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Abstract
The present study describes the synthesis of 3’,5’- cyclic diguanylic acid (c-di-GMP), attempts
were made to synthesize guanosine bearing a 2’-O-(hexyn-6-yl)- and 2’-O-(6-azidohexyl)modification using 2,6-diaminopurine riboside as starting material. The synthesis of 2’-O(hexyn-6-yl) guanosine started with the alkylation of 2,6-diaminopurine riboside with 6-iodo-1hexyne, which gave a mixture of 2’- and 3’-O-alkylated 2,6-diaminopurine riboside. Treatment
of this product with isobutyryl chloride, followed by ammonium hydroxide gave N2-isobutyryl2’-O-2’-O-(hexyn-6-yl)-2,6-diaminopurine riboside. Subsequent deamination reaction was
carried out with sodium nitrite in a mixed solvent gave the desired N2-isobutyryl-2’-O-2’-O(hexyn-6-yl) guanosine. N2-Isobutyryl-2’-O-(6-azidohexyl) guanosine was also obtained in the
similar manner. Synthesis of a second building block, a suitably protected guanosine Hphosphonate was also attempted using guanosine as starting material. Experimental and spectral
data are provided for new compounds.
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Chapter 1

1 Introduction
3’,5’-Cyclic diguanylic acid (c-di-GMP) is a bacterium-derived small cyclic dinucleotide that
emerged as a universal bacterial secondary messenger in regulating a wide range of biological
processes in bacteria. The main goal of this project is to synthesize 2’-modified analogs of c-diGMP in a way where the modification will have lesser effect on the molecular interaction. In this
respect, it is of importance to label c-di-GMP at the 2′-OH position of guanosine with a longer
linker separating the core c-di-GMP structure from a labeling agent, such as biotin or a
fluorophore. As fluorophore or biotin will allow for the tracking of the cellular and tissue
distribution of c-di-GMP, and potentially identifying molecules in cells that bind c-di-GMP,
respectively, these c-di-GMP analogs will find important applications in studying biological
processes involving c-di-GMP.
Toward this goal, synthesis of a guanosine derivative bearing a terminal alkyne or azido through
a six-carbon alkyl linker is required. The synthesis starts with a commercially available
nucleoside, 2,6-diaminopurine riboside (DAPR) 1.
First, the synthesis of c-di-GMP analogues bearing C6 alkyl linker 7 will be carried out. The
synthesis of this building block starts with alkylation of DAPR 35 at the 2’-O-position to give the
corresponding 2 followed by transformation into suitably protected guanosine 5 and further
conversion of this guanosine analog 5 into the 3’-O-Lev building block 7 (Scheme1-1 a).

1

Second, the synthesis of c-di-GMP analogues bearing C6 azido linker 13 will be performed. The
synthesis of this building block also starts with alkylation of DAPR 1 at the 2’-O-position to give
the corresponding 8 followed by transformation into suitably protected guanosine 4 and further
conversion of this guanosine analog 11 into the 3’-O-Lev building block 13(Scheme1-1 b).
Last, the synthesis of the second building block will begin by converting guanosine 14 into 2’-OCpep-N2-isobutyryl protected guanosine 16. Transformation of this monomer into 3’-Hphosphonate will give the second building block 18 (Scheme 1-1 c). Coupling of the two
monomers, 7/ 13 and 18, will generate the corresponding linear dimer 19a/19b. Cyclization will
be achieved using the modified H-phosphonate approach to give 2’-O-alkylated c-di-GMP
analog 23a/23b. This will allow for conjugation of c-di-GMP bearing alkynyl or azido
functionality with the corresponding cycloaddition click coupling partners.

2

Scheme 1. 1 Proposed synthesis of modified c-di-GMP at the 2’-O-position via the modified H-

phosphonate method. (a) First building block 7. (b) First building block 13 (c) Second building
block 18. (d) Coupling and cyclization of first and second building blocks, with subsequent
conjugation with biotin or a fluorophore to ultimately generate a labelled analogue of c-di-GMP
24a and /or 24b.

Historical
1.1 Introduction to c-di-GMP
Linear and cyclic nucleotides are used in eukaryotes and prokaryotes to regulate various
cellular processes in response to extracellular cues, such as changes in temperature, nutrients,
stress and pH.1,2 In bacteria, cyclic nucleotides such as cyclic guanosine mono-phosphate
(cGMP), cyclic adenosine mono-phosphate (cAMP), guanosine tetra- and pentaphosphate
((p)ppGpp), and the more recently discovered cyclic diadenosine monophosphate (c-di-AMP)
and cyclic bis-(3’,5’)-diguanylic acid (c-di-GMP) have been recognized as important second
messengers (Figure 1-1)3 that control very different biological processes.

3

The story of c-di-GMP began in the early 1980s in the laboratory of Moshe Benziman at the
Department of Biological Chemistry of the Hebrew University of Jerusalem, Israel, when this
nucleotide was discovered in 1987 as an allosteric regulator in cellulose synthase in
Gluconacetobacter xylinus (formerly Acetobacter xylinum).4,5 C-di-GMP is now recognized as
an important universal bacterial second messenger. During the past decade or so, c-di-GMP has
been established as a ubiquitous intracellular signaling molecule in microbial species where it
was found to regulate a wide range of cellular processes.6 Changes in the intracellular
concentration of c-di- GMP have been associated with the regulation of exopolysaccharide
(EPS) biosynthesis, cell-to-cell adhesion, bacterial biofilm production, motility, and expression
of virulence factors.7,8,9,10

Figure1-1 Structures of known nucleotide-based second messengers.

4

While c-di-GMP is absent in mammalian systems, it was demonstrated that c-di-GMP can
stimulate the immune system to prevent bacterial infections and has therefore been evaluated as a
potential vaccine adjuvant .11,12,13,14 Furthermore, it was also reported that c-di-GMP inhibits
cancer cell proliferation in vitro and hence it could find use as an antitumor therapeutic agent.15,16
The intracellular level of c-di-GMP concentration varies in bacterial species and at different
stages in the growth phase.17 The intracellular concentration of c-di-GMP is modulated through
the activity of diguanylate cyclases (DGCs) and phosphodiesterases (PDEs) (Figure 1-2).14,17,18,

Figure1-2 Biosynthesis and degradation of c-di-GMP. (Reprinted from the American
Chemical Society). 14
DGC converts two molecules of guanosine triphosphate (GTP) to c-di-GMP through a linear
intermediate pppGpG. This enzyme contains a well-conserved GGDEF (Gly, Gly, Asp, Glu,
Phe) protein domain.19,20 The DGC enzyme can be inhibited by the binding of c-di-GMP to a
5

primary inhibition site (I-site) containing an RXXD motif.15 PDE enzyme linearizes c-di-GMP to
pGpG, which is subsequently hydrolyzed to two guanosine monophosphate (GMP). The latter
enzyme contains conserved EAL (Glu, Ala, Leu), or the more recently described HD-GYP
domains. DGC enzymes containing HD-GYP domain degrade c-di-GMP directly into GMP,21
whereas those containing EAL domain degrade c-di-GMP in a stepwise manner, breaking it
down into 5’-pGpG-3’ first, followed by a second, slower cleavage into GMP. Both classes of
PDE require the presence of Mg2+ or Mn2+.22,23 If these cations are not present or replaced with
other divalent cations such
as Ni2+, Fe2+, Ca2+, or Zn2+ the PDE enzymes are inhibited.23,24 DGC and PDE enzymes are
often coupled to diverse sensory input domains which regulate the enzymatic activities upon
perception of environmental stimuli.15

