, 121.89, 121.85, 118.6, 114.6, 102.3, 92.4, 81.2, 72.0, 70.76, 

70.55, 70.36, 69.7, 68.7, 63.9, 58.3, 43.1, 42.9, 39.0. 
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HRMS (MALDI, ESI+): m/z = Calculated for NaC76H96N16O20: 1576.6884 [M+Na]+. Found: 

1576.6890 [M+Na]+.  

GNDIA. 

ANDIG was prepared 

following Standard 

Procedure BB by 

adding G1a (35.06 

µmol, 13 mg) 

dissolved in the 

solvent mixture 

DMF/NEt3 (4:1, 2 mL) 

to the system 

containing the NDI1 (31.90 µmol, 42.0 mg), Pd(PPh3)2Cl2 (0.63 µmol, 0.44 mg) and CuI (0.32 

µmol, 0.06 mg) dissolved in 1 mL of the solvent mixture stirring at 90 °C. After solvent 

removal and column chromatography on silica gel eluted with CHCl3/MeOH (30:1), the 

compound was precipitated in MeCN to provide 51 mg of the asymmetrically substituted 

monomer (90% yield). 
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 9.35 (dd, J = 5.4, 4.5 Hz, 2H, NDINH), 8.16 (s, 2H, 
NDIH3, NDIH7), 7.80 (d, J = 8.2 Hz, 4H, Hb, Hc), 7.54 (d, J = 8.2 Hz, 4H, Ha, Hd), 6.94 (s (b), 4H, 2 

NH2), 6.02 (s (b), 4H, 2 NH2), 4.30 (dd, J = 9.9, 6.8 Hz, 4H, ANCH2CH2O, GNCH2CH2O), 3.84 (t, J 

= 6.1 Hz, 4H, ANCH2CH2O, GNCH2CH2O), 3.69 (m, 4H, 2 NDINCH2CH2O), 3.5-3.3 (m, 52H, 

OCH2CH2O, 2 NDINCH2CH2O), 3.20 (s, 6H, 2 OCH3), 3.19 (s, 6H, 2 OCH3). 
13C NMR could not be acquired due to low solubility and aggregation troubles.  

HRMS (MALDI, DCTB+NaI): m/z = Calculated for NaC76H95N15O21: 1575.6879 [M+Na]+. Found: 

1575.6892 [M+Na]+. 

3.5.3. PREPARATION OF THE SAMPLES 
Annealing. For GNDIG+dC40 the samples were heated at 90 °C on a water-bath which 

was then switched off. Once the bath was at 40 °C, the samples were taken out to reach 

room temperature and stored in the freezer at -25 °C overnight. On the contrary, in the case 

of ANDIA+dT40 the samples are directly prepared and measured without thermal annealing 

in the laboratory. 

Volume Fraction of DMF Studies. A sample of the monomer was dissolved in DMF 

and the appropriate volume was added to vial 1 and vial 2 containing the same amount of 

oligonucleotide and chromophore but diverse volumes of water and DMF in order to 

prepare samples of χDMF = 0.05 and 0.33. The rest of the samples are prepared by mixing 

the corresponding volumes of these two solutions.  
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In this Chapter, our objective is to control the sequence of short stacks of 

complementary chromophores (NDI and Pyrene). The approach followed in this Chapter (see 

Figure 4.1) differs however from the one in Chapter 3. Here, these dyes will be properly 

functionalised to be subjected to ASPS, thus leading to phosphate-bound sequence-

controlled oligomers. When dissolved in aqueous media, these oligomers would fold and 

stack through hydrophobic, π-π stacking and charge-transfer interactions. Since ASPS enable 

us to control the length and sequence of the oligomers, different stack morphologies 

combining both dyes, like alternate or consecutive (or block) can be designed (see Figure 4.1). 

Two kinds of phosphate connectors between the dyes were targeted: one that is rigid, 

obtained by placing the two reactive ASPS functions at each edge of the dye (Foldamer Type 

I; Figure 4.1a), and one that is more flexible, that carries both functions at the same side of 

the dye (Foldamer Type II; Figure 4.1b).  

 

Figure 4.1. Representation of the sequence-controlled oligomerization process of complementary dyes 
linked by a) rigid or b) flexible phosphate connectors and subsequent folding in aqueous media. 

Most of the research work described in this Chapter was developed in Professor 

Hanadi F. Sleiman’s laboratories during a 3-month stay in McGill University in Montreal 

(Canada). We want to express our gratitude to Dr. Germán Zango Casado (UAM) for his 
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participation in the preparation of some precursors and Donatien de Rochambeau (McGill) 

for all his support and knowledge-transfer during my predoctoral stay.  

The results exposed in this Chapter are mostly focused on monomer synthesis and 

characterization data, as well as on the optimization of the oligomerization conditions in the 

DNA synthesizer. Therefore, the work presented here should be considered as preliminary, 

and further studies will be carried out in the group in the near future.  

4.1. MONOMER DESIGN & SYNTHETIC STRATEGY 

The study of the supramolecular and spectroscopic behaviour of the oligomers will 

be developed in aqueous media as stated before. Oligomer folding is favoured in water, 

since this media increases the strength of hydrophobic and π-π stacking interactions. The 

solubility in water will be enhanced by introducing oligoethyleneglycol groups at the chain 

ends and also by the presence of charged phosphates along the backbone. Each phosphate 

connector requires different types of precursors (see Scheme 4.1 below).  

NDI2 and PYR1 were designed for Stack Type I. Both chromophores have the same 

length and are equipped with alcohol units at each terminus at a relative angle of 180°. 

These units can be incorporated to the core of the NDI by a condensation reaction, or on 

the pyrene chromophore by Suzuki coupling. The presence of these hydroxy functionalities 

supply the possibility for anchoring the DMTr and phosphoramidite groups, essential 

elements for solid phase synthesis. The 2-cyanoethyl-N,N-

diisopropylchlorophosphoramidite was chosen since its deprotection during ASPS cleavage 

provides negative charge at the phosphate group. 

 

Scheme 4.1. Precursors designed for Stack Type I: NDI2, PYR1 and their retrosynthetic schemes. 

On the other hand, the chromophores for Stack Type II, PLA1 and PLA2, shown in 

Scheme 4.2, are covalently attached to a versatile platform that would provide higher 

PYR1 NDI2
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flexibility so that the π-stacks can arrange in an optimum manner. In Professor H. F. 

Sleiman’s laboratories, this is a current research line in development.332 The platform bears a 

terminal ethynyl group, so it can be customized at will when subjected to 1,3-dipolar 

cycloaddition reactions with azides, for instance. Parallel synthetic routes were developed 

for these Type II chromophores. For PLA1, the strategy was to use 1-bromomethylpyrene 

and convert the bromine atom into an azide in one single step. However, for PLA2 the 

synthesis was more complicated and, in the end, only the synthesis leading to PLA1 could be 

accomplished. 

 

Scheme 4.2. Precursors designed for Stack Type II: PLA1, PLA2 and their retrosynthetic schemes. 

 

                                                             
332  D. de Rochambeau, Y. Sun, M. Barlog, H. S. Bazzi, H. F. Sleiman, J. Org. Chem. 2018 doi: 
10.1021/acs.joc.8b01184. 

PLA2PLA1
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4.2. SYNTHESIS OF THE CHROMOPHORE MONOMERS 
4.2.1. SYNTHESIS OF NDI DERIVATIVES 

NDI2 (Scheme 4.3). For the synthesis of the precursor of NDI2 the first attempt was to 

introduce a 4-aminobenzyl alcohol by condensation with commercial NAD. However, the 

reaction did not work as expected and undesired polymerization reactions occurred.333 For 

this reason, the anilines were incorporated with blocked alcohols.333 The 

tertbutyldiphenylsilane-protected aniline B2 can be easily obtained by nucleophilic attack of 

p-aminobenzylalcohol to tertbutyldiphenylchlorosilane,334 a group that provides enough 

stability to generate and isolate NDI2.3. The fluoride-sensitive groups can be then 

deprotected to provide compound NDI2.2. The resulting product proved to have low 

reactivity towards the incorporation of the 4,4’-dimethoxytrityl group to yield NDI2.1. A 

wide range of conditions (varying solvent, base, time or temperature) were essayed. The 

best results were achieved when using a mild base such as NEt3 in DMF. Nonetheless, the 

subsequent incorporation of the phosphoramidite was performed in standard conditions 

with good yields. In the 1H NMR spectra of NDI2, shown in Figure 4.2, there is evidence of 

the presence of two diastereoisomers as some of the signals around the phosphoramidite 

split in two, like the protons in alpha position to this group. However, in 31P NMR only one 

signal is detected.335 

Scheme 4.3. Synthetic route from commercial NAD to derivative NDI2 equipped for solid phase synthesis. 

                                                             
333 M. Handayani, S. Gohda, D. Tanaka, T. Ogawa, Chem. Eur. J. 2014, 20, 7655-7664. 
334 D. Niculescu-Duvaz, I. Niculescu-Duvaz, F. Friedlos, J. Martin, R. Spooner, L. Davies, R. Marais, C. J. 

Springer, J. Med. Chem. 1998, 41, 5297-5309. 
335 Depending on the NMR solvent used 1 or 2 31P signals are observed with the 500 MHz instrument 

employed.  
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Figure 4.2. a) 31P NMR and b) 1H NMR spectra of NDI2 in CDCl3. 

4.2.2. SYNTHESIS OF PYRENE DERIVATIVES 

PYR1 (Scheme 4.4). The synthesis of the Type I pyrene derivative shows more 

complexity, considering both synthetic protocols and purification. The first step consists in 

functionalising the aromatic ring by incorporation of two pinacol boronates through an Ir-

catalyzed C-H activation protocol, to obtain PYR1.4.336  Subsequently, this compound was 

subjected to a Suzuki reaction in order to couple the aromatic rings bearing silane-protected 

benzylic alcohols (B3), to provide PYR1.3. 337  B3 was prepared by reaction of 

tertbutyldimethylsilyl chloride with p-iodobenzyl alcohol.338 The release of the hydroxy 

groups was performed using fluoride ions, to yield PYR1.2. This chromophore proved to be 

more soluble and reactive than its analogue NDI2 towards the introduction of the 4,4’-

dimethoxytrityl group. It is interesting to note that, in this particular case, both mono- and 

di-substituted compounds are found in the reaction media. Finally, PYR1.1 was treated with 

2-cyanoethyl-N,N-diisopropylchlorophosphoramidite in the presence of DIPEA to supply 

PYR1 in moderate yields. In Figure 4.3 one can observe the 31P NMR and 1H NMR signals for 

the final compound PYR1 dissolved in CDCl3. 

                                                             
336 B. Cirera, L. Ðord-evic, R. Otero, J. M. Gallego, D. Bonifazi, R. Miranda, D. Ecija, Chem. Commun. 2016, 52, 

11227-11230. 
337 T. K. Ronson, A. B. League, L. Gagliardi, C. J. Cramer, J. R. Nitschke, J. Am. Chem. Soc. 2014, 136, 15615-

15624. 
338 A. B. Smith, P. V. Rucker, I. Brouard, B. S. Freeze, S. Xia, S. B. Horwitz, Org. Lett. 2005, 23, 5199-5202. 
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Scheme 4.4. Synthetic pathway to generate PYR1 from commercial pyrene. 

 
Figure 4.3. a) 31P NMR and b) 1H NMR spectra of PYR1 in CDCl3. 
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PLA1 (Scheme 4.5). The synthesis of Type II PLA1 dye commences with the nucleophilic 

substitution of the bromine atom on commercial 1-bromomethylpyrene with an azide, by 

treatment with sodium azide.339 Afterwards, the 1,3-dipolar cycloaddition reaction with PLA 

(provided by the Sleiman’s group) was performed in the presence of CuI as catalyst to yield 

PLA1.1. As the final step, the incorporation of the phosphoramidite was carried out to afford 

PLA1. The 1H NMR and 31P NMR spectra of this final compound are shown in Figure 4.4. 

 

Scheme 4.5. Synthetic route to PLA1 from commercial 1-bromomethylpyrene. 

 
Figure 4.4. a) 31P NMR and b) 1H spectra of PLA1 in CDCl3. 

                                                             
339 S. Y. Park, J. H. Yoon, C. S. Hong, R. Souane, J. S. Kim, S. E. Matthews, J. Vicens, J. Org. Chem. 2008, 73, 

8212-8218.  
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Since one of our future objectives would be to study energy and charge transfer 

effects between complementary chromophores, it was interesting to perform a preliminary 

study of their absorption and emission features. In Figure 4.5 the normalised absorption and 

emission spectra of PLA1 and NDI2 is shown. It is interesting to note that NDI2 absorption 

overlaps PLA1 emission, which indicate that FRET effects are feasible between these dyes. 

 
Figure 4.5. a) Normalised absorption of PLA1 and NDI2, which overlaps with the normalised emission of 

PLA1; b) Molecular structures studied by spectroscopic techniques. 
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4.3. OLIGOMERIZATION 

4.3.1. Optimization of the Reaction Conditions in ASPS 

The methods for the synthesis of oligonucleotides are standardised for the regular 

DNA bases, but when structural modifications are introduced in the precursor 

phosphoramidites, it is necessary to optimise the protocols, as will be described along this 

Section. Therefore, to gain experience on the handling of these novel activated monomers, 

as well as to adapt the standard protocols of automated ASPS, the synthesis of a model 

compound, like TEGNDI, was approached in first place (Figure 4.6). This compound comprises 

an oligoethylene glycol chain joined to NDI2 by a phosphate linker. An additional hydrophilic 

hydroxy group is released during the synthetic protocols by release of the DMTr group under 

acidic conditions. This model chromophore molecule was prepared by subjecting a standard 

CPG to solid phase synthesis to introduce the tetraethyleneglycol chain. Then, coupling with 

NDI2 was performed in a dry box, and subsequent capping and oxidation steps were 

automatically carried out in the DNA synthesizer. 

 

Figure 4.6. Synthesis of model compound TEGNDI, consisting of a dye attached to a glycol chain. 

After reaction in solid-phase conditions, the first issue we studied was the cleavage 

from the solid support. Once the synthesis is complete, the CPG is normally treated with 

concentrated NH4OH during a whole night at 65 °C. This procedure cleaves the link from the 

CPG and subsequently the samples are subjected to purification by HPLC. When this protocol 

was applied to our molecule, the isolation of the compound proved to be problematic, since 

a large number of different peaks appeared, and the mass of none of them was in 

agreement with our compound.  

We soon realised that standard deprotection techniques caused ring-opening in our 

imide core. Surprisingly, precedent literature does not cite such trouble340 until recent 

years,341 but it is also true that references centre on NDIs N-substituted with aliphatic groups, 

which could show slight different behaviour. The imide ring-opening can be caused by either 

basic aqueous solution342 or the presence of amines. Employing NDI2.2 as a control 

compound, a new set of milder conditions was optimised aiming to prevent degradation. 

These included the use of secondary amines as MeNH2 or bulkier ones such as tBuNH2. Still, 

                                                             
340 a) N. Rahe, C. Rinn, T. Carell, Chem. Commun. 2003, 0, 2120-2121; b) S. Bevers, T. P. O’Dea, L. W. 

McLaughlin, J. Am. Chem. Soc. 1998, 120, 11004-11005; c) S. Bevers, S. Schutte, L. W. McLaughlin, J. Am. 
Chem. Soc. 2000, 122, 5905-5915. 
341 B. A. Ikkanda, S. A. Samuel, B. L. Iverson, J. Org. Chem. 2014, 79, 2029−2037. 
342 M. B. Kim, D. W. Dixon, J. Phys. Org. Chem. 2008, 21, 731-737.  
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ring-opening occurred, as could be observed in the dramatic change of the 1H NMR aromatic 

signals of NDI2.2. As an alternative, we decided to come back to ammonia treatment, but 

shortening the reaction times to a period of 2 hours at ambient temperature, or even to 

employ mild basic media provided by a 50 mM solution of K2CO3 at room temperature. 

Satisfactorily, almost no degradation occurred in both cases. In future protocols the 

ammonia solution would be preferred as no additional desalting step would be needed prior 

to purification. 

Next, we focused on the optimization of purification protocols by HPLC. On a regular 

basis the Sleiman’s research group purify the oligonucleotide samples using a mixture of 

eluents: eluent: A = (Et3NH)OAc (0.07 M, pH 8); eluent B = MeCN; eluting at 60°C following a 

gradient from 3 to 80% B over 40 min. Being concerned that standard basic conditions may 

promote again degradation, we subjected the NH4OH-cleaved samples to different 

combinations of temperature and basicity: a) 40 °C and buffer adjusted to pH 8; b) 80 °C, pH 

8; c) 25 °C, pH 7; d) 40 °C, pH 7. The peak corresponding to TEGNDI appears at a retention 

time around 17.3-17.7 min, depending on the experimental conditions. We selected the 

combination of 40 °C and pH 7, even though there were not much differences among our 

tests.  

We then analysed whether our mild cleavage protocols offered the same HPLC profile 

with the optimised conditions above. Upon cleavage with NH4OH (Figure 4.7a), the dominant 

species is the target TEGNDI (marked in purple) at 17.282 min, followed by a side-product, 

while when using K2CO3 (Figure 4.7b), two additional compounds are revealed. Considering 

these profiles together with the simplicity of sample preparation for HPLC, we definitely 

chose the NH4OH protocol as the most advantageous one. 

 

Figure 4.7. HPLC profile for TEGNDI purification from samples cleaved by: a) NH4OH at room temperature 
for 90 minutes (at 17.282 min); b) K2CO3 at room temperature for 4 hours (at 17.257 min).  
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We assigned the peak to our target molecule by mass spectrometry, as shown below 

in Figure 4.8. 

 

Figure 4.8. High resolution mass spectra for TEGNDI. 

Our following task was the compound quantification by UV-vis, which is also a 

prerequisite for sample loading in HPLC. DNA oligonucleotides absorb at 260 nm and 

therefore all the equipment are adapted to that value. However, our sample was hardly 

detected at that wavelength by the HPLC spectrophotometer, so this parameter had to be 

modified. On the contrary, the NDI core display well-defined peaks at 345, 360, 380 nm. This 

latter wavelength was chosen as our reference for quantification, calculated by successive 

dilution of NDI2.2 in DMF (Figure 4.9) to provide an ɛ = 12000±700 M-1cm-1.343 This value 

allowed us to roughly calculate that the samples cleaved with NH4OH and K2CO3 provide 

approximately 21 and 24 µg of TEGNDI respectively. Finally, the HPLC was programmed to 

monitor the purification at standard 260 and 380 nm to obtain more information. 

 

Figure 4.9. a) UV-vis spectra of NDI2.2 in DMF as function of the concentration; b) Linear fit of the data to 
calculate ɛ in DMF. 

 

                                                             
343 Previously reported data for NDI without substituents in the aromatic rings displays maxima peaks at 345, 

360, 380 nm (being ɛ at 380 nm 42600 M-1cm-1). See: M. E. Ozser, D. Uzun, I. Elci, H. Icil, M. Demutha, 
Photochem. Photobiology Sci. 2003, 2, 218-223. 
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4.3.2. Sequence Controlled Oligomers 

There is a wide range of sequences that can be synthetized with our methodology, as 

it is depicted in Figure 4.10. Regarding the three chromophore monomers that were 

successfully obtained, three combinations are possible: Stack Type I, made of PYR1/NDI2; 

Stack Type II, made of flexible PLA1 only; and the mixed Stack Type I+II, obtained by 

combining the previous ones. 

 

Figure 4.10. Schematic representation of the three types of backbones that can be targeted with the 
synthesised dye monomers. 

In order to circumvent previous troubles and enhance the solubility in aqueous media, 

two consecutive hexaethyleneglycol chains were incorporated to a CPG that was endowed 

with a thymidine unit (T). The first family of sequence-controlled oligomers that were tested 

by automated means were the dimers shown in Figure 4.11, which can be generated from the 

combination of our three precursors.  

 

Figure 4.11. Representation of the first dimer sequences synthetized. 

Once the 6 different sequences had been produced, they were submitted to MS 

characterization after cleavage with NH4OH and HPLC purification, dissolved in either water 
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or DMF. We soon realized that the preparation of the rigid sequences S1 and S2 was not 

much successful, as the pyrene derivative did not couple effectively. We attributed these 

results to steric effects, which is in agreement with the fact that the coupling with NDI2 was 

not much effective either in S3. In fact, HPLC analysis of the crudes obtained for S2 and S3 

revealed peaks that were ascribed to a structure where only one PYR or NDI was introduced. 

On the other hand, when the pyrene is on the flexible platform (PLA1), as in sequences S4-S6, 

the dimers were synthesized satisfactorily with the rather clean HPLC profile. As an example, 

Figure 4.12 shows the high-resolution mass distribution of S4 at a retention time of 23.6 min. 

A small fraction containing only one unit of PLA1 was spotted at 19.2 min. 

 

Figure 4.12. High resolution mass spectra for Sequence 4. 
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4.4. SUMMARY & CONCLUSIONS 

In this Chapter we have made some preliminary advancements towards the design 

and synthesis of sequence-controlled oligomers constituted by -conjugated chromophores 

that would self-assemble into folded stacked structures in water. Our aim would be to 

control the organization of complementary energy/electron donor and acceptor 

chomophores along a stack in a well-defined sequence. 

The selected complementary dyes are naphthalene diimide and pyrene derivatives, 

since they have an almost identical size and they are known to give rise to charge-transfer 

phenomena when forming heterostacks. These dye units were adequately equipped with a 

reactive phosphoramidite and a DMTr-blocked primary alcohol, in order to subject the 

compounds to automated sequence-controlled polymerization protocols. Additionally, we 

have focused on two types of foldamer structures that basically differ in the phosphate 

spacers that connect the −functional units. In one of them (Type I), the reactive 

phosphoramidite and blocked primary alcohol are situated at each edge of the 

choromophore. In the other (Type II), only tested for pyrene derivatives, the dye is anchored 

to a flexible platform (that contains both reactive units) through a Cu-catalyzed “click” 

reaction.  

Once the different monomer precursors were successfully synthesized, we turned our 

attention to the optimization of the synthetic and purification protocols by ASPS. We 

focused on the evaluation of different mild methodologies for oligomer cleavage from the 

solid support, on the proper monitoring of the purification by HPLC, and on the adjustment 

of the technical parameters used for the isolation of the target sequences. While the pyrene 

derivatives were sufficiently robust, the NDI derivatives were seen to degrade in the basic 

conditions employed for cleavage from the solid support, presumably by imide ring-opening. 

Preliminary data in this regard made us slightly modify our design to facilitate cleavage, 

purification, characterization by MS, and quantification of the different strands.  

We then tested the synthesis of several small sequences (mainly dimers) that 

combine the two dyes and the two different connector geometries. We soon realized that 

connector Type I is maybe too rigid for an efficient coupling of two consecutive dye 

molecules, and these sequences were, in the best case, obtained in very low yields. In 

contrast, the use of the more flexible Type II phosphate spacer increased the yield 

significantly. 

In view of the preliminary results obtained in this Chapter, it is clear that, if this 

project is continued, relatively flexible spacers should be used to facilitate coupling reactions 

in ASPS and increase overall yields. However, the nature and position of these phosphate 

connectors will also have important implications in the supramolecular folding process, and 

we believe that attaching them to each side of the dye is a better alternative if a precise 

control of the stack sequence is sought. Hence, a compromise between Type I structures, in 

terms of the relative positioning of the phosphate linkers, and Type II connectors, in terms of 

flexibility and distance from the bulky aromatic dyes, would probably be the best design for 

future synthetic approaches.  
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4.5. EXPERIMENTAL SECTION 

4.5.1. GENERAL METHODS 

Regarding the synthesis and characterization data, the General Methods detailed in 

the Experimental Section 1.6.1 of Chapter 1 are also applicable here, though slight 

modifications and new experimental methods are described below due to the predoctoral 

stay in McGill University (Montreal). 

Standard automated solid-phase synthesis was performed on a Mermade MM6 

synthesizer from Bioautomation and CPG were supplied by Chemgenes. 

HPLC purification was performed in an Agilent Infinity 1260 in PRP-C18 columns, 

using eluent A = (Et3NH)OAc (0.07 M, pH 7); eluent B = MeCN; elution at 40°C; gradient 3–

80% B over 40 min. Sequence quantification measurements were carried out by UV 

absorbance with a NanoDrop Lite spectrophotometer from Thermo Scientific or by 

measurements in JASCO V-660 apparatus.  

Flash Column chromatography was performed in a Combi Flash RF 150 Teledyne of 

Isco, using silica cartridge of RediSep Rf Gold. 

Oxygen and Moisture sensitive experiments were carried out in a Vacuum 

Atmospheres Co. glove box. 

Mass Spectrometry (MS) and High Resolution-Mass Spectrometry (HRMS) spectra 

were measured with a Finnigan LCQ Duo device (ESI/APCI) or in Exactive Plus Orbitrap-API in 

the positive or negative modes.  

Nuclear Magnetic Resonance Spectroscopy (NMR): 1H NMR, 13C NMR and 31P NMR 

spectra were recorded with a 500 MHz AVIIIHD 500 with 60 position SampleXpress sample 

changer or a 400 MHz Varian Mercury. Chemical shifts (δ) are measured in parts-per-million 

(ppm) using the signals of the deuterated solvent as the internal standard [CDCl3, calibrated 

at 7.26 ppm (1H) and 77.0 ppm (13C); DMSO-d6 (2.50 and 39.5 ppm)].  
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4.5.2. SYNTHESIS & CHARACTERIZATION 

The synthesis and characterization data of compounds B2,334 B3,338 PYR1.4,336,344 

PLA1.2,339 have been previously reported elsewhere and thus their characterization here is 

mostly limited to 1H NMR. 