1.2 Polymorphism of c-di-GMP
C-di-GMP is a C2-symmetric molecule that consist of a 12-membered macrocycle formed by the
ribose and phosphate moieties and two guanine groups.14,25 This molecule has been shown adopt
several polymorphs (Figure1-3). 26
The Jones,25,27 Sintim,28 and Grzesiek25 groups studied c-di-GMP polymorphism using various
spectroscopic techniques such as nuclear magnetic resonance (NMR), circular dichroism (CD),
UV, and X-ray crystallography. 24, 25, 27, 28 The first discovered polymorphism of c-di-GMP was
the intercalated dimer which was crystalized in the presence of Mg2+or Co2+ in some structures.
25,29

, Jones et al. showed that c-di-GMP can adopt more complex structures known as G

quadruplexes in which the guanines of the c-di-GMP associate through Hoogsteen base pair to
form large aromatic planar structures know as G-tetrads (Figure1-3).27 Sintim and co-workers

6

Figure1-3 Cartoons of proposed self-assembled structures of c-di-GMP. 26 Reprinted with
permission from (J. Am. Chem. Soc., 2011, 133 (24), pp 9320–9330). Copyright (2018)
American Chemical Society.
showed that an analog of c-di-GMP called endo-S-c-di-GMP in which one of the bridging
oxygens in the phosphodiester linkage was replaced with a sulfur, has a much lower propensity
to form higher order aggregates.26 In solution the equilibrium of dimeric, tetrameric and
octameric c-di-GMP species is effected by both c-di-GMP concentration and the presence of
metal ions.29,27
At low concentrations of c-di-GMP and the presence of smaller metal ions such as Li+, Na+, and
Mg2+ the equilibrium prefers the formation of bimolecular self-intercalated structure. However,
7

at higher concentrations and presence of larger metal ions, such as K+ and Rb+, the equilibrium
prefers the formation of quartet complexes (Figure1-4).27 The polymorphism of c-di-GMP can be
of biological relevance, as it has been shown that DGC can be inhibited by dimeric c-di-GMP,
when intracellular levels of c-di-GMP is high.27

Figure1-4 Cartoon of c-di-GMP intermolecular assembly. (Reprinted from the American
Chemical Society). 27

1.3 Mucosal vaccine adjuvants
The main goal of vaccination is the generation of strong and long lasting immune responses
that can protect the host against infectious diseases or other forms of disorders.30,31,32 In fact,
most pathogens enter the body via the mucosal surface, thus immunization by mucosal routes is
more effective at inducing protective immunity against mucosal pathogens than systemic
immunization.33,34 The immune system is composed of two primary parts: the mucosal and
systemic immune systems. The systemic immune system functions in normally sterile
conditions, actively and ferociously react to all foreign antigens. Most routine vaccines are
delivered via the systemic system, resulting in systemic immunity, therefore induces lesser
8

degree of immune response.35 The mucosal system, which include gastrointestinal, respiratory,
and urogenital tracts, are major disease sites and entry points of microbial pathogens in
humans.33 Vaccines administered through the mucosal systems bear advantages over systemic
vaccination, such as better patient compliance. More importantly, a successful vaccination
through the mucosal system will not only illicit protective immunity at the mucosal surfaces, but
also systemically. In contrast, systemic vaccination usually does not provide protective immunity
at mucosal systems. As such, there is a need to expand the capability in mucosal vaccination.
Development of effective mucosal vaccines is, however, challenging, as protein antigens
presented to the mucosal systems are usually tolerated, without leading to the activation of host
immune system. This issue can be overcome if a potent antigen, such as killed or attenuated
pathogen, is used, however, there are safety concerns with the use of these antigens in the
possible reversion of virulence. Another way to overcome the difficulty in activating the host
immune system by mucosal vaccination is to incorporate a potent adjuvant.36 Adjuvants are
critical not only in enhancing immune response, but they may also lead to reduced antigen doses,
accelerate the process for establishing productive immunity, stimulate long-term memory, and
modulate the quality of the response according to the speciﬁc clinical needs.30,31
Because of its ability to stimulate and modulate the host innate immune response, c-diGMP has been recognized as a promising mucosal vaccine adjuvant candidate in the last
decade.12,37,38, 39
Karaolis in 2006 demonstrated the use of c-di-GMP as an adjuvant and immune enhancer for the
first time. In their mice study, c-di-GMP was co-injected as an adjuvant and S. aureus clumping
factor A (CLfA) as the antigen, resulting in the production of significantly higher anti-ClfA IgG
antibody titers in serum compared with injections of ClfA alone.12
9

Yan found that intranasal administration of c-di-GMP in mice, along with the
pneumococcal surface adhesion A (PsaA) resulted in the induction of PsaA-specific IgA in both
local and distal mucosal sites, as well as serum specific IgA responses. Furthermore, this
intranasal vaccination provided protective immunity to mice, as evidenced by the reduced
bacterial burden in the lungs upon challenges with bacterial infections. The level of reduction in
bacterial burden is in fact comparable to, if not better than, when the golden-standard mucosal
vaccines adjuvant cholera toxin was used (Figure 1-5).40

Figure1-5 Reduction of bacterial colonization in mice immunized with PasA-c-di-GMP. Left
panel: Immunization with PsaA alone does not affect S. pneumoniae carriage in nasal wash.
Right panel: Immunization with PsaA admixed with either cdiGMP or CT significantly decreases
bacterial burdens in the nasal wash of mice. (Reprinted from the Biochemical and Biophysical
Research Communications). 40
Madhun highlighted the role of c-di-GMP as a mucosal vaccine adjuvant in viral infections.
Their study focused on a pandemic, highly fatal avian influenza virus, H5N1, which can be
10

transmitted from birds to humans. They investigated the humoral and cellular immune response
of intranasal and intramuscular administered plant derived influenza H5N1 virus antigen
individually and in the presence of c-di-GMP as an adjuvant. The results showed that intranasal
administration of vaccine using c-di-GMP as adjuvant led to the highest levels of serum IgA and
Th1 cytokine when compared to control groups. Thus c-di-GMP as a vaccine adjuvant was
successful in stimulating both cell-mediated immunity and haemagglutination inhibition.41