SYNTHESIS OF NDI DERIVATIVES 

B2.  

A solution of tert-butyldiphenylchlorosilane (48.78 mmol, 13.73 g) 

and imidazole (71.04 mmol, 4.38 g) in dry CH2Cl2 (20 mL) was added 

dropwise to a solution of (4-aminophenyl)methanol (32.52 mmol, 4.00 g) 

dissolved in dry CH2Cl2 (20 mL). The reaction mixture was stirred at room 

temperature overnight. All volatiles were removed in vacuo and the 

resulting crude was then subjected to column chromatography on silica 

gel eluted with CyHex/Acetate 4:1 to provide 11.55 g of product (90% 

yield). Characterization data was in accordance with previously published literature.334 
1H NMR (300 MHz, CDCl3): δ (ppm) = 7.71 (d, J = 5.9 Hz, 4H, Hc), 7.40 (dd, J = 8.7, 7.5, 5.9 Hz, 

6H, Hd, He), 7.13 (d, J = 8.5 Hz, 2H, Hb), 6.67 (d, J = 8.5 Hz, 2H, Ha), 4.67 (s, 2H, OCH2), 3.63 (s 

(b), 2H, NH2), 1.09 (s, 9H, SiC(CH3)3).  

NDI2.3.  

Experimental procedure was 

adapted from those previously reported 

in the literature.333 A solution of B2 

(2.57 mmol, 0.93 g) in dry DMF (8 mL) 

was incorporated to a solution of 

1,4,5,8-naphthalenetetracarboxylic 

dianhydride (1.43 mmol, 400 mg) and 

EDC (2.28 mmol, 0.43 mL) in dry DMF (3.6 mL) at 120 °C. The reaction was monitored by TLC 

and was completed over a period of one hour. The solvent was evaporated under reduced 

pressure and NDI2.3 was purified by column chromatography eluted with CyHex/CHCl3 

(1:1.5) affording 932 mg (66% yield). 

1H NMR (300 MHz, CDCl3): δ (ppm) = 8.87 (s, 4H, H2, H3, H6, H7), 7.74 (d, J = 6.3 Hz, 8H, Hd), 

7.59 (d, J = 8.3 Hz, 4H, Hc), 7.42 (m, 12H, He, Hf), 7.32 (d, J = 8.3 Hz, 4H, Hb), 4.89 (s, 4H, Ha), 

1.13 (s, 18H, SiC(CH3)3).  

13C NMR (126 MHz, CDCl3): δ (ppm) = 162.9, 142.3, 135.6, 133.3, 131.4, 129.8, 128.3, 127.8, 

127.1, 126.9, 126.9, 65.0, 26.9, 19.4. 

MS (MALDI, DCTB): m/z = 956.4 [M]-. 

▪ Standard Procedure CC for the removal of fluoride-sensitive functionalities. The 

compound was placed in a round‐bottomed flask equipped with a magnetic stirrer, THF was 

added at room temperature until the solid was dissolved. Then, TBAF∙3H2O (1.2 eq.) was 

                                                             
344 A. G. Crawford, Z. Liu, I. A. I. Mkhalid, M. H. Thibault, N. Schwarz, G. Alcaraz, A. Steffen, J. C. Collings, A. S. 

Batsanov, J. A. K. Howard, T. B. Marder, Chem. Eur. J. 2012, 18, 5022-5035. 
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added and the mixture was stirred until reaction completion, which was monitored by TLC 

(approximately 1 hour in all cases). The solvent was evaporated at reduced pressure and the 

product was isolated by column chromatography (eluent indicated in each case) or collected 

by filtration. 

NDI2.2.  

NDI2.2 was prepared following Standard 

Procedure CC from NDI2.3 (0.10 mmol, 100 mg) 

and TBAF·3 H2O (0.40 mmol, 132 mg) in THF (3 mL). 

Once the solvent was removed in vacuo, 40 mg of a 

brown solid were obtained by precipitation in 

MeCN (80% yield). 

1H NMR (300 MHz, DMSO-d6): δ (ppm) = 8.70 (s, 4H, H2, H3, H6, H7), 7.50 (d, J = 8.3 Hz, 4H, 

Hc), 7.40 (d, J = 8.3 Hz, 4H, Hb), 5.34 (s (b), 2H, 2 OH), 4.61 (s, 4H, Ha).  
13C NMR (76 MHz, DMSO-d6): δ (ppm) = 163.0, 142.9, 134.5, 133.9, 130.4, 128.6, 126.95, 

126.91, 62.6.  

MS (MALDI, Ditranol+NaI): m/z = 501.2 [M+Na]+.  

▪ Standard Procedure DD for the introduction of the 4,4’-dimethoxytrityl group. The 

compound (1 eq.) was dissolved in dry DMF (volume indicated in each case) under inert 

atmosphere at room temperature. Afterwards, NEt3 (3 eq.) and DMTrCl (eq. indicated in 

each case) dissolved in dry DMF were subsequently added to the reaction mixture. The 

solution was stirred during a period of 12 hours, when the solvent was evaporated, and the 

crude solid was purified by column chromatography in basic media (eluent indicated in each 

case).  

NDI2.1.  

The NDI derivative was prepared 

following Standard Procedure DD from 

NDI2.2 (1.83 mmol, 1.43 g) suspended in 

dry DMF (200 mL) at room temperature. 

Subsequently, NEt3 (5.49 mmol, 1.21 mL) 

was added, as well as a solution of 

DMTrCl (3.87 mmol, 1.31 g) in dry DMF 

(5 mL). The reaction was stirred at room temperature overnight. Volatiles were removed by 

rotatory evaporation and the purification of the mixture by flash column chromatography 

(CHCl3/MeOH/NEt3, 10:1:1%) afforded 555 mg of NDI2.1 (24% yield).  
1H NMR (500 MHz, CDCl3): δ (ppm) = 8.85 (s, 4 H, H2, H3, H6, H7), 7.61 (t, J = 7.3 Hz, 4H, Hc, 

Hd), 7.55 (d, J = 7.8 Hz, 2H, He), 7.44 (d, J = 8.5 Hz, 4H, Hv), 7.33 (m, 6 H, Hb, Hx, Hy), 7.24 (m, 1 

H, Hz), 6.87 (d, J = 8.5 Hz, 4 H, Hw), 5.30 (s (b), 1H, OH), 4.83 (s, 2H, Ha), 4.30 (s, 2H, Hf), 3.81 

(s, 6H, 2 OCH3).  
13C NMR (126 MHz, CDCl3): δ (ppm) = 163.1, 158.7, 145.1, 142.3, 140.8, 136.3, 133.9, 133.3, 

131.63, 131.61, 130.2, 129.3, 128.7, 128.3, 128.1, 128.05, 128.00, 127.90, 127.36, 127.35, 

127.2, 127.1, 127.0, 113.34, 113.31, 86.6, 65.1, 65.0, 55.4.  

HRMS (APCI): m/z calculated for C49H36N2O8 [M]+: 780.24724. Found: 780.24554 [M]+. 
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▪ Standard Procedure EE for the incorporation of the phosphoramidite group. An 

oven-dried round-bottom flask was charged with the corresponding chromophore (1 eq.) 

dissolved in dry CH2Cl2 (amount indicated in each case) at room temperature. Afterwards, 

DIPEA (5 eq.) and 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (1.3 eq.) were added 

dropwise under rigorous anhydre conditions. The reaction mixture was monitored by TLC. 

Once it was completed (after additional incorporation of reactants if needed), the crude was 

diluted with chloroform and washed once with an aqueous solution of 10 % NaHCO3. The 

organic phases were collected, dried over MgSO4 and concentrated under reduced pressure. 

The crude product was subjected to column chromatography in basic media (eluent 

indicated in each case). 

NDI2.2.  

The preparation of this 

phosphoramidite was 

performed following Standard 

Procedure EE starting from 

NDI2.1 (0.138 mmol, 100 mg) 

dissolved in dry 

dichloromethane (16 mL) at 

room temperature, DIPEA (0.64 mmol, 110 µL) and 2-cyanoethyl-N,N-

diisopropylchlorophosphoramidite (0.154 mmol, 34 µL). The reaction was completed in 2 

hours although additional addition of DIPEA and the phosphoramidite were mandatory. 

Once the work up was completed, the solid was subjected to flash column chromatography 

purification (CHCl3/MeOH/NEt3, 30:1:0.1%) to afford 88 mg of NDI2.2 (70% yield).  
1H NMR (500 MHz, CDCl3): δ (ppm) = 8.85 (s, 4H, H2, H3, H6, H7), 7.62 (d, J = 8.2 Hz, 2H, Hd), 

7.58 (d, J = 8.1 Hz, 2H, Hc), 7.55 (m, 2H, He), 7.44 (d, J = 8.9 Hz, 4H, Hv), 7.32 (m, 6H, Hb, Hx, 

Hy), 7.24 (m, 1H, Hz), 6.87 (d, J = 8.9 Hz, 4H, Hw), 4.88 (dd, J = 12.9, 5.8 Hz, 1Ha), 4.80 (dd, J = 

12.9, 6.5 Hz, 1H, 1Ha), 4.30 (s, 2H, Hf), 3.93 (dt, J = 10.2, 7.3 Hz, 1H, OCH2), 3.86 (dd, J = 10.2, 

6.5 Hz, 1H, OCH2), 3.81 (s, 6H, 2OCH3), 3.70 (dq, J = 16.0, 8.9, 7.6 Hz, 2H, CH2CN), 2.66 (t, J = 

6.7 Hz, 2H, NCH(CH3)2), 1.24 (dd, J = 6.7, 1.4 Hz, 12H, 2 NCH(CH3)2).  
13C NMR (126 MHz, CDCl3): δ (ppm) = 163.1, 158.7, 145.1, 140.8, 136.3, 133.7, 133.3, 131.6, 

130.2, 128.5, 128.3, 128.1, 128.0, 127.9, 127.3, 127.2, 127.1, 127.0, 117.8, 113.3, 86.6, 65.2, 

65.1, 65.0, 58.7, 58.6, 55.4, 43.5, 43.4, 24.9, 24.82, 24.79, 24.76, 20.6, 20.5. 
31P NMR (203 MHz, CDCl3): δ= 148.87.  

HRMS (APCI): m/z calculated for NaC58H53N4O9P [M+Na]+: 1003.3448. Found: 1003.3437 

[M+Na]+. 

SYNTHESIS OF PYRENE DERIVATIVES 

PYR1.4.  

The product was prepared as specified in the 

literature.336 Under inert atmosphere, a schlenk flask was 

charged with pyrene (9.89 mmol, 2.00 g) and B2pin2 (21.25 

mmol, 5.40 g) in dry THF (10 mL). Afterwards, the reaction 
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mixture was degassed using a ‘freeze-pump-thaw’ cycle. A solution of  Ir(μ-OMe)cod)]2 (0.10 

mmol, 66 mg), 4,4’-di-tert-butyl-2,2’-bipyridine (0.20 mmol, 58 mg) and B2pin2 (0.42 mmol, 

110 mg) in dry THF (5 mL) was added dropwise to the reaction mixture. The tube was sealed, 

degassed and the solution was stirred at 80 °C for 16 hours. The crude mixture was cooled to 

room temperature and then passed through a silica plug, when the solvents were removed 

by rotatory evaporation. The resulting crude was purified by column chromatography on 

silica gel eluted with CyHex/CHCl3 (from 3:2 to 1:1) to obtain 2.74 g of the desired product as 

a white solid (61% yield). Characterization data was in accordance with previously reported 

literature.344 
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.62 (s, 4H, H1, H3, H6, H8), 8.08 (s, 4H, H4, H5, H9, H10), 

1.46 (s, 24H, 2 BO2C2(CH3)2). 

B3.  

To a solution of imidazole (64.0 mmol, 4.40 g) and tert-butyldimethylsilyl 

chloride (48.0 mmol, 7.25 g) in dry THF (80 mL), a solution of 4-iodobenzyl 

alcohol (32.0 mmol, 7.50 g) in dry THF (50 mL) was slowly added under strong 

stirring at room temperature. The reaction was monitored by TLC. After 8 h, the 

mixture was poured over water (100 mL) and extracted twice with diethylether (2 

x 100 mL). The combined organic phases were dried over MgSO4 and 

concentrated in vacuo to obtain 10.25 g as a colourless liquid (92% yield). 

Characterization data was in accordance with previously published literature.338 
1H NMR (300 MHz, CDCl3): δ (ppm) = 7.65 (d, J = 8.3 Hz, 2H, Ha), 7.08 (d, J = 8.3 Hz, 2H, Hb), 

4.68 (s, 2H, OCH2), 0.94 (s, 9H, OSiC(CH3)3), 0.10 (s, 6H, OSi(CH3)2).  

PYR1.3. 

The synthesis was done following 

previously reported procedure. 345  A 

suspension of PYR1.4 (3.30 mmol, 1.50 g), 

together with B3 (9.90 mmol, 3.45 g) and 

Na2CO3 (7.26 mmol, 770 mg) in DMF/H2O 

(3:1, 100 mL) was degassed with argon. Pd(PPh3)4 (0.33 mmol, 380 mg) was added and the 

mixture was heated at 110 °C for 36 h under inert atmosphere. The hot suspension was 

filtered and the solid was diluted with water and extracted with CH2Cl2 (3 × 150 mL). The 

combined organic layers were washed with water (4 × 150 mL), as well as brine (150 mL), 

and dried over MgSO4. After evaporation of all volatiles, the solid was purified by column 

chromatography eluted with CyHex/CHCl3 (from 5:2 to 2:1) to provide 1.36 g of the pyrene 

derivative (64% yield).  
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.37 (s, 4H, H1, H3, H6, H8), 8.09 (s, 4H, H4, H5, H9, H10), 

7.88 (d, J = 8.2 Hz, 4H, Hc), 7.56 (d, J = 8.2 Hz, 4H, Hb), 4.92 (s, 4H, Ha), 1.09 (s, 18H, 2 

OSiC(CH3)3), 0.25 (s, 12H, 2 OSi(CH3)2).  
13C NMR (76 MHz, CDCl3): δ (ppm) = 140.9, 140.3, 138.9, 131.6, 128.0, 126.9, 123.9, 123.9, 

65.0, 26.2, 18.7, -5.0.  

                                                             
345 T. K. Ronson, A. B. League, L. Gagliardi, C. J. Cramer, J. R. Nitschke, J. Am. Chem. Soc. 2014, 136, 15615-

15624. 
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HRMS (APCI): m/z calculated for C42H51O2Si2 [M+H]+: 643.3349. Found: 643.3417 [M+H]+. 

PYR1.2.  

This chromophore was prepared following 

Standard Procedure CC. The derivative PYR1.3 (1.55 

mmol, 1.00 g) was dissolved in THF (7 mL) and 

TBAF∙3H2O (3.34 mmol, 0.87 g) was incorporated. 

Once the reaction was completed, the resulting 

suspension was filtered and washed twice with water (2 x 8 mL) to provide 0.65 g of the pure 

chromophore as a white solid (85% yield).  

1H NMR (300 MHz, DMSO-d6): δ (ppm) = 8.62 (s, 4H, H1, H3, H6, H8), 8.29 (s, 4H, H4, H5, H9, 

H10), 7.99 (d, J = 8.0 Hz, 4H, Hc), 7.54 (d, J = 8.0 Hz, 4H, Hb), 5.31 (s (b), 2H, 2 OH), 4.62 (s, 4H, 

Ha).  
13C NMR (126 MHz, DMSO-d6): δ (ppm) = 142.1, 138.6, 137.94, 131.1, 127.9, 127.3, 123.3, 

122.8, 62.6. 

HRMS (MALDI, DCTB): m/z calculated for C30H22O2 [M]+: 414.1620. Found: 414.1626 [M]+.  

PYR1.1.  

The chromophore was synthetized 

following Standard Procedure DD. To a 

suspension of PYR1.2 (1.69 mmol, 700 

mg) dissolved in dry DMF (60 mL) under 

argon atmosphere, NEt3 (5.02 mmol, 

0.68 mL) and a solution of DMTrCl (1.69 

mmol, 572 mg) dissolved in dry DMF (3 

mL) were added. After a period of 12 hours, the reaction mixture was concentrated in vacuo 

and the resulting solid was purified by flash column chromatography eluted with 

CHCl3/MeOH/NEt3 (50:1:0.1%) to obtain 290 mg of PYR1.1 (24% yield).  
1H NMR (500 MHz, CDCl3): δ (ppm) = 8.40 (d, J = 6.8 Hz, 4H, H1, H3, H6, H8), 8.14 (s, 4H, H4, H5, 

H9, H10), 7.89 (dd, J = 10.7, 8.2 Hz, 4H, Hc, Hd), 7.58 (m, 6H, Hb, Hx, Hy), 7.47 (d, J = 8.9 Hz, 4H, 

Hv), 7.34 (dd, J = 8.5, 7.0 Hz, 2H, He), 7.26 (m, 1H, Hz), 6.89 (d, J = 8.9 Hz, 4H, Hw), 4.82 (s, 2H, 

Ha), 4.30 (s, 2H, Hf), 3.82 (s, 6H, 2 OCH3). 
13C NMR (126 MHz, CDCl3): δ (ppm) = 158.7, 145.2, 141.1, 140.4, 140.2, 139.0, 138.9, 138.6, 

136.5, 131.7, 130.3, 128.4, 128.5, 128.1, 128.0, 127.8, 127.9, 126.9, 124.0, 123.97, 123.92, 

123.87, 113.3, 86.6, 65.5, 65.3, 54.0, 29.9.  

HRMS (ESI+): m/z = calculated for NaC51H40O4 [M+Na]+: 739.28244. Found: 739.28064 

[M+Na]+. 

PYR1.  

The compound was 

prepared following Standard 

Procedure EE. PYR1.1 (0.64 mmol, 

460 mg) together with DIPEA 

(2.80 mmol, 0.56 mL) were 

dissolved in dry CH2Cl2 (20 mL) at 
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room temperature. Then, 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (0.76 mmol, 

0.172 mL) was added dropwise. The reaction mixture was stirred for 2 hours, when after the 

corresponding work-up, the crude product was subjected to flash column chromatography 

eluted with CHCl3/MeOH/NEt3 (60:1:0.1%) to yield 380 mg of PYR1 (56% yield).  
1H NMR (500 MHz, CDCl3): δ (ppm) = 8.36 (d, J = 3.1 Hz, 4H, H1, H3, H6, H8), 8.08 (s, 4H, H4, H5, 

H9, H10), 7.85 (m, 4H, Hc, Hd), 7.59 (dd, J = 15.5, 7.5 Hz, 4H, Hx, Hy), 7.54 (d, J = 7.9 Hz, 2H, Hb), 

7.49 (d, J = 8.5 Hz, 4H, Hv), 7.35 (t, J = 7.6 Hz, 1H, He), 7.26 (t, J = 7.5 Hz, 1H, Hz), 6.88 (d, J = 

8.5 Hz, 4H, Hw), 4.87 (dd, J = 12.6, 8.4 Hz, 1H, Ha), 4.79 (dd, J = 12.6, 8.4 Hz, 1H, Ha), 4.31 (s, 

2H, Hf), 3.90 (m, 2H, OCH2), 3.78 (s, 6H, 2 OCH3), 3.71 (ddd, J = 13.5, 10.1, 6.4 Hz, 2H, CH2CN), 

2.63 (m, 2H, 2 NCH(CH3)2), 1.26 (d, J = 6.8, 2.6 Hz, 12H, 2 NCH(CH3)2).  
13C NMR (126 MHz, CDCl3): δ (ppm) = 158.5, 145.2, 140.6, 140.2, 138.7, 138.6, 138.5, 136.3, 

131.5, 130.1, 128.3, 127.93, 127.91, 127.86, 127.84, 127.76, 127.75, 126.8, 123.7, 117.8, 

113.2, 106.6, 86.5, 65.4, 65.2, 58.6, 58.5, 55.2, 46.0, 43.3, 43.4, 26.0, 25.8, 24.80, 24.75, 

24.70, 20.4, 20.5.  
31P NMR (203 MHz, CDCl3): δ (ppm) = 148.87. 

HRMS (APCI): m/z calculated for C60H58N2O5P [M]+: 917.40052. Found: 917.40422 [M+H]+. 

PLA1.2.  

The preparation of the compound was done following previously 

reported literature.339 To a suspension of 1-bromomethylpyrene (1.70 

mmol, 500 mg) in dry DMF (6 mL), sodium azide (2.55 mmol, 164 mg) 

was carefully added. When the addition was finished, the reaction 

mixture was heated to 60 °C for 6 hours until completion. The crude was 

then cooled down to room temperature, diluted with diethylether and washed once with 3 

mL of water. The combined organic layers were then dried over Na2SO4 and concentrated in 

vacuo to afford 415 mg of the azide derivative (95% yield).  
1H NMR (500 MHz, CDCl3): δ (ppm) = 8.21 (m, 3H, HPYR), 8.13 (m, 2H, HPYR), 8.04 (m, 3H, HPYR), 

7.93 (d, J = 7.7 Hz, 1H, HPYR), 4.98 (s, 2H, CH2N3).  

PLA1.1.  

Experimental procedure was inspired by those 

previously reported in the literature.346 PLA1.2 (1.08 mmol, 280 

mg) and PLA (1.18 mmol, 540 mg) were suspended in CHCl3 

(1.4 mL) and a tBuOH/water (1:1) mixture (16 ml) was added. 

Freshly prepared solution of sodium ascorbate (0.20 mmol, 44 

µg) in water (280 µL) and another of copper sulfate (0.10 mmol, 

18 µg) in water (280 µL) were incorporated. The reaction was 

stirred overnight at room temperature. Once the reaction was 

completed, the product was diluted with 10% Na2CO3 (6 mL) 

and extracted twice with CH2Cl2 (3 x 10 mL). The organic phases 

were collected, dried over MgSO4, filtered and solvent was 

evaporated under reduced pressure. Finally, the residue was resuspended in toluene to 

                                                             
346 K. K. G. Ramakrishna, R. K. Thakur, V. R. Pasam, J. Pandey, R. Mahar, S. K. Shukla, A. K. Tamrakar, R. P. 
Tripathi, Tetrahedron 2017, 73, 187-203. 
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evaporate the excess of tBuOH and eventually, 580 mg of an oily compound were obtained 

(74% yield).  
1H NMR (400 MHz, CDCl3): δ (ppm) = 8.20 (m, 1H, 3H, HPYR), 8.11 (m, 2H, HPYR), 8.05 (m, 3H, 

HPYR), 7.84 (d, J = 7.8 Hz, 1H, HPYR), 7.39 (d, J = 7.2 Hz, 2H, Hy), 7.26 (m, 6H, Hv, Hx), 7.18 (m, 

2H, Hb, Hz), 6.79 (d, J = 8.9 Hz, 4H, Hw), 6.19 (s, 2H, Ha), 3.80 (s (b), 1H, OH), 3.76 (s, 6H, 2 

OCH3), 3.69 (s, 2H, Hc), 3.56 (t, J = 5.3 Hz, 2H, Hf), 3.02 (t, J = 6.3 Hz, 2H, Hf), 2.60 (t, J = 5.7 Hz, 

2H, Hd), 2.52 (m, 2H, Hd), 1.75 (m, 2H, He), 1.60 (p, J = 5.3 Hz, 2H, He).  

13C NMR (126 MHz, CDCl3): δ (ppm) = 158.5, 145.3, 136.5, 132.2, 131.3, 130.7, 130.1, 129.3, 

129.1, 128.4, 128.3, 127.9, 127.6, 127.4, 127.2, 126.8, 126.5, 126.0, 125.9, 125.2, 125.1, 

124.6, 122.7, 122.1, 113.1, 85.9, 64.6, 61.6, 55.3, 53.9, 52.6, 51.1, 48.8, 27.9, 27.7, 25.5, 14.3.  

MS (ESI+): m/z = 753.33 [M+Na]+.  

PLA1.  

This compound was synthesized following 

Standard Procedure EE with PLA1.1 (0.40 mmol, 240 mg) 

dissolved in dry CH2Cl2 (3 mL) and the subsequent 

addition of DIPEA (2.00 mmol, 0.35 mL) and 2-

cyanoethyl-N,N-diisopropylchlorophosphoramidite (0.52 

mmol, 0.12 mL). After the reaction was completed, the 

crude mixture was subjected to the corresponding work 

up and flash column chromatography eluted with 

CyHex/AcOEt/NEt3 (2:1:1%) afforded 190 mg of the 

desired phosphoramidite (51% yield).  
1H NMR (400 MHz, CDCl3): δ (ppm) = 8.30 (d, J = 7.6 Hz, 

1H, HPYR), 8.25 (dd, J = 8.4, 6.4 Hz, 2H, HPYR), 8.19 (dd, J = 8.4, 3.5 Hz, 2H, HPYR), 8.12 (dt, J = 

12.7, 8.3 Hz, 3H, HPYR), 7.88 (d, J = 7.8 Hz, 1H, HPYR), 7.46 (d, J = 7.2 Hz, 2H, Hx), 7.34 (d, J = 8.9 

Hz, 4H, Hv), 7.32 (d, J = 7.2 Hz, 2H, Hy) 7.25 (s, 1H, Hb), 7.23 (m, 1H, Hz), 6.85 (d, 4H, J = 8.9 Hz, 

Hw), 6.25 (s, 2H, Ha), 4.20 (q, J = 7.1 Hz, 1H, OCH2), 3.82 (s, 6H, 2 OCH3), 3.77 (m, 1H, OCH2), 

3.74 (s, 2H, Hc), 3.64 (m, 1H, Hf), 3.56 (m, 3H, Hf, CH2CN), 3.07 (t, J = 6.3 Hz, 2H, Hf), 2.57 (m, 

6H, 2 Hd, 2 NCH(CH3)2), 1.76 (m, 4H, 2 He), 1.19 (d, J = 6.8 Hz, 6H, NCH(CH3)2), 1.12 (d, J = 6.8 

Hz, 6H, 1 NCH(CH3)2).  
13C NMR (126 MHz, CDCl3): δ (ppm) = 158.4, 146.1, 145.4, 136.6, 132.1, 131.3, 130.7, 130.1, 

129.3, 129.0, 128.28, 128.26, 127.8, 127.5, 127.34, 127.28, 126.7, 126.4, 125.94, 125.88, 

125.1, 125.0, 124.6, 122.4, 122.1, 117.8, 113.1, 85.8, 62.0, 61.9, 61.6, 60.5, 58.4, 58.2, 55.3, 

52.4, 50.8, 50.5, 49.1, 43.1, 43.0, 28.90, 28.85, 27.8, 24.70, 24.64, 24.63, 24.57, 21.2, 20.42, 

20.36, 14.3.  
31P NMR (203 MHz, CDCl3): δ = 147.24.  