1.4 Immunostimulatory properties of c-di-GMP
Innate immunity is the first line of defense against invading antigens; it consists of pathogen
recognition receptors (PRR) which recognizes conserved microbial molecules (i.e. Pathogenassociated molecular patterns (PAMP)) for initiation of innate immune response. Compounds
that can stimulate the immune system are potentially valuable in the design of new adjuvants,
vaccines and other immunotherapeutics. C-di-GMP has been reported to have extraordinary
immunostimulatory and immunomodulatory properties,42 thereby it might potentially be used to
minimize and prevent diseases.43,44 A few studies have been conducted to test its immune
therapeutic potential since the original finding in 2007 by Karaolis who reported that incubation
of human immature dendritic cells (DCs) with c-di-GMP resulted in increased expression of
CD80/CD86 and maturation marker CD83, as well as increased major histocompatibility
complex (MHC) class II, production of cytokines and chemokines, and altering the expression of
chemokine receptors, thus supporting the notion that c-di-GMP has a T-cell stimulatory
activity.44,45
Another study by the same group investigated the prophylactic effect of c-di-GMP on mice.
Administration of c-di-GMP 12 and 6 h before bacterial infection resulted in a significant
prophylactic effect with a 1.5 and 3.8 log reduction of the bacterial CFU in tissues, respectively.
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These data demonstrated that c-di-GMP is an immunostimulatory molecule triggering innate and
adaptive immune response.12
Yan et al. reported42 that treatment of mice intranasally with 0, 5, 10, and 69 µg of c-diGMP in injectable phosphate buffer saline (PBS) induced a dose-dependent recruitment of
inflammatory cells into the bronchoaveolar spaces, with majority of recruited cells being
neutrophils, whereas Luminex analysis showed significant dose-dependent induction of key
proinflammatory cytokines and chemokines, indicating that c-di-GMP is immunostimulatory at
one of the mucosal sites and has potential to function as a mucosal adjuvant.
Phosphorothioate analogs of c-di-GMP S1 and S2, where either one or two non-bridging
oxygen atoms of the phosphodiester linkages is replaced with sulfur, respectively, were also
evaluated for their immunostimulatory properties and were shown to retain immunostimulatory
function by the induction of pulmonary neutrophil recruitment and local proinflammatory
cytokine and chemokine responses (Figure 1-6). The induced inflammatory responses by the
phosphorothioate analogs of c-di-GMP, however, were substantially milder than those of c-diGMP, eliciting fewer neutrophils and lower levels of chemokines compared with c-di-GMP
treated mice. Therefore, it is possible that these analogs can be clinically superior to c-di-GMP as
mucosal adjuvants with fewer side effects.42
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Figure1-6 Induction of pulmonary neutrophil recruitment by c-di-GMP and its analogues
cdiGMP-S1 and cdiGMP-S2.42 (Reprinted with permission from Elsevier)
Further study by the Yan group showed that intranasal treatments of mice with varying
doses of c-di-GMP reduced the bacterial burdens in both the lungs and spleen. While treatments
with the three dosages reduced the bacterial burdens in the spleen almost equally efficiently.46
A recent study by Elahi47 demonstrated the possibility of using c-di-GMP to enhance the
innate immune response against pertussis, a respiratory infection mainly caused by Gramnegative bacterium Bordetella pertussis. In this regard, intranasal treatment of mice with c-diGMP 24 h before infection with B. pertussis produced significant reduction of bacterial counts in
lungs at 2, 4, 6 days post challenge (Figure1-7).47
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Figure1-7 Pretreatment with c-di-GMP reduces the bacterial load in the lungs of mice
challenged with B. pertussis. Mice were intranasally treated with c-di-GMP or control (PBS) at
24 hr prior to challenge. Bacterial counts were determined at day 2, 4 and 6 post challenge. The
results are expressed as the mean values 6 the standard deviations per lung, as counted from
individual lungs of 10 mice per group from three separate experiments.47(Reprinted from
Immunology).
These data strongly support that intranasal treatment with c-di-GMP lead to the induction of
innate immune responses. The immune responses were associated with an earlier and more
vigorous expression of Th1-type cytokines, as well as an increase in the nitric oxide induction in
the lungs of treated animals, resulting in reduction of bacterial numbers in the lungs of infected
mice.

1.5 C-di-GMP and STING protein
Recognition of pathogen by immune cells is critical for the initiation of protective responses
against bacterial, viral, and fungal pathogens.48 The innate immune system detects infection by
14

using pattern recognition receptors (PRRs),49 which recognize conserved structures in pathogens
and induce the production of different cytokines such as type I interferons (IFNs) that are
essential for pathogen elimination.50,51
STING (stimulator of IFN genes) is a transmembrane protein that has been identified as a
direct sensor for c-di-GMP in the host, for the activation of innate immuneity.48 Therefore, c-diGMP acts as a pathogen associated molecular patterns (PAMPs) which is recognized by the host
immune system and initiates an immune response.52,53,54
It was demonstrated that STING functions as a major histocompatibility complex class II (MHC
II)-interacting protein, however the biological role of this interaction remains unclear.55Study on
STING protein by Ishikawa et al using cDNA library-based screening identified STING as a
critical component of intracellular DNA-mediated innate immune response.56 STING has a major
role in detecting the presence of viruses, intracellular bacteria and eukaryotic pathogens and
function in clearing the infection by cytokine induction provided by downstream signaling of
receptor.57
Studies using STING-deficient mice confirmed the central role of STING in response to
cytosolic nucleic acids.51,58 Presence of microbial or cellular DNA in the cytoplasm of
mammalian cell acts as a danger signal, and is detected by the DNA sensor cyclic GMP-AMP
synthase (cGAS), that catalyzes the production of cGAMP as a second messenger from ATP and
GTP in the presence of microbial DNA, to activate innate immune response by binding adapter
protein STING. cGAMP binds STING by an endothermic process, with a higher affinity than cdi-GMP, while c-di-GMP binding is exothermic.59 STING is an endoplasmic reticulum (ER)associated protein which mediates cytosolic pathogen DNA induced innate immune signaling.56
STING protein consist of 379 amino acids in human. Human and mouse STING protein share
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81% similarity and 68% identity.60 Binding of cyclic dinucleotides to STING proteins causes its
dimerization and translocation from the endoplasmic reticulum (ER) to the Golgi apparatus.
After relocation, STING recruits a serine/threonine kinase TBK1, leading to phosphorylation of
IRF3. IRF3 when phosphorylated, dimerizes and translocates to the nucleus to regulate gene
transcription of various cytokines.51,61
Crystal structure studies using the carboxy-terminal region of STING confirmed that STING
protein contains an N-terminal transmembrane region and a cytosolic C-terminal domain
(CTD).62 Ouyang in 2012 determined the crystal structure of STING CTD alone as well as
complexed structure with c-di-GMP. STING functions as a dimer with a V-shaped architecture
in the presence and/or absence of c-di-GMP with a deep crevice between the two monomers,
which can naturally accommodate the cyclic dinucleotide ligands. Interestingly, several groups
reported that the STING dimer did not show obvious structural rearrangement after c-di-GMP
binding

(Figure 1-8).52The strictly conserved region (residues 153-173) is shown to be

cytosolic and participates in dimerization via hydrophobic interactions.62 In response to c-diGMP binding, two surface loops, which serve as a gate and latch of the cleft formed by the
dimeric STINGCTD, undergo rearrangements to interact with the ligand.
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Figure1. 8 Complex structure of STING CTD WITH c-di-GMP.52(Reproduced with permission
from Immunity).
The structure of the c-di-GMP–bound STINGCTD reveals a dimeric receptor–ligand complex
with two to one stoichiometry. The structures of the two STINGCTD molecules in the c-diGMP–bound complex are generally very similar to the structure of apo-STINGCTD. C-di-GMP
adopts a U-shaped conformation that binds to the central crevice of a STING dimer at the
dimerization interface and assumes a dimerically symmetrical conformation through a series of
interactions that include asymmetric hydrogen bonding mediated by surface acidic residues
and/or water and stacking interactions between guanines of c-di-GMP and phenolic rings of a
conserved tyrosine. Furthermore, binding of c-di-GMP does not alter the overall structures of
STINGCTD protomer and dimer.
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Shan-Ho and co-workers described in 2013 a novel structure of mouse STING CTD (mSTING)
that can be used as a target for rational drug design to stimulate IFN production in mammalian
cells and target intracellular nucleic acid sensing pathways due to its binding affinity to c-diGMP. They found that mSTING exhibited considerable differences from known human STING
CTD (hSTING).62 Moreover, the mSTING apo and c-di-GMP bound structures are more
compacted and closed compared to the open form reported in hSTING protein.