HRMS (ESI): m/z calculated for C56H64N6O5P [M+H]+: 931.4598. Found: 931.4665 [M+H]+. 
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INTRODUCTION 

In the last decades, we have seen impressive developments in the field of 

Supramolecular Chemistry, which has proved to be a powerful and versatile tool for the 

preparation of nanomaterials. Following a bottom-up approach, chemists can nowadays 

engineer target nanostructures starting from finely designed molecules, that are endowed 

with supramolecular information (such as functionality or shape) in order to self-assemble 

spontaneously driven by the cooperative sum of non-covalent interactions. 

In this context, DNA is a biopolymer with predictable and programmable interactions. 

This fact, together with the rapid development of tools for the synthesis of any arbitrary 

DNA sequence using automated phosphoramidite chemistry, allured scientists from different 

fields to use it as a versatile building block in nanotechnology. DNA Nanotechnology can now 

be regarded as a fruitful and potent research field on its own. In the last years we have seen 

important advances such as the use of DNA junctions for polyhedra nanoconstruction, the 

development of the DNA origami method, and the use of this tool for addressable long-

range order assembly in 1D tubes, 2D tile arrays and 3D objects. Nowadays, DNA 

nanostructures are being studied for very diverse potential applications like scaffolds for the 

organization of enzyme cascades or for nanophotonics and nanoelectronics, functional 

nanoobjects and dynamic nanodevices, computing and logic circuits, molecular conductors, 

DNAzymes, sensors and aptamers for the interaction with the cellular world, and other DNA-

based biomedical applications. 

GENERAL OBJECTIVES 

This Doctoral Thesis aims to contribute to the fields of Supramolecular Chemistry, 

Molecular Self-Assembly, and Nanochemistry with the study of finely-tuned DNA-based 

nanoarchitectures driven by Watson-Crick H-bonding interactions and other non-covalent 

forces. The supramolecular properties of nucleobases in terms of the directionality and 

selectivity of the H-bonding patterns are essential tools in our scheme. The Thesis aims to 

develop a versatile, unconventional and reliable strategy, based on non-covalent 

interactions, for the custom-tailored preparation of nanostructured assemblies. The 

common feature among the diverse strategies is our bio-inspiration from the DNA 

structure and self-assembly, illustrated by the employment of either the backbone and/or 

its supramolecular organization, for the custom-tailored preparation of nanostructured 

assemblies: tubular quadruplexes, double helixes or foldamers, as shown in Illustration 1.  

The present Doctoral Thesis is divided into four chapters, which can be organized in 

two main groups: A) Tubular Quadruplex DNA: Hydrophilic Assemblies (Chapter 1) and 

Lipophilic Assemblies (Chapter 2); B) Controlled Stacking of π-Conjugated Semiconducting 

Molecules: DNA-Templated Stacking (Chapter 3) and Sequence-Controlled Foldamers 

(Chapter 4). 
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Illustration 1. Representation of the main nanostructures targeted along this Doctoral Thesis. 

TUBULAR QUADRUPLEX DNA (Chapters 1 and 2). Instead of proposing a new approach to 

use duplex DNA as a building block for complex nanoarchitectures, we plan to radically alter 

DNA self-assembly at the deepest level: the interaction between bases to create a 

quadruplex structure.  Our strategy in this research line is to combine both DNA automated 

solid phase synthesis (ASPS) and the high-fidelity supramolecular cyclotetramerization 

process successfully developed in our group, to form tubular quadruplex DNA. Such 

Quadruplex structure will spontaneously assemble from the programmed self-recognition 

of 4 oligonucleotide strands. Unlike natural DNA, these nanoarchitectures would be 

endowed with a tetrameric cyclic section and a potentially tunable inner pore. Our 

approach can be extended to both organic and water-soluble derivatives as a function of the 

nature of the monomer peripheral substituents. 

OLIGONUCLEOTIDE-TEMPLATED STACKING OF SEMICONDUCTORS (Chapter 3). The focus here is 

set on the use of single strands of DNA in order to control the stacking of planar, π-

conjugated semiconducting molecules. These functional architectures would emerge as a 

result of the combined action of solvophobic forces, π-π interactions between extended 

polycyclic aromatic rings and mainly H-bonding interactions between complementary 

nucleobases in the DNA templates and chromophore-guests. We desire to address the 

control and  rogrammab l ty ov r th  s qu nc  and l ngth of th  stacks of π-conjugated 

electron/energy donor-acceptor chromophore pairs. 

SEQUENCE-CONTROLLED STACKED FOLDAMERS (Chapter 4). The aim is similar to the previous 

research line, but our inspiration is now the chemistry and backbone of DNA. Our objective 

is to create covalent oligomers of dye molecules, joined by phosphate units, that can fold 

into stacked architectures in aqueous media through solvophobic interactions. In other 

words, we aim to prepare sequence-controlled polymers by subjecting complementary 

chromophores to automated solid phase synthesis protocols (ASPS), with the objective of 

predefining their intramolecular stacking in aqueous media through folding interactions. 
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CHAPTER 1 & 2: HYDROPHILIC & LIPOPHILIC TUBULAR QUADRUPLEX DNA 

Our first challenge in these Chapters was the design and synthesis of the individual 

monomer components, and their proper customization in order to be subjected to ASPS and 

fulfil the geometrical requirements to form the unstrained cyclic tetramer section. This 

synthetic task proved to be anything but trivial and much effort was devoted to explore 

novel routes. We have developed optimised strategies towards the preparation of a wide 

variety of purine and pyrimidine nucleobases equipped with diverse hydrophilic or lipophilic 

moieties. The results clearly indicate that the order in which the different halogenation, 

protection and Sonogashira couplings are performed depend on the specific nucleobase and, 

thereof, new routes were explored attending to convergence, convenience, overall yields 

and ease of purification. Besides, we executed the coupling of these building blocks by Pd-

catalysed reactions, as well as the final incorporation of the phosphoramidite functionality.  

It is relevant to mention some of the key geometrical requirements for the effective 

formation of tetramers. Firstly, the central blocks are π-conjugated, rigid and equipped at 

180° with H-bonding complementary nucleobase directors, which are 8-substituted purines 

or 5-customised pyrimidines. When the complementary purine-pyrimidine couples interact 

via H-bonding through their Watson-Crick edges, an exact angle of 90° is formed between 

these positions. This interaction is responsible for the cyclotetramerization process, that 

would generate the tetrameric section in the proposed Tubular Quadruplexes. 

In the aromatic purines, the N-9 position, the 2’-deoxyribose or the corresponding 

ribose moieties are functionalised with diverse water-soluble glycolic chains or lipophilic 

silane-protected groups depending on the target solvent media for the subsequent 

supramolecular studies (see Illustration 2). On the other hand, the pyrimidines are 

customized to be subjected to ASPS. This implies the incorporation of a phosphoramidite 

functionality to promote oligomerization. The phosphorous atom can be protected with 

either a methoxy group to provide lipophilic oligonucleotides, or with a base-sensitive 2-

cyanoehtoxy group to generate hydrophilic quadruplexes.  

Furthermore, the nucleobases are endowed with suitable base-sensitive protecting 

groups to block exocyclic amines and avoid undesired side reactions. These moieties, as well 

as the 2-cyanoethyoxy protection of the phosphorous and the anchoring to the solid-support, 

can be efficiently deprotected with basic ammonium treatment, after automated 

oligomerization. Finally, acid-sensitive 4,4’-dimethoxytrityl protecting groups are employed 

to block the hydroxy functionality at the 5’-position in the 2’-deoxyribose of pyrimidines.  
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Illustration 2. Molecular components for monomers considered and synthesized in Chapters 1 & 2. 

Some of the main results of Chapter 1 (Hydrophilic Tubular Quadruplex DNA) include 

the fact that we were indeed able to promote the oligomerization of the hydrophilic 

monomers AU and GC (see Illustration 3) in collaboration with Dr. Álvaro Somoza’s group in 

IMDEA Nanociencia. We have also successfully deprotected the base-sensitive groups and 

anchoring to the solid support in order to obtain the targeted sequences (schematically 

shown in Illustration 3). The different modified oligonucleotides have been confirmed by 

mass spectroscopy. We have fulfilled two of our main objectives: the control over the length, 

as diverse number of consecutive monomers (1, 2, 4 or 8) were incorporated to the resulting 

oligonucleotides; and also the control over the sequence, as mixed structure with AU and 

GC blocks were generated.  
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Illustration 3. Scheme of the different modified oligonucleotides synthetized by ASPS, showing the control 
over the length or sequence incorporating AU, GC or a combination of both monomers. 

At the moment this Doctoral Thesis is presented, we are actively performing 

supramolecular studies in aqueous media to gain insight over the supramolecular behaviour 

of our structures and confirm their capability to self-assemble to form tubular quadruplexes. 

For the time being, our results seem promising, as exemplified by the CD-signal obtained for 

different temperature-dependent experiments in aqueous media (Illustration 4). 

 

Illustration 4. Temperature-dependent experiments for hydrophilic oligomers in water for both a) AU family 
and b) GC family, addressing the effect of the number and nature of the monomers in the oligomers. 
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In Chapter 2 (Lipophilic Tubular Quadruplex DNA) we have prepared precursor 

monomers which could be coupled following the procedures of phosphoramidite chemistry 

either by automated methods or manually in our laboratories. We have synthetized and 

studied the supramolecular behaviour of the double dinucleoside AU_UA and compared it 

with the dinucleoside AU, previously prepared and studied by the research group. The self-

assembly process was monitored through concentration- and temperature- dependent 

measurements, as well as denaturation and association experiments (see examples in 

Illustration 5).  

 

Illustration 5. a) Schematic and simplified representation of the supramolecular process involved for 
AU_UA; b) CD (left), UV-Vis (centre) and emission (right, exc. 360 nm) at 2 x 10-4 M as a function of the 

volume fraction of DMF, showing the dissociation process; c) SEM images performed with 2x10-4 M χDMF = 
0.4 drop-casted solutions; d) 1H NMR spectra as a function of the χDMF-d7 at 6 x 10-3 M in mixtures with 

CDCl3, showing the transition from the AU_UA (in pure DMF) to a c(AU_UA)2 cyclic dimer (at intermediate 
polarities) and then to insoluble polymers in pure CDCl3. 
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We soon realised that solubility issues were of great relevance, since a high amount of 

H-competitor polar cosolvent was essential to maintain the compound in solution. We 

evidenced that the association of AU_UA is stronger than AU, and the assemblies of the 

former compound are able to resist lower concentrations and higher DMF contents. 

However, 1H NMR studies strongly support that AU_UA does not associate in c(AU_UA)4 

cyclic tetramers, as its analogue AU does. Instead, NMR spectra that are compatible with a 

c(AU_UA)2 cyclic dimer, formed by the association of two A:U pairs, observed in different 

conditions (see Illustration 5d).  

In similar experiments recorded by CD, we could also observe and monitor this 

monomer-cyclic dimer equilibrium (see Illustration 5b). Now, in conditions where H-bonding 

association is favoured, this cyclic dimer, instead of evolving to a double cyclic tetramer, 

which should be perfectly soluble, prefers to aggregate into open polymers by additional A:U 

interactions, that then precipitate into ill-defined structures with no clear microscale 

organization (Illustration 5c). It is a shame that, due to time restraints, an analogous GC_GC 

could not be synthesized by any of the two approaches exposed. Such a molecule would 

enjoy much higher EM values for cyclotetramerization, and would quite likely assemble into 

the desired double cyclic tetramers. 

In any case, the reactivity and coupling efficiency of the readily available lipophilic, 

phosphoramidite-activated dinucleobase monomers prepared in Chapter 2 could be tested 

in the DNA synthesizer. If successful at these steps, we are rather confident that the target 

supramolecular lipophilic DNA tubular quadruplexes may be assembled from the resulting 

oligomers, particularly if they are rich in G-C units.  
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CHAPTER 3: OLIGONUCLEOTIDE-TEMPLATED STACKING OF SEMICONDUCTORS 

In this novel research line in our group, our objective was to evidence that DNA can 

act as a robust template capable of organising functional organic structures in programable 

architectures with high precision. Particularly, the aim here would be to produce 

supramolecular stacks of -conjugated energy/electron donor and acceptor dyes in which 

the stack sequence and length is controlled by oligonucleotide templates, which would 

interact with the dyes and guide their stacking through H-bonding Watson-Crick interactions. 

Although much is known in recent literature about supramolecular DNA templates, it is true 

that the precise control over the stack length and sequence has not been fully demonstrated 

yet. As a matter of fact, to the best of our knowledge only the A:T (or related) H-bonding 

interaction has been explored so far, and this work constitutes the first example of the use 

of complementary G:C interactions in DNA templates.  

For such goal, we designed and prepared guests comprising complementary NDI and 

pyrene dyes which are rigid and planar, and linearly disubstituted with guanine and/or 2-

aminoadenine recognition units (as exemplified in Illustration 6a). Oligoethyleneglycol 

chains were incorporated to both nucleobases and central blocks so as to favour the 

solubility of these materials in aqueous media, where hydrophobic interactions are expected 

to induce stacking. Since we are employing bolaamphiphile-like molecules, two 

oligonucleotide-templates are necessary to promote the spontaneous organization of our 

monomers, thus generating double helixes. 

 
Illustration 6. a) Representation of the main equilibria involved in the DNA-templated organization of 

chromophores; b) temperature-dependent UV-vis (left) and emission (centre, exc. 350 nm) at 4.0 x 10-5 M 
for GNDIG χDMF = 0.33; c) trends at 650 nm for the emission at diverse volume fraction of DMF.  

Two main equilibria can be identified in this supramolecular process: the guest 

molecules in aqueous media at room temperature spontaneously generate aggregates due 
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to the combination of several non-covalent interactions: solvophobic forces and π-π 

interactions between extended aromatic surfaces. These non-ordered structures can be 

disaggregated if the temperature is increased or the polarity/concentration decreases, as 

the dyes are more efficiently solvated. At this stage, provided complementary DNA-

templates are present, a change in the conditions can control the stacking process and 

generate precisely ordered helical nanofibers with defined length, guided by H-bonding 

interaction between complementary bases (see Illustration 6a). 

We have investigated both equilibria, that is, the influence of different experimental 

conditions for the monomer alone (illustrated in Illustration 6b) and the effect of the 

presence of the oligonucleotide-templates (Illustration 7). For the interplay between 

isolated guests and aggregated stacks we studied the variations by UV-Vis and emission 

experienced in our samples when the concentration, temperature or amount of polar 

solvent was modified. In the absence of the complementary DNA template, the purine-

substituted dyes show strong aggregation and poor solubility in pure water, and a certain 

amount of DMF cosolvent (χDMF > 0.2) is required to solubilize the samples. Higher contents 

of DMF also produced disaggregation. In fact, we were able to control the degree of 

aggregation from “molecularly dissolved” monomers to strongly stacked systems by varying 

the DMF/water proportion and/or the temperature. Temperature-dependent experiments 

monitored by fluorescence emission (see Illustration 6c) allowed us to determine the degree 

of aggregation at different DMF contents, but the changes regarding concentration were far 

less noticeable.  

All the previously collected data was helpful to set the preliminary conditions for the 

DNA-templating effect, even though optimization was necessary and sample preparation for 

each complementary couple differed. In the presence of DNA template, the solubility of the 

dyes in water was increased significantly. Although they were not soluble in pure water or in 

a Tris-EDTA buffer, and no interaction between both components was detected, the addition 

of a very small amount of DMF (χDMF > 0.04) resulted in sample solubilisation and the 

appearance of a CD signal within the NDI dye absorption range. Such chiral induction 

phenomenon is an indication of the complementary interactions between the chiral DNA 

host and achiral dye guests.  

Different experiments, in which the DMF content and thermal annealing processes 

were evaluated, were then performed to maximize such chiral induction effects. From the 

first measurements, the relevance of the presence of DMF cosolvent was evident, as it 

promoted the partial disaggregation of NDI monomers and the DNA, so that both 

components are available for complementary interaction. However, above a certain DMF 

content, such interaction was lost, presumably due to strong solvation of the Watson-Crick 

H-bonding sites by this competing H-bond acceptor. We also realized on the drastic 

difference between our 40ANDIA+2dT40 and 40GNDIG+2dC40 systems regarding thermal 

annealing protocols. In the first case, direct mixing of the two components resulted in the 

appearance of a template-induced ANDIA CD signal, preliminarily attributed to a single helix. 

However, this signal shifted to the red with time or after a fast heating-cooling process, and 

this new “thermodynamically stable” signal was tentatively attributed to the double helix. 
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On the contrary, the strong self-aggregation of dC40 demands higher contents of DMF co-

solvent and also a slow annealing process to display interactions with GNDIG, that are 

characterized by a red-shifted induced CD signal in the GNDIG absorption region. 

After these initial tests, we have performed diverse spectroscopic experiments 

modifying the amount of DMF, concentration-, temperature-dependent studies and 

variations in the host/guest ratio (see some examples in Illustration 7). In particular, 

temperature-dependent experiments of the 40GNDIG+2dC40 mixture at slow cooling rates 

revealed a highly cooperative chiral templating process. However, when comparing the 

evolution of the fluorescence emission of GNDIG and 40GNDIG+2dC40 in the same 

temperature range, it is clear that the stacking process is actually not affected by the 

presence of dC40. Instead, once a given stack size is reached, the complementary DNA 

strands are able to bind and induce, in a cooperative fashion, chiral helicity to the NDI stack. 

 

Illustration 7. a) Temperature-dependent CD (left), emission (centre) and UV-Vis (right) for GNDIG+2dC40 in 
χDMF = 0.20; b) CD-trend at 384 nm of temperature-dependent experiments for 40GNDIG+2dC40 in water 

and buffer at χDMF = 0.20; c) trend of the emission for the GNDIG alone and in the mixture 
40GNDIG+2dC40 in both water or buffer at χDMF = 0.20. 
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CHAPTER 4. SEQUENCE-CONTROLLED FOLDAMERS 

This Chapter was mainly developed in Professor Hanadi F. Sleiman’s laboratories 

during a 3-month research stay in McGill University in Montreal (Canada) and remains 

unconcluded. In this last project, we have made some preliminary advancements towards 

the design and synthesis of sequence-controlled oligomers constituted by -conjugated 

chromophores that would self-assemble into folded stacked structures in water. Our aim 

would be to control the organization of complementary energy/electron donor (pyrene) and 

acceptor (naphthalene diimide) chomophores along a stack in a well-defined sequence (see 

Illustration 8).  

 

Illustration 8. Representation of the molecules subjected to ASPS and some targeted foldamers with 
phosphate connectors that are flexible or rigid. 

To this end, these dye units were adequately equipped with a reactive 

phosphoramidite and a DMTr-blocked primary alcohol, in order to subject the compounds to 

automated sequence-controlled polymerization protocols. The resulting foldamers would 

stack when dissolved in aqueous media through hydrophobic, π-π stacking and charge-

transfer effects. We have focused on two types of foldamer structures that basically differ in 

the phosphate spacers that connect the −functional units. In one of them (Type I), the 
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reactive phosphoramidite and blocked primary alcohol are situated at each edge of the 

choromophore. In the other (Type II), only tested for pyrene derivatives, the dye is anchored 

to a flexible platform that contains both reactive units though a Cu-catalyzed “click” reaction. 

Once the different monomer precursors were successfully synthesized, we turned our 

attention to the optimization of the synthetic and purification protocols by ASPS. We 

focused on the evaluation of different mild methodologies for oligomer cleavage from the 

solid support, on the proper monitoring of the purification by HPLC, and on the adjustment 

of the technical parameters used for the isolation of the target sequences. We then tested 

the synthesis of several small sequences (mainly dimers) that combine the two dyes and the 

two different connector geometries. We soon realized that connector Type I is maybe too 

rigid for an efficient coupling of two consecutive dye molecules, and these sequences were, 

in the best case, obtained in very low yields. In contrast, the use of the more flexible Type II 

phosphate spacer increased the yield significantly. 
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OUTLOOK & ONGOING WORK 

In conclusion, a novel unconventional and versatile strategy based on molecular self-

assembly towards bioinspired nanostructures has been developed addressing two main 

topics: Tubular Quadruplex DNA and Controlled Stacking of π-Conjugated Semiconducting 

Molecules: 

 

Illustration 9. Main topics addressed in the Thesis: “Novel Self-assembled Nanostructures based on the DNA 
Architecture”. Three different supramolecular assemblies have been targeted: Tubular Quadruplex DNA, 

Oligonucleotide-templated Stacking of Semiconductors and Sequence-controlled Foldamers. 



 
 

Outlook & Ongoing Work 

 

294 

 

A wide collection of both hydrophilic and lipophilic nucleobase precursors has been 

prepared for the construction of numerous DNA-based ditopic molecules. Additionally, we 

have synthetized several chromophores properly functionalised for diverse purposes, acting 

as central blocks in our monomers, or as the skeleton for modified oligonucleotides.  

Our monomers were oligomerized by following the protocols designed for 

phosphoramidite coupling either by automated solid phase synthesis or manually without 

the support of the synthesizer. The resulting modified oligonucleotides proved to 

spontaneously self-assemble driven by the complementary Watson-Crick H-bonding to 

generate interesting supramolecular architectures that will be further studied in the future. 

It is also interesting to note that monomers bearing an NDI chromophore were effectively 

stacked by the action of DNA-templates in a controlled manner, as a function of the 

temperature, amount of polar solvent and other experimental conditions. Finally, we have 

also initiated another research line on sequence-controlled foldamers, whose results can 

lead to improved precursors for the effective oligomerization by automated means. 

This Doctoral Thesis has triggered unprecedent research lines in our group MSMn, and 

with these interesting, molecular building blocks that can be customised at will, countless 

research projects based on bioinspired supramolecular self-assembly can be approached. 

We hope that this novel strategy will permit to go a step beyond the nanoconstruction of 

complex architectures from chemically programmed molecules via a “bottom-up” or 

templation approach.  
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INTRODUCCIÓN 

En las últimas décadas, hemos presenciado un desarrollo impresionante en el campo 

de la Química Supramolecular, la cual ha demostrado ser una herramienta versátil y 

poderosa para la preparación de nanomateriales. Los químicos pueden hoy en día preparar 

nanoestructuras partiendo de moléculas cuidadosamente diseñadas y dotadas de 

información supramolecular, como la funcionalidad o forma, de manera que se auto-asocien 

espontáneamente conducidas por la suma cooperativa de interacciones no covalentes.  

En este contexto, el ADN es un biopolímero cuyas interacciones son predecibles así 

como programables. Este hecho, junto el rápido desarrollo de herramientas para la síntesis 

de prácticamente cualquier secuencia de ADN usando la química automatizada del 

fosforamidito, ha conllevado que los científicos de diferentes campos lo usen como un 

bloque de construcción versátil en la Nanotecnología del ADN. Éste se considera como un 

campo de investigación fructífero y potente por si mismo. En los últimos años se han dado 

importantes avances como pueden ser el uso de uniones de ADN en los poliedros de 

nanoconstrucción, el desarrollo del método de origami de ADN, y el empleo de esta 

herramienta para abarcar ensamblados ordenados de largo alcance en tubos 1D, arreglos 

tipo azulejo 2D y objetos 3D. Actualmente, las estructuras de ADN se estudian por varias 

aplicaciones potenciales como andamios para la organización de cascadas enzimáticas o en 

nanofotónica y nanoelectrónica, nanoobjetos funcionales y nanodispositivos dinámicos, 

circuitos computacionales y logísticos, conductores moleculares, sensores y aptámeros para 

la interacción celular, y otras aplicaciones biomédicas basadas en el ADN. 

OBJETIVOS GENERALES 

Esta Tesis Doctoral tiene como objetivo contribuir a los campos de la Química 

Supramolecular, el Auto-Ensamblaje Molecular, y la Nanoquímica con el estudio de 

nanoestructuras basadas en el ADN cuyo ensamblaje se guía mediante enlaces de hidrógeno 

tipo Watson-Crick y otras fuerzas no covalentes. En este escenario, las propiedades 

supramoleculares de las nucleobases en términos de direccionalidad y selectividad de los 

patrones de enlace de hidrógeno son herramientas esenciales. La presente Tesis Doctoral 

pretende desarrollar una estrategia versátil, no convencional y de confianza, basada en 

interacciones no covalentes, para la preparación a medida de nanoestructuras 

ensambladas. El rasgo común a lo largo de las diversas estrategias, es nuestra inspiración 

biológica tomada de la estructura del ADN y de su auto-ensamblaje, ilustrada en el empleo 

del esqueleto y/o su organización supramolecular, para la preparación de: quadruplex 

tubulares, dobles hélices o foldámeros, como se muestra en la Ilustración 1. 