1.6

Preparation of c-di-GMP
C-di-GMP can be synthesized chemically or enzymatically. Each of these approaches has

advantages and disadvantages. The chemical approach is flexible and can be scaled up, however,
it usually involves multiple steps and is labour-intensive.34,63 On the other hand, the enzymatic
production of c-di-GMP using bacterial diguanylate cyclase domain involves only single
condensation of two GTP molecules.19 Enzymatic synthesis, however, is usually not capable in
producing analogs. Furthermore, product inhibition and stability of the enzymes present
challenges in producing relatively large quantity of c-di-GMP.
1.6.1 Enzymatic synthesis of c-di-GMP
C-di-GMP can be obtained directly from natural sources such as bacterial cells, although the
low intracellular concentration of c-di-GMP makes this approach impractical for c-di-GMP
production.47,64 The enzymatic synthesis of c-di-GMP suffers from low yield due to protein
instability and strong product inhibition. However, Rao et al. reported an approach where
hundreds of milligrams of c-di-GMP can be produced from GTP using thermophilic DGC
domain protein with significantly improved thermostability and reduced c-di-GMP product
inhibition.65
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1.6.2 Chemical synthesis of c-di-GMP
On the other hand, chemical synthesis of c-di-GMP allows the preparation of c-di-GMP and
its analogues on a large scale. The choice of phosphorylation method and protection method of
2’-OH of ribonucleoside are the two important challenges for this approach. So far, the chemical
synthesis of c-di-GMP has been carried out in solution using the phosphotriester,
phosphoramidite, H-phosphonate, and modified H-phosphonate approaches.
1.6.2.1 Phosphotriester approach
Phosphotriester approach was used in the first chemical synthesis c-di-GMP reported by van
Boom et al. in 1990,66 where 2’-OH of guanosine in c-di-GMP 25 was protected with
tetrahydropyran-2-yl (Thp 26). 2,4,6-Triisopropylbenzenesulfonyl-3-nitro-1,2,4-triazole (TPSNT
27) was used to effect the coupling and cyclization reactions to give the cyclized compound 28
(Scheme 1-2).
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Scheme 1-2 Cyclization using the phosphotriester chemistry.46 Reagents and conditions: i)
pyridine, TPSNT.
1.6.2.2 Modified phosphotriester approach
In 2003 Hayakawa et al. reported the modified phosphotriester approach for the synthesis of
c-di-GMP.67 In this synthesis the building block 30 was prepared through the imidazolium
perchlorate (IMP)-promoted reaction of the nucleoside phosphoramidite and 2-cyanoethanol for
30 min in acetonitrile in the presence of 3Å molecular sieves (MS), followed by oxidation with
2-butanone peroxide (BPO), and detritylation with dichloroacetic acid in dichloromethane.
Subsequently, one molar equivalent of the two building blocks 29 and 30 were condensed in the
presence of imidazolium perchlorate in acetonitrile in the presence of 3Å MS. The resulting
product was oxidized with 2-butanone peroxide followed by detritylation to give 31. The
compound 31 was then treated with concentrated aqueous ammonium hydroxide to remove the
cyanoethyl group, and the resulting product was converted to the cyclic compound 32 by the
treatment with a mixture of triisopropylbenzenesulfonyl chloride (TPSCl) and

N-

methylimidazole. The fully protected cyclic compound 32 was deprotected first by treatment
with

a

catalytic

amount

of

Pd2[(C6H5CH=CH)2CO]3·CHCl3

in

the

presence

of

triphenylphosphine and butylammonium formate, followed by exposure to (C2H5)3N·3HF to give
the diammonium salt of 33 (Scheme1-3). This modified phosphotriester approach has several
advantages over the original phosphotriester approach. First, the coupling yields are much higher
than the original phosphotriester chemistry. Second, phenylacetyl group was used to protect the
exocyclic amine in the original phosphotriester chemistry, which requires incubation in
concentrated aqueous ammonium hydroxide at elevated temperature, which might cause
decomposition of the target product. On the other hand, the modified phosphotriester chemistry
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used allyloxycarbonyl groups for the protection of guanine bases, which were removed under
mild conditions by treatment with an organopalladium catalyst.

Scheme 1-3 Modified phosphotriester approach. Reagents and conditions: i) HOCH2CH2CN,
IMP (imidazolium perchlorate), CH3CN, (ii) 6.7% 2-butanone peroxide (BPO)/toluene solution,
5 min; (iii) ClCHCOOH, CH2Cl2, 0ºC, 5 min; (iv) phosphoramidite 29, IMP, CH3CN, 30 min;
(v) conc. aq. NH3–CH3OH (1:10 v/v), 60 min; (vi) triisopropylbenzenesulfonyl chloride
(TPSCl), N-methylimidazole, THF, 12 h; (vii) Pd2(dba)3·CHCl3, P(C6H5)3, n-C4H9NH3+HCOO-,
THF,10 min; (viii) (C2H5)3N·3HF, 12 h.
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1.6.2.3 H-Phosphonate approach
The H-phosphonate approach was proposed by Jones in 200428 for c-di-GMP synthesis
where the 5’, 2’-protected compound 34 (Scheme 1-4) was transformed into two different
building blocks, O-methyl and O-cyanoethyl phosphoramidite monomers 35a and 35b,
respectively, and H-phosphonate 36. 35a or 35b was first coupled with 3’-H-phosphonate 36 to
give a dimer H-phosphonate 37. Cyclization of linear dimer 37 was then effected by
adamantoylcarbonyl chloride to give the corresponding cyclic H-phosphonate diester, and
oxidized in situ to give the fully protected cyclic c-di-GMP 38 as a mixture of diastereomers.
Deprotection using aqueous ammonium hydroxide and tetraethylammonium fluoride gave fully
deprotected c-di-GMP 39, which was purified by reverse phase HPLC, with an overall yield of
79% from 38a.
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ib:
Isobutyryl; TBS: tert-butyldimethylsilyl; DMT: dimethaxytrityl.
Scheme 1-4. H-Phosphonate approach for the synthesis of c-di-GMP. Reagents and conditions:
i) Bis(diisopropylamino)methyl or bis(diisopropylamino)cyanoethyl phosphoramidite and
pyridinium trifluoroacetate; (ii) 2-chloro-4H-1,3,2-benzodioxaphosphorin-4-one; (iii) pyridinium
trifluoroacetate; (iv) tert-butylhydroperoxide; (v) sulfonic acid resin; (vi) adamantoylcarbonyl
chloride; (vii) methanol/NBS; (viii) pyridine/aq NH3 (1:1); (ix) TEA/HF.