Esta Tesis Doctoral se divide en cuatro capítulos, que se pueden a su vez organizar en 

dos grupos principales: A) Quadruplex Tubular de DNA: Ensamblados Hidrofílicos (Capítulo 

1) y Ensamblados Lipofílicos (Capítulo 2); B) Apilamiento controlado de Moléculas 

Semiconductoras π-Conjugados: Apilamiento guiado por el ADN (Capítulo 3) y Foldámeros 

de Secuencia Controlada (Capítulo 4). 
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Ilustración 1. Representación de las principales nanoestructuras objetivo de esta Tesis Doctoral. 

QUADRUPLEX TUBULAR DE ADN (Capítulos 1 y 2). En lugar de proponer una aproximación 

nueva del uso del dúplex de ADN como un bloque de construcción para nanoarquitecturas 

complejas, nosotros planeamos alterar radicalmente el auto-ensamblaje del ADN en el 

nivel más profundo: la interacción entre bases para crear una estructura tipo quadruplex. 

Nuestra estrategia en esta línea de investigación es combinar la química automatizada de 

síntesis del ADN en fase sólida (SAFS) y la alta fidelidad del proceso de ciclotetramerización 

exitosamente desarrollado en nuestro grupo, para formar un quadruplex tubular de ADN. 

Dicha estructura se ensamblará espontáneamente gracias al reconocimiento programado 

de 4 hebras de oligonucleótidos. A diferencia del ADN natural, estas nanoestructuras 

estarían dotadas de una sección tetramérica cíclica y potencialmente de un poro interno 

ajustable. Nuestra aproximación puede extenderse a derivados orgánicos y a solubles en 

agua, en función de la naturaleza de los sustituyentes de la periferia del monómero. 

APILAMIENTO DE SEMICONDUCTORES GUIADO POR OLIGONUCLEÓTIDOS (Capítulo 3). El foco 

aquí se encuentra en el uso de hebras sencillas de ADN para controlar el apilamiento de 

moléculas semiconductoras, planas y π-conjugadas. Estas arquitecturas funcionales podrían 

emerger como resultado de la acción combinada de fuerzas solvofóbicas, interacciones π-π 

entre anillos aromáticos policíclicos extendidos y principalmente enlaces de hidrógeno entre 

bases complementarias de la plantilla de ADN y los cromóforos huésped. Deseamos abordar 

el control y la programación respecto a la secuencia y longitud de los apilamientos de 

pares de cromóforos π-conjugados dadores-aceptores de electrones/energía.  

FOLDÁMEROS DE SECUENCIA CONTROLADA (Capítulo 4). El propósito es similar al de la línea 

de investigación anterior, pero nuestra inspiración es ahora la química y el esqueleto del 

ADN. El objetivo es crear oligómeros covalentes de cromóforos, unidos por grupos fosfato, 

que pueden doblarse para proporcionar ensamblados apilados en medio acuoso, mediante 

interacciones solvofóbicas. En otras palabras, pretendemos preparar polímeros de secuencia 

controlada sometiendo cromóforos complementarios a los protocolos automatizados de 

síntesis del ADN en fase sólida, con el objetivo de predefinir su apilamiento intramolecular 

en agua. 
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CAPÍTULOS 1 & 2: QUADRUPLEX TUBULAR DE ADN HIDROFÍLICO Y LIPOFÍLICO 

Nuestro primer reto en estos Capítulos fue el diseño y la síntesis de los componentes 

individuales del monómero, y su apropiada funcionalización para ser sometidos a los 

protocolos de SAFS y, satisfacer los requisitos geométricos para formar una sección 

tetramérica sin tensión. Esta labor sintética fue de todo menos trivial y se dedicó mucho 

esfuerzo a explorar novedosas rutas sintéticas. Hemos desarrollado estrategias optimizadas 

para la preparación de una amplia variedad de purinas y pirimidinas equipadas con diversos 

grupos hidrofílicos o lipofílicos. Los resultados claramente indican que el orden en el cual se 

realizan los pasos de halogenación, protección y acoplamiento de Sonogashira dependen de 

la nucleobase en cuestión y por tanto, nuevas rutas fueron exploradas atendiendo a la 

convergencia, conveniencia, rendimiento y facilidad de purificación. A esto se suma que 

ejecutamos los acoplamientos de estos bloques constructores mediante reacciones 

catalizadas por paladio, así como incorporamos la funcionalidad fosforamidito.  

Es relevante mencionar algunos de los requisitos geométricos para la formación 

efectiva de tetrámeros. En primer lugar, los bloques centrales son π-conjugados, rígidos y 

están equipados en un ángulo de 180° con nucleobases directoras con patrones de enlace de 

hidrógeno complementarios, las cuales son purinas sustituidas en la posición 8, o en 5 para 

las pirimidinas. Cuando las parejas de purina-pirimidina complementarias interaccionan 

mediante enlace de hidrógeno tipo Watson-Crick, se forma un ángulo exacto de 90° entre 

dichas posiciones. Esta interacción es responsable del proceso de ciclotetramerización, el 

cual generaría una sección tetramérica en los Quadruplexes Tubulares propuestos.  

En las purinas aromáticas, la posición N-9, la 2’-desoxirribosa o el correspondiente 

patrón de ribosa se encuentran funcionalizados con diversas cadenas glicólicas o grupos 

protectores con silicio lipofílicos, dependiendo del medio objetivo para los estudios 

supramoleculares (véase Ilustración 2). Por otro lado, las pirimidinas están diseñadas para 

ser sometidas a SAFS. Esto implica la incorporación de una funcionalidad fosforamidito para 

promover la oligomerización. El átomo de fósforo se puede proteger o bien con un grupo 

metoxi para oligonucleótidos liposubles, o con un grupo 2-cianoetoxi, el cual es sensible a 

medio básico, para generar quadruplexes hidrofílicos.  

Por añadidura, las nucleobases están apropiadamente dotadas de grupos protectores 

sensibles a base, para bloquear las aminas exocíclicas e impedir reacciones secundarias 

indeseadas. Estas aminas, así como el grupo 2-cianoetoxi protector del fósforo, y el anclaje al 

soporte sólido, se puede desproteger con tratamiento de amoniaco, después de la 

oligomerización automatizada. Finalmente, el grupo protector sensible a ácido 4,4’-

dimetoxitritilo se emplea para bloquear la funcionalidad hidroxi en la posición 5’ en la 2’-

desoxirribosa de las pirimidinas. 
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Ilustración 2. Componentes moleculares para los monómeros sintetizados en los Capítulos 1&2. 

Algunos de los resultados más relevantes del Capítulo 1 (Quadruplex Tubular de ADN 

Hidrofílico) incluyen el hecho de que en verdad hemos sido capaces de promover la 

oligomerización de los monómeros hidrofílicos AU y GC (véase Ilustración 3) en colaboración 

con el grupo del Dr. Álvaro Somoza en IMDEA Nanociencia. También hemos desprotegido 

exitosamente los grupos sensibles a medio básico y el anclaje al soporte sólido para 

recuperar las secuencias objetivo (esquematizadas en Ilustración 3). Los diferentes 

oligonucleótidos modificados han sido confirmados por espectrometría de masas. Además, 

hemos cumplido dos de nuestros objetivos principales: el control sobre la longitud, ya que 

se han introducido un diverso números de monómeros consecutivos (1, 2, 4 o 8) en la hebra 

de oligómeros resultante; y también el control sobre la secuencia, dado que se ha generado 

una estructura mixta con bloques AU y GC. 
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Ilustración 3. Esquema de los oligonucleótidos modificados sintetizados en fase sólida, mostrando el control 
sobre la longitud o la secuencia mediante incorporación de AU, GC, o combinación de ambos monómeros. 

En el momento en que se presenta esta Tesis Doctoral, estamos realizando estudios 

supramoleculares en agua para comprender mejor el comportamiento supramolecular de 

estas estructuras y confirmar su capacidad para auto-ensamblarse formando quadruplexes. 

De momento, los resultados son prometedores, como se ejemplifica en la señal dicroíca 

obtenida para experimentos de temperatura variable (Ilustración 4). 

 

Ilustración 4. Experimentos de temperatura variable en agua para: a) familia AU y b) familia GC, dirigidos a 
conocer el efecto del número y naturaleza de los monómeros en los oligómeros hidrofílicos. 
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En el Capítulo 2 (Quadruplex Tubular de ADN Lipofílico) hemos preparado 

precursores de monómeros que pueden acoplarse siguiendo los procedimientos de la 

química del fosforamidito, ya sea por métodos automatizados o manualmente en nuestro 

laboratorio. Hemos sintetizado y estudiado el comportamiento supramolecular del 

dinucleósido doble AU_UA y comparado con el dinucleósido AU, anteriormente preparado y 

estudiado en nuestro grupo. El proceso de auto-ensamblaje se monitorizó mediante 

experimentos de concentración y temperatura variable, así como experimentos de 

desnaturalización y asociación (véase ejemplos en Ilustración 5). 

 

Ilustración 5. a) Representación de los procesos supramoleculares implicados para AU_UA; b) disociación 
por dicroísmo (izda), UV-Vis (centro) y emisión (dcha, exc. 360 nm) a 2 x 10-4 M en función de χDMF; c) 

Imágenes de SEM a 2x10-4 M en χDMF = 0.4; d) Espectro de 1H RMN en función de χDMF-d7 a 6 x 10-3 M en 
mezclas con CDCl3, donde se ve la transición desde AU_UA (en DMF pura) a c(AU_UA)2 dímero cíclico (a 

polaridades intermedias) y luego la presencia de polímeros insolubles en CDCl3. 
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Nos percatamos pronto de que las cuestiones relativas a la solubilidad eran de gran 

importancia, ya que una cantidad elevada de codisolvente polar (competidor de enlace de 

hidrógeno) era esencial para mantener el compuesto en disolución. Se evidenció que la 

asociación AU_UA es más fuerte que AU, y que los ensamblados eran capaces de resistir a 

menores concentraciones y cantidades más elevadas de DMF. Sin embargo, los estudios de 
1H RMN parecen indicar claramente que AU_UA no se asocia en tetrámeros cíclicos 

c(AU_UA)4, como hace su análogo AU (véase Ilustración 5d). En cambio, el espectro de RMN 

es compatible con un dímero cíclico c(AU_UA)2, formado por la asociación de dos parejas 

A:U, observado bajo diferentes condiciones experimentales (Ilustración 5a).  

En experimentos similares medidos en dicroísmo circular, pudimos también observar 

y monitorizar este equilibrio monómero-dímero cíclico (véase Ilustración 5b). ahora, en las 

condiciones donde se favorece la asociación por enlace de hidrógeno, este dímero cíclico en 

lugar de evolucionar a un tetrámero doble, el cual debería ser perfectamente soluble, 

prefiere agregarse dando lugar a polímeros abiertos mediante interacciones A:U adicionales, 

para luego precipitar en estructuras poco definidas sin organización clara en la microescala 

(Ilustración 5c). Es una pena que, debido a la limitación de tiempo, el análogo GC_CG no 

pudiera sintetizarse por cualquiera de los métodos expuestos. Dicha molécula tendría un 

valor de EM muchísimo mayor para la ciclotetramerización, y seguramente se ensamblaría 

en tetrámeros dobles cíclicos.  

De cualquier forma, la reactividad y la eficiencia del acoplamiento de los monómeros 

dinucleosídicos lipofílicos activados con la funcionalidad fosforamidito, preparados en el 

Capítulo 2, podrían probarse en el sintetizador de ADN. Si tenemos éxito en estos paso, 

estamos bastante seguros de que el quadruplex supramolecular lipofílico objetivo se podría 

ensamblar desde los oligómeros resultantes, en especial, si son ricos en unidades G-C. 
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CAPÍTULO 3: APILAMIENTO DE SEMICONDUCTORES GUIADO POR OLIGONUCLEÓTIDOS 

En esta novedosa línea de investigación en nuestro grupo, el objetivo era evidenciar 

que el ADN puede actuar como una plantilla robusta, capaz de organizar estructuras 

orgánicas funcionales en arquitecturas programables con una alta precisión. En particular, el 

interés aquí sería crear apilamientos supramoleculares de cromóforos -conjugados 

dadores y aceptores de energía/electrones, en los cuales la secuencia y la longitud del 

apilamiento estaría controlado por las plantillas de oligonucleótidos. Éstos podrían 

interaccionar con los cromóforos y guiar su apilamiento mediante interacciones de 

hidrógeno tipo Watson-Crick complementarias. Aunque actualmente en la literatura 

reciente se conoce mucho sobre las plantillas de ADN supramoleculares, es igualmente 

cierto que el control preciso de la longitud y secuencia del apilamiento no ha sido todavía 

demostrado exitosamente. De hecho, hasta donde llega nuestro conocimiento, solo la 

interacción de enlace de hidrógeno de la pareja A:T (o relacionados) se ha estudiado de 

momento. Por lo tanto, este trabajo constituye el primer ejemplo del uso de las 

interacciones complementarias entre G:C en las plantillas de oligonucleótidos.  