In the synthesis described above, either tert-butyldimethyl silyl (TBDMS) or tetrahydrapyranyl
group was used for the protection of 2’-OH.66,67 While the TBDMS group can undergo basecatalyzed migration, removal of the 2’-O-tetrahydrapyranyl group requires fairly harsh acidic
conditions which can lead to migration and degradation to the ribonucleotides.34
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1.6.2.4 Modified H-phosphonate approach
The modified H-phosphonate approach was demonstrated in 2007 towards the synthesis of
c-di-GMP (Scheme 1-5).34,42 In this approach

the 2’-OH was protected by the 1-(4

chlorophenyl)- 4-ethoxypiperidin-4-yl (Cpep) and H-phosphonate diesters were oxidized in situ
with a sulfur transfer reagent to give the corresponding phosphorothioate triester intermediate 40.
The cyclization was effected by diphenyl chlorophosphate at -40ºC to give the fully protected
cyclic compound 41. The fully-deprotected c-di-GMP was obtained, after a three-step
deprotection process, simply by precipitation, rather than HPLC purification. By using a
different sulfur transfer reagent, it is also possible to synthesize phosphorothioate analogs of cdi-GMP where the non-bridging oxygen is replaced by sulfur (compound 43 and 44).
A new feature of this method was that 1-(4-chlorophenyl)-4-ethoxypiperidine-4-yl (Cpep) was
used as a 2’-OH protecting group, instead of the commonly used TBDMS group. This Cpep
group has the advantage of easy deprotection under mild acidic conditions (pH 4, 35–40°C, 5
hours). Also, O-6 and N-2 double protection increased the solubility of guanosine and prevented
side reactions with phosphorylating agents.34
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Scheme 1-5 The modified H-phosphonate chemistry in c-di-GMP synthesis.

1.7 Labelling c-di-GMP at the 2’-position
C-di-GMP has emerged as an important molecule in regulating a variety of bacterial
processes and a potent immunostimulatory agent and potential vaccine adjuvant, however, there
still lacks knowledge in the cellular and tissue distribution of c-di-GMP, its involvement in
activating the host immune system.
In this respect, an ability to better characterize molecules that bind c-di-GMP will be of
importance. In addition, availability of a fluorophore covalently attached to c-di-GMP will also
allow for the study of its cellular and tissue distribution.
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1.7.1 Previous synthesis
1.7.1.1 Synthesis of fluorescent analogue of c-di-GMP

In 2012 Sharma showed the synthesis of the fluorescent analogue of c-di-GMP called Mant –
c-di-GMP or MANT-CDG (Figure1-9 46).68 MANT-CDG was prepared by the coupling of Nmethylisatoic anhydride (MANT 45) with c-di-GMP where the MANT is covalently linked with
the 2’-oxygen of the ribosyl moieties in c-di-GMP with the loss of CO2 (Figure1-9). The
fluorescence of MANT-CDG is sensitive to changes in microenvironment which can be used to
study the interaction with c-di-GMP binding proteins, including DGC, PDE and PilZ domain
containing proteins. MANT-CDG was shown to inhibit the conversion of GTP to c-di-GMP
catalyzed by PleD through the inhibition of DGC activity. A drawback in this design is that a
bulky fluorophore is directly attached at the 2’-OH position of c-di-GMP, which is likely to
interfere with c-di-GMP-receptor interactions, preventing it from behaving as a native c-di-GMP
molecule.

Figure1-9 Synthesis and structural validation of Mant-(c-di-GMP) or MANT-CDG.
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1.7.1.2 Synthesis of 2’-O-propargylated c-di-GMP analogue
Beaucage and co-workers in 2010 reported the synthesis of propargylated c-di-GMP 57
from two commercially available starting materials 47 and 50 as building blocks.61 The 2’propargylated monomer 49 was prepared in two steps from 2’-O-propargyl-5’-O-DMTr-N2isobutyrylguanosine. This monomer was then used to generate the corresponding linear dimer 52
by the coupling with phosphoramidite 50. After deprotection of DMTr group, phosphitylation led
to formation of a mixture of two phosphoramidites 54 and 55, which afforded the fully protected
cyclic dimer 56 upon cyclization. Deprotection finally yielded c-di-GMP bearing a propargyl
group at the 2’-position (Scheme 1-6).69
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Scheme 1-6 Synthesis of propargylated c-di-GMP. Reagents and conditions: i) levulinic
anhydride, pyridine, 25°C, 16 h; ii) 80% AcOH, 3 h; (iii) 1H-tetrazole, MeCN, 2 h, 25°C; (iv)
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tert- BuOOH/decane, 30 min; (v, vi) hydrazine hydrate/AcOH/C5H5N, 15 min, then 2,4pentanedione, 5 min; (vii) 80% AcOH, 3h, 25°C; (viii) (i-Pr2N)2POCH2CH2CN, 1H-tetrazole
(1.0 equiv at the rate of 0.25 equiv/15min), MeCN, 1 h; (ix) 1H-tetrazole (2 equiv), MeCN, 16 h;
(x) conc. aq. NH3, 30 h, 25°C;(xii) Et3N•3HF, 20 h, 25°C.
The 2’-O-propargylated c-di-GMP was then reacted with biotin bearing an azido group via the
Click chemistry (Figure 1-10) to give the c-di-GMP – biotin conjugate 58.

Figure1. 10 Biotinylation of the propargylated c-di-GMP
Biotinylated c-di-GMP 58 derived from the propargylated c-di-GMP has been used to identify
and characterize the proteins and other molecules involvedin recognizing and binding to c-diGMP, which may provide valuable insight into their signaling pathways and bioactivity in
prokaryotes and eukaryotes.69 It has been found that some, but not all, c-di-GMP receptors can
tolerate the modiﬁcation of c-di-GMP with biotin.70 In addition, biotin substitution of c-di-GMP
at the 2’-position was found to discriminate between c-di-GMP class I and class II riboswitches,
where 2’-modified c-di-GMP binds class II, but not class I, c-di-GMP riboswitches.70,32
We hypothesized that this discrimination between class I and class II riboswitches is most likely
due to the location of the triazole linker, which is a mere one carbon away from the 2’-oxygen in
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58. As the triazole is too close to c-di-GMP core structure, it is likely to disrupt the c-di-GMPligand interactions.
1.7.1.3 Heidari and Burdilov’s attempts for the synthesis of 2’-O-modified c-di-GMP
To address the problem with the congestion between the triazole linker and the c-di-GMP
core structure in the final product reported by Beaucage et al., recent work by Heidari described
attempts toward the synthesis of c-di-GMP analog 59 with a six-carbon alkyl linker bearing a
handle for conjugation at the 2’-OH position in the form of a primary amine (Figure1-11).71