Con este propósito, hemos diseñado y preparado huéspedes que consisten en 

cromóforos derivados de NDI y pireno, los cuales son rígidos y planos, y se encuentran 

disustituidos con motivos de reconocimiento tipo guanina y/o 2-aminoadenina (como se 

ejemplifica en Ilustración 6a). Se han añadido cadenas de oligoetilenglicol a las nucleobase y 

al bloque central para favorecer la solubilidad de estos materiales en medios acuosos, donde 

esperamos que las interacciones hidrofóbicas induzcan el apilamiento. Puesto que estamos 

utilizando moléculas del tipo bolaanfifílicas, se necesitan dos plantillas de oligonucleótidos 

para promover la organización espontánea de nuestros monómeros, generando de ese 

modo hélices dobles.  

Se pueden identificar en este proceso supramolecular dos equilibrios principalmente: 

las moléculas huésped en medio acuoso a temperatura ambiente generan espontáneamente 

agregados debido a la combinación de diversas interacciones no covalentes: fuerzas 

solvofóbicas e interacciones π-π entre superficies aromáticas extendidas. Estas estructuras 

carentes de orden se pueden desagregar si la temperatura aumenta o la 

polaridad/concentración disminuye, ya que los cromóforos se solvantan de una manera más 

eficaz. En este punto, si las plantillas de ADN están presentes, un cambio en las condiciones 

puede controlar el proceso de apilamiento y generar nanofibras precisamente ordenadas 

helicoidalmente con una longitud definida, guiadas por interacciones de enlace de hidrógeno 

entre base complementarias (véase Ilustración 6a). 

Hemos investigado sobre ambos equilibrios, esto es, la influencia de diferentes 

condiciones experimentales para el monómero solo, (mostrado en la Ilustración 6b) y el 

efecto de la presencia de las plantillas de oligonucleótidos (Ilustración 7). Para el equilibrio 

entre huéspedes aislados y apilamientos agregados hemos estudiado las variaciones en el 

UV-Vis y la emisión que experimentan nuestras muestras cuando se modifican la 

concentración, temperatura o cantidad de disolvente polar. En ausencia de una hebra de 

ADN complementaria, los cromóforos sustituidos con purinas se agregan fuertemente y 
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muestran baja solubilidad en agua, incluso se requiere una cierta cantidad de DMF como co-

disolvente (χDMF > 0.2) para solubilizar las muestras. Cantidades aún más elevadas de DMF 

también conllevan desagregación. De hecho, fuimos capaces de controlar el grado de 

agregación desde monómeros “molecularmente disueltos” hasta sistema apilados 

fuertemente agregados simplemente variando la proporción de DMF/agua y/o la 

temperatura. En los experimentos de temperatura variable se monitorizó la emisión (véase 

la Ilustración 6c), lo cual nos permitió determinar el grado de agregación a diferentes 

contenidos de DMF, pero en contra, los cambios considerando la concentración eran mucho 

menos notables.  

 
Ilustración 6. a) Representación de los equilibrios involucrados en el apilamiento de los cromóforos 

guiados por las plantillas de ADN; b) experimentos de temperatura variable de UV-vis (izqda) y emisión 
(centro, exc. 350 nm) a 4.0 x 10-5 M para GNDIG χDMF = 0.33; c) intensidad normalizada de emisión para 

ANDIA/GNDIG a diferentes χDMF en 4.0 x 10-5 M. 

Todos los datos recogidos previamente fueron muy útiles a la hora de ajustar las 

condiciones preliminares para el efecto plantilla del ADN, aunque aún así, fue necesario 

realizar una optimización y la preparación de cada pareja complementaria difería. En 

presencia de la hebra de ADN, la solubilidad de los cromóforos se incrementaba 

significativamente. Los compuestos no eran completamente solubles en agua pura o en un 

tampón de Tris-EDTA, y la interacción entre componentes no se detectó. Sin embargo, la 

adición de una pequeña cantidad de DMF (χDMF > 0.04) resultó en la solubilización de la 

muestra y la aparición de una señal dicróica en la zona de absorción del NDI. Semejante 

fenómeno de inducción quiral es un indicativo de interacciones complementarias entre el 

anfitrión quiral de ADN y las moléculas aquirales huésped cromofóricas. Diversos 

experimentos, en los cuales se evaluaron la cantidad de DMF y los procesos de ensamblaje, 

se llevaron luego a cabo para maximar dicho efecto de inducción quiral. Desde las primeras 

medidas, la relevancia del contenido de DMF como co-disolvente fue evidente ya que era 

capaz de promover la desagregación parcial de los monómeros de ADN, de forma que ambos 
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componentes estuvieran disponibles para la interacción complementaria. Sin embargo, por 

encima de cierta cantidad de DMF, dicha interacción se pierde, posiblemente debido a que 

compite como aceptor por los enlaces de hidrógeno.  

Pronto nos dimos cuenta de la diferencia tan drástica entre los sistemas 

40ANDIA+2dT40 y 40GNDIG+2dC40 respecto a los procesos de ensamblaje termal. En el 

primer caso, la mezcla directa de los dos componentes resulta en la aparición de una señal 

dicróica en la zona de ANDIA inducida por la plantilla de ADN, preliminarmente atribuida a la 

hélice simple. No obstante, la señal se desplaza al rojo con el tiempo o después de un ciclo 

rápido de calentamiento-enfriamiento, y esta nueva señal “termodinámicamente estable” se 

atribuyó a la supuesta doble hélice. Por otro lado, la fuerte agregación de dC40 hace 

necesario el uso de mayores cantidades de DMF como co-disolvente y también un proceso 

lento de ensamblaje para mostrar interacciones con GNDIG, que se caracterizan por una 

señal dicróica en la zona de absorción del GNDIG desplazada al rojo. 

Tras estas pruebas iniciales, hemos realizado experimentos de espectroscopía 

modificando la cantidad de DMF, concentración, temperatura y la proporción 

huésped/anfitrión. En particular los experimentos de temperatura variable de 

40GNDIG+2dC40 a velocidades de enfriamiento lentas revelan una alta cooperatividad en el 

proceso de ensamblaje mediado por el ADN (véase Ilustración 7). No obstante, al comparar 

la evolución de la emsión de GNDIG y 40GNDIG+2dC40 en el mismo rango, está claro que el 

proceso de apilamiento no se ve afectado por la presencia de dC40. En cambio, una vez 

alcanzado cierto tamaño de apilamiento, las hebras complementarias son capaces de 

interaccionar e inducir de forma cooperativa helicidad en el apilamiento de NDI. 

 

Ilustración 7. a) Experimentos de temperature variable (dicroísmo, emisión y UV-Vis) para 40GNDIG+2dC40 
a χDMF = 0.20; b) tendencia para la señal dicróica a 384 nm en agua y buffer; c) Comparación de tendencia 

en fluorescencia para GNDIG, 40GNDIG+2dC40 en agua y buffer. 
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CAPÍTULO 4. FOLDÁMEROS DE SECUENCIA CONTROLADA  

Este Capítulo se desarrolló mayoritariamente en los laboratorios de Prof. Hanadi F. 

Sleiman durante una estancia predoctoral de investigación en la Universidad de McGill en 

Montreal (Canadá) y permanece inconcluso.  

En este último Proyecto, hemos hecho algunos avances preliminares hacia el diseño y 

la síntesis de oligómeros de secuencia controlada constituidos por cromóforos -

conjugados, los cuales pueden auto-ensamblarse en agua generando apilamientos al 

doblarse la estructura. Nuestro objetivo sería el control de la organización de aceptores de 

energía/electrones (naftaleno diimida) y dadores complementarios (pireno) a lo largo del 

apilamiento en una secuencia definida (véase Ilustración 8).  

 
Ilustración 8. Representación de las moléculas sometidas a protocolos de síntesis de ADN en fase sólida y 

algunos de los foldámeros objetivo con los conectores de fosfato flexibles o rígidos. 

Con esta finalidad, dichas unidades cromofóricas fueron adecuadamente equipadas 

con un fosforamidito reactivo y un alcohol primario bloqueado con un grupo DMTr, de forma 

que se pudieran someter los compuestos a procesos automatizados de oligomerización con 

control de la secuencia. Los foldámeros resultantes se apilarían al disolverse en medio 

acuoso, debido a la hidrofobicidad, interacciones π-π y efectos de transferencia de carga. 
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Nos hemos centrado en dos tipos de estructuras de foldámero que básicamente difieren en 

el espaciador de fosfato que conecta las unidades  funcionales. En uno de los ellos (Tipo II), 

el fosforamidito reactivo y el alcohol primario bloqueado se sitúan en los extremos del 

cromóforo. En el otro (Tipo II), solo probado para los derivados de pireno, el cromóforo se 

ancla a una plataforma flexible (que contiene ambos grupos reactivos) a través de una 

reacción click catalizada por cobre.  

Una vez que se han sintetizado los diferentes monómeros precursores de forma 

exitosa, pusimos nuestro empeño en la optimización de los protocolos de síntesis y 

purificación de SAFS. Nos hemos centrado en evaluar diversas metodologías suaves para el 

desanclaje del oligómero del soporte sólido, en la apropiada monitorización por HPLC, y en 

el ajuste de parámetros técnicos usados para el aislamiento de las secuencias diana. 

Después probamos la síntesis de secuencias cortas, principalmente dímeros que combinaban 

los dos cromóforos y de dos conectores geométricos diferentes. Nos percatamos que el 

conector Tipo I es quizás demasiado rígido para un acoplamiento eficiente de las dos 

moléculas de cromóforos, y estas secuencias, en el mejor de los casos se obtuvieron con 

rendimientos muy bajos. En contraste, el uso del espaciador de fosfato más flexible Tipo II 

aumentaba el rendimiento notablemente.  
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TRABAJO EN REALIZACIÓN & PERSPECTIVAS 

En conclusión, se ha desarrollado una estrategia novedosa, versátil y no convencional 

basada en el auto-ensamblaje molecular hacia nanoestructuras bioinspiradas, abordando 

dos temas: creación de Quadruplex Tubular de ADN y el Apilamiento Controlado de 

Moléculas Semiconductoras π-Conjugadas. 

 

Ilustración 9. Temas principales abordados en la Tesis Doctoral: “Novedosas Nanoestructuras Auto-
ensambladas basadas en la Arquitectura del ADN”. Las tres estructuras supramoleculares objetivo han sido: 
Quadruplex Tubular de ADN, Apilamiento de Semiconductores Guiados por Plantillas de Oligonucleótidos y 

Foldámeros de Secuencia Controlada.  
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Se ha preparado una amplia colección de precursores de nucleobases tanto 

hidrofílicos como lipofílicos para la construcción de numerosas moléculas ditópicas basadas 

en el ADN. Adicionalmente, hemos sintetizado varios cromóforos apropiadamente 

funcionalizados para diversos propósitos, actuando como bloques centrales en nuestros 

monómeros, o como el esqueleto de oligonucleótidos modificados.  

Nuestros monómeros fueron oligomerizados siguiendo los protocolos diseñados para 

el acoplamiento por fosforamidito, ya fuera por síntesis automatizada en fase sólida o 

manualmente sin el apoyo del sintetizador. Los oligonucleótidos modificados resultantes 

mostraron ser capaces de auto-asociarse espontáneamente guiados por interacciones tipo 

enlace de hidrógeno complementarios para generar arquitecturas supramoleculares 

interesantes que serán estudiadas con más profundidad en el futuro. Es también interesante 

resaltar que los cromóforos equipados con un cromóforo de NDI fueron eficazmente 

apilados por la acción de las plantillas de ADN. Esto se consiguió de manera controlada, en 

función de la temperatura, cantidad de disolvente polar y otras condiciones experimentales. 

Por último, hemos iniciado también otra línea de investigación sobre foldámeros de 

secuencia controlada, cuyos resultados pueden mejorar el diseño de precursores para la 

oligomerización exitosa por medios automatizados.  

Esta Tesis Doctoral ha desencadenado en líneas de investigación sin precedentes en 

nuestro grupo MSMn, y con estos interesantes y personalizables bloques constructores, se 

pueden abarcar incontables proyectos de investigación bioinspirados y basados en el auto-

ensamblaje supramolecular. Esperamos que esta novedosa estrategia permita ir un paso 

más allá de la nanoconstrucción de arquitecturas complejas desde moléculas químicamente 

programadas via aproximación bottom-up o por el empleo de plantillas.  


	Portada
	ABBREVIATIONS AND ACRONYMS
	TABLE OF CONTENTS
	 Introduction
	1. Hydrophilic TubularQuadruplex DNA
	2. Lipophilic TubularQuadruplex DNA
	3. Oligonucleotide-TemplatedStacking of Semiconductors
	4. Sequence-Controlled Foldamers
	Summary & Conclusions
	Resumen & Conclusiones