Figure1. 11 Structure of c-di-GMP analog in the synthesis attempted by Heidari.
The synthesi starts with a diaminopurine riboside (DAPR) building block 1, which was
alkylated with 6-bromohexyl benzyl ether (Scheme 1-7). The reaction led to the formation of a
mixture of products with alkylation at 2’, 3’, or 5’-OH, with the 2’ alkylated product 62 being
isolated in ca. 35% yield. The 2’ alkylated product 62 was subsequently protected with
tetraisopropyl disiloxane (TIPDS) at the 3’ and 5’-OH, giving 2’-O-alkyl-3’,5’-O-TIPDS
diaminopurine riboside 63 in 90% yield. The diamonopurine riboside 63 was then selectively
acylated through a two-step process by first treating 63 with isobutyryl chloride to give N2,N6bisacylated DAPR followed by treatment with concentrated aqueous ammonium hydroxide. The
desired mono-acylate DAPR 64 was isolated in a 65% overall yield. This compound was then
converted to a guanosine derivative 65 through a deamination reaction. As the TIPDS protecting
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group tends to be partially cleaved during the deamination reaction, 64 was first treated with
tetraethylammonium fluoride (TEAF) to completely remove TIPDS, as it is much easier to
follow the progress of deamination reaction in the absence of partially deprotected TIPDS group
and to purify the final product. The deamination involved treatment with sodium nitrite in an
aqueous mixture of N,N-dimethylacetamide and acetic acid. To the mixture multiple portions of
sodium nitrite was added for seven days to give deaminated guanosine as a final product 65in
75% yield. The product was protected with TIPDS again at the 3’- and 5’-hydroxyls to give 66 in
88% yield. Guanosine 66 was then subjected to hydrogenation using stoichiometric amounts of
palladium on charcoal over seven days to remove the benzyl protecting group, giving 67 in 96%
isolated yield. Further conversion of the hydroxyl group of the linker in 67 into the
corresponding mesylate or tosylate was attempted to allow for the nucleophilic substitution with
azide, however, these reactions failed to give the desired products under various conditions that
were attempted.71
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Scheme 1. 7 Chemical synthesis of guanosine modified at the 2’-O-position with a six-carbon
linker. Reagents and conditions: i) 6-bromohexyl ether, NaH, 48 h; ii) (i-Pr)2Si(Cl)OSi(iPr)2(Cl), C5H5N; iii) tetraethylammonium fluoride (1.0 M, pH 8.0), CH3CN; iv) (CH3)2CHCOCl,
C5H5N; v) aq. NH3 55°C, 20h; vi) CH3CN(CH3)2, CH3COOH, H2O, NaNO2, 7 days; vii) (iPr)2Si(Cl) OSi(i-Pr)2(Cl), C5H5N; viii) Pd/C (10% wt), H2; ix) a) 4-Toluenesulfonyl chloride,
CH2Cl2; b) DMF, LiCl, NaN3.
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6-Bromohexyl ether 61 was used in Heidari’s synthesis as an alkylating reagent for the C6linker, which was synthesised from 1,6-hexanediol (Scheme 1-8).

Scheme 1. 8 Synthesis of 6-bromohexyl benzyl as alkylating reagent. Reagents and conditions:
i) HBr, toluene, reflux 2 h; ii) NaH, THF, 6-bromo-hexanol, benzyl bromide, 24 h.
Efforts were also made Heidari to convert compound 67 with a free alcohol into its
corresponding azide product 68 via a Mitsunobu reaction involving treatment with diethyl
azodicarboxylate, triphenylphosphine, and diphenyl phosphoryl azide, however, the reaction
failed to give the desired product. Compound 67 was also treated with N-(p-toluenesulfonyl)
imidazole, tetra-n-butylammonium iodide, triethylamine, and sodium azide, but failed to give the
corresponding azido compound as well. Other attempts to convert 67 into its corresponding
terminal alkyne through a Swern oxidation–Corey Fuch sequence involving an aldehyde
intermediate also failed to produce the expected aldehyde (Scheme 1-9).
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Scheme 1. 9 Heidari’s attempts to convert the hydroxyl of the linker into an alkyne or azido
group. Reagents and conditions: i) a) 4-Toluenesulfonyl chloride, CH2Cl2; b) DMF, LiCl, NaN3;
ii) oxalyl chloride, DMSO,triethylamine, -78°C; iii) carbon tetrabromide triphenyl phosphine; iv)
Butyl lithium, -78°C.
Due to the difficulties encountered in converting the hydroxyl group of the linker into a
primary amine, azido, or alkyne, alkylation of DAPR with an alkylating reagent bearing a
terminal alkyne was investigated by Burdilov using alkylating reagent already bearing terminal
alkyne. The commercially available 6-chloro-1-hexyne 71 (Figure 1-12) was used as the
alkylating agent, however, the desired product was only obtained in poor yield due to the low
reactivity of 6-chloro-1-hexyne. Attempts were made to improve the alkylation yield by
investigating different conditions, however, the best yield obtained was only 11% for the desired
product.

Figure1. 12 Structure of 6-chloro-1-hexyne 71.
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Chapter 2
2 Results and Discussion
Due to the challenges encountered the improvement of the alkylation yield, the effort of
the current work was focused on synthesizing a guanosine building block bearing a terminal
alkyne at the 2’-O-position using an alternative alkylating agent to improve the efficiency of the
alkylating reaction. 6-Iodo-1-alkyne is used as the alkylating agent. This modification will allow
for conjugation of c-di-GMP bearing alkynyl functionality with azido-fluorophore or azidobiotin via azide-alkyne cycloaddition click chemistry.
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2.1 Synthesis of DAPR-based building block bearing C6 alkyl linker
In this thesis, a C6 alkyl linker was used to attach either biotin or fluorophores to the 2’OH. The synthesis of the first building block 7 started with the preparation of the alkylation
agent, and overall route for the synthesis of the C6 alkyl linker 7 is shown in Scheme 2-1.

Scheme 2. 1 The overall route for the synthesis of the first building block bearing C6 alkyl
linker. Reagents and conditions: i) 6-iodo-1- hexyne, NaH, DMF, r.t., 5 h; ii) (i-Pr)2Si(Cl) OSi(iPr)2(Cl), C5H5N, 5 h; iii) isobutytryl chloride, DCM, C5H5N, 1 h; iv) aq.NH3 55°C, MeOH, 20h;
v) TEAF, ACN, 30 min; vi) NaNO2, DMF, CH3COOH, 5 days; vii) 4,4’-dimethoxytrityl
chloride, C5H5N, 1h; viii) (a). (Lev)2O, pyridine, (b). H+, CH2Cl2.
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2.1.1 Synthesis of the alkylating agent: 6-iodohexyne
2.1.1.1 Choice of alkylating agent
As described previously, attempts were made to synthesize c-di-GMP using different
reagents for the alkylation of the DAPR. Heideari successfully performed the alkylation of
unprotected DAPR using 6-bromohexyl benzyl ether 61 as the alkylation agent. However, 6bromo-1-hexyne is not readily available and its preparation is rather time consuming.
Due to these difficulties attempts were made by Burdilov to use alkylating reagents bearing
alkyne. The commercially available 6-chloro-1-hexyne 71 was used as alkylating agent,
however, poor alkylation yield was produced due to its low reactivity.
6-Iodo-1-hexyne 72 was used as alkylation agent which was prepared from commercially
available 6-chloro-1-hexyne 71 by treatment with sodium iodide in acetone under reflux. On a 10
g scale, 6-iodo-1-hexyne 72 was obtained in 76% yield as a yellow oil (Scheme2-2).

Scheme 2. 2 The synthesis of 6-iodo-1-hexyne. Reagents and conditions: i) NaI, acetone, reﬂux,
12 h.
2.1.1.2 Attempts with PTC reactions
In the synthesis of 6-iodo-1-hexyne, a large excess of sodium iodide (6 molar equivalents) was
used. Attempts was made to prepare 6-iodo-1-hexyne from 6-chloro-1-hexyne under phase
transfer catalysis (PTC) conditions in order to reduce the molar equivalents of sodium iodide.
Distilled water was used as the aqueous phase and hexane was used as the organic solvent;

37

tetraoctylammonium bromide was used as the phase-transfer catalyst, the reaction was heated at
40°C for 2h. However, the reaction failed to give the desired product.
The reaction was then carried out in different condition where it was heated under reflux and the
reaction was followed by TLC for two days. However, no product was formed.
2.1.2 Alkylation of DAPR building block with 6-iodo-hexyne
Synthesis of the first building block started with the alkylation of 2,6-diaminopurine riboside
(DAPR) 1 at the 2’-OH using 6-iodo-1-alkyne 72. DAPR was used in the alkylation reaction as
starting material, instead of guanosine, because guanosine is prone to alkylation. The 3’- and 5’hydroxyls were not protected prior to alkylation as it was demonstrated previously that
commonly used protecting groups, such as 1,1-dichloro-1,1,3,3-tetraisopropyldisiloxane(TIPDS),
do not survive the alkylating conditions involving a strong base such as NaH. Therefore, the
alkylation was carried out with unprotected DAPR, as the 2’-hydroxyl is slightly more acidic
than 3’- and 5’-hydorxyl groups and will offer some degree of regioselectivity in the alkylation
reaction.

Scheme 2. 3 Alkylation of DAPR building block at 2’-OH. Reagents and conditions: i) 6-iodo-1hexyne, NaH, DMF, 4 d.
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The alkylation reaction led to the formation of a mixture of products, which was found by
1

H NMR to consist of 85% desired 2’-O-alkyl product 2 and 15% 3’-O-alkyl regio-isomer

(Scheme 2-3). The separation of these two compounds by column chromatography was rather
difficult, as these two compounds have very similar polarity as indicated by their Rf values on
TLC. NMR spectra of the isolated 3’-alkylated product exhibited a doublet at 5.41 ppm
characteristic of 2’-OH, while that of the 2’-alkylated product has a doublet at 5.23 ppm
characteristic of free 3’-OH. The first attempt on a 1g scale gave the desired 2’-O-alkylated
DAPR 2 in 34% as an off-white solid. The reaction was subsequently scaled up with 10.0 g of
DAPR and the desired product 2 was isolated in 47% yield by column chromatography. Figure21 show the COSY NMR cross-peak between 3’H and 3’-OH and the disappearance of 2’-OH
indicate the major product 2’-O-alkyl DAPR 2.

(5’-5’-OH)
(3’-3’-OH)

Figure2. 11H COSY NMR of 2’-O-alkylated DAPR.
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2.1.3 TIPDS protection of 2’-O-alkylated DAPR
The 2’-O-alkylated DAPR 2 was subsequently protected at the 3’- and 5’- with the TIPDS
group by the treatment with 1,1,3,3-tetraisopropyl-1,3-disiloxan-1,3-dichloride in pyridine. The
first attempt on a small scale (50 mg) gave the desired 3’,5’-TIPDS-protected 2’-O-alkylated
DAPR 3 in 78% yield as a white solid (Scheme 2-4). The reaction was subsequently scaled up
with the remaining 2.00 g of 2’-O-alkylated DAPR and the desired product 3 was isolated in
96% yield by column chromatography.

Scheme 2. 4 TIPDS protection of 2’-O-alkylated DAPR. Reagents and conditions: i) (iPr)2Si(Cl)OSi(i-Pr)2Cl, C5H5N, 5 h, r.t.
2.1.4 Acylation at N2 of DAPR
Selective protection of the N2 exocyclic amine of DAPR was carried out in order to allow
for subsequent deamination of the N6-exocyclic amine to generate guanine through a three-step
sequence (Scheme 2-5). The three-step selective reaction led to the generation of two stable
intermediates 3i and 3ii that were not isolated by column chromatography. In the first step, 3 was
treated with isobutyryl chloride in dry dichloromethane and pyridine to give the N2- and N6bisacylated DAPR 3i. Subsequently the N6-acyl group was selectively deprotected with

40

concentrated aqueous ammonium hydroxide at 55°C for 15 hours, giving rise to the intermediate
3ii. Based on previous work by Heidari, the TIPDS protecting group was partially deprotected
during the subsequent deamination reaction to convert DAPR to guanosine, which makes
purification of deamination product extremely difficult. Thus, a decision was taken to remove the
TIPDS protecting group at this point, prior to the subsequent deamination reaction. In this
respect, the intermediate 3ii was treated with tetraethylammonium fluoride (TEAF) in
acetonitrile to give the desired N2-acylated product 4 in overall 92% yield.

Scheme 2. 5 Acylation of N2 of DAPR Reagents and conditions: i).C5H5N, (CH3)2CHCOCl; ii).
aq. NH3, 55°C, 20 h; iii) tetraethylammonium fluoride (1.0 M, pH 8.0), CH3CN.
HMBC NMR cross-peak between C2 on the base and the proton on the N2-isobutyryl was used
to deduct that N6-isobutyryl group was deacylated and not the other (Figure2-2).
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C2-H

Figure2. 2 HMBC NMR for N2-acylated product 4.

2.1.5 Shortening of the steps for the synthesis of the N2- acylation of DAPR
It was hypothesized that the TIPDS protection may not be necessary for the selective
protection of the N2- amine group (Scheme 2-6), if acyl groups are introduced at 3’-, 5’hydroxyls, as well as N2-, N6-exocyclic amine. A two-step, one-pot selective reaction sequence
led to stable intermediate 2i that was not purified by column chromatography. In the first step, 2
was treated with isobutyryl chloride in dry dichloromethane and pyridine to give 2i.
Subsequently the acyl groups were selectively deprotected at 3’and 5’-hydroxyls, as well as, N6
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by treatment with a concentrated aqueous solution of ammonia at 55°C for 15 hours, which
resulted in the selective de-acylation the desired N2-acylated product 4 in overall 94% yield.

Scheme 2. 6 Minimizing the N2 acylation reaction. Reagents and conditions: i) dry pyridine, dry
DCM, isobutyryl chloride, r.t.,1 h; ii) MeOH, NH4OH, 55ºC, 15 h.
2.1.6 Deamination of the N6-exocyclic amine
The deamination reaction allows the conversion of DAPR 4 into its guanosine derivative 5.
The reaction was first carried out at 4°C for 7 days with addition of sodium nitrite, however, this
did not give any detectable product. By increasing the equivalents of sodium nitrite, the reaction
only proceeded slowly, and required addition of sodium nitrite on a daily basis over 14 days to
give 5 in 19% yield.
After optimization of the reaction conditions by changing the reaction condition such as
temperature and equivalent of sodium nitrite, compound 4 was treated with sodium nitrite in
N,N-dimethylactamide and aqueous acetic acid at r.t for 5 days to afford the desired product 5 in
83% yield (Scheme 2-7).
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Scheme 2. 7 Deamination of the N6-exocyclic amine. Reagents and conditions: i) CH3COOH,
H2O, NaNO2, DMF, 5 days, r.t
It was also noted that 4 and 5 have virtually the same Rf, which makes monitoring of the reaction
by TLC practically impossible. Therefore, attempts were made to follow the progress of the
reaction by HPLC using a reverse phase C18 column. It was found that the starting material and
the desired product have different retention time which made it possible to follow the reaction
using HPLC (Figure2-3).

Figure2. 3 HPLC profile for the retention time of the starting material (S), and the desired
product (P).
The deamination reaction can also be carried out using adenosine deaminase. While this
enzymatic approach did afford the corresponding guanosine product as reported previously in
Yan’s lab, the reaction proceeded extremely slowly (over a month) due to the limited solubility
of the substrate in aqueous solutions.71
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1

H NMR was used to discriminate between the starting material N2-acylated DAPR 4 (Figure2-4)

and the 2’-O-akylated guanosine 5 (Figure-2-5). Formation of 5 was deducted by the appearance

NH2

NH

H8

of the second NH and the disappearance of NH2.

NH

NH

Figure2. 4 1H-NMR N2-acylated DAPR 4.

Figure2. 5 1H-NMR 2’-O-alkylated guanosine 5.
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2.1.7 DMTr protection of 2’-O-alkylated guanosine
The 2’-O-alkylated guanosine 5 was subsequently protected at the 5’-OH with the 4,4’dimethoxytrityl (DMTr) group by the treatment with 4,4’-dimethoxytrityl chloride in pyridine
(Scheme 2-8). The desired product 6 was isolated in 76% after column chromatography on silica
gel. As the DMTr group is acid-labile, caution must be exercised during column chromatography
by neutralizing silica gel with trace amount of triethylamine.

Scheme 2. 8 DMTr protection of 2’-O-alkylated guanosine. Reagents and conditions: i) 4,4dimethoxytrityl chloride, C5H5N, 30 min, r.t.
2.1.8 Levulinyl protection of 3’-OH of suger moiety
Guanosine analog 6 was subsequently protected at the 3’-OH with the levulinyl group,
followed by the removal of 5’-O-DMTr by treatment with dichloroacetic acid in the presence of
pyrrole. The desired 3’-O-levulinyl guanosine product 7 was isolated in a 42% yield as a white
foam (Scheme2-9).
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Scheme 2. 9 Levulinyl Protection of 3’-OH of guanosine. Reagents and conditions: i) Levunilic
anhydride, C5H5N, 15h; ii) Pyrrole, DCM, dichloroacetic acid, 10 min.

2.2 Synthesis of DAPR based building block bearing C6 azido linker
The synthesis of c-di-GMP bearing 2’-O-azidoalkyl is more desirable than the 2’-Oalkyne linker as it 1) allows for a longer separation between the resulting triazole with c-di-GMP
after the click reaction, and 2) it will give easy access to 2’-O-aminoalkyl c-di-GMP that can be
readily used for amide formation.
The overall route for the synthesis of 13 is shown in (Scheme 2-10), where commercially
available DAPR 1 was used as starting material. The synthesis starts with the preparation of the
alkylating agent 1-azido-6-bromohexane 73.
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Scheme 2. 10 The overall route for the synthesis of the first building block bearing C6 azido
linker. Reagents and conditions:i) 1-azido-6-bromohexane, NaH, DMF, r.t., 1 week; ii) (iPr)2Si(Cl) OSi(i-Pr)2(Cl), C5H5N, 3h; iii) isobutytryl chloride, DCM, C5H5N, 6h; iv) aq. NH3
55°C, MeOH, 20 h; v) TEAF, CAN, 4 h; vi) NaNO2, DMF, CH3COOH, 5 days; vii) 4,4’dimethoxytrityl chloride, C5H5N, 1h; viii) (a). (Lev)2O, pyridine; (b). CHCl2COOH, pyrrole,
CH2Cl2.
2.2.1 Synthesis of the alkylating agent
The first step towards the synthesis of the building block 13 is the preparation of the
alkylating reagent, 1-azido-6-bromo-hexane. Various conditions were explored on small scales
for the synthesis of the alkylating reagent. Two main reaction conditions were investigated: (1)
using DMF as solvent, and (2) phase-transfer catalysis (PTC). Safety precautions were taken
during the reaction such as the use of a blast shield and conducting the reaction on small scales
due to the azido group being a highly energetic functional group that often exhibits explosive
properties.
2.2.1.1 Attempts in DMF as solvent
1,6-Dibromohexane was used as starting material which was treated with sodium azide and
lithium chloride in DMF. LiCl is used in order to increase the solubility of the counterion N3 in
DMF (Scheme 2-11).

Scheme 2. 11 Synthesis of 1-azido-6-bromohexane 74.
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As shown in Scheme 2-11, this reaction led to the formation of a by-product, 1,6-bisazidohexane.
Through the optimisation of this reaction, it was observed that consumption of NaN3 favor
production of bisazido by-product 75 rather than the desired azidobromohexane 74 Thus,
prolonging the reaction for a total conversion of the starting material was not helpful. Moreover,
1,6-dichlorohexane was identified to be an additional by-product of this reaction, due to the use
of LiCl. The purification of 1-azido-6-bromo-hexane was tedious, often requiring multiple
rounds of column chromatography. This reaction yielded 9.5% of the desired product 74, and
subsequent attempts towards the optimization of this reaction, such as changes in molar
equivalents of NaN3 and LiCl, volume of solvent (water, DMF), and reaction time did not lead to
improved yield. This approach would be impractical due to low yield, number of by-products
obtained, and difficulties to purify, thus, phase transfer catalysis (PTC) was explored.

2.2.1.2 Preparation of 1-azido-6-bromohexane under PTC conditions
1,6-Dibromohexane was used as starting material which was treated with sodium azide.
Hexane was used as the organic phase and distilled water was used as the aqueous phase; tetraoctylammonium bromide was used as the phase-transfer catalyst.
The advantages of this approach over the reaction in DMF are the elimination of DMF as solvent
and using hexane which is easier to remove, and the reaction only gives one by-product (1,6bisazidohexane 75), Furthermore, higher yields and purity of products were also observed.
However, inconsistent yields were obtained, potentially due to the heterogeneous nature of PTC
reactions. Azidobromohexane 74 was found to degrade, if left at room temperature, to give a
more hydrophobic product. In order to minimize the degradation of the desired product, it is
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desirable to isolate and purify the product immediately after the reaction is finished, and to
store the product in a freezer.
2.2.2 Alkylation of DAPR building block with azidobromohexane
Synthesis started with the alkylation of 2,6-diamino purine riboside (DAPR) 1 at the 2’OH using azidobromohexane 74 to give the major product 8. The alkylation reaction also led to
the formation of a mixture, including the desired product, and other regio-isomers, as well as bisalkylated products. Which made separation of the products by column chromatography rather
difficult. The alkylation reaction has been carried out up to the scale of 5 g of DPAR, giving the
desired product in a 50% yield. As DAPR has very limited solubility in DMF, reaction proceeds
rather slowly unless a very large volume of DMF is used, which will lead to difficulty in
evaporation of DMF.

Scheme 2. 12 2’-O-alkylation of DAPR. Reagents and conditions: NaH, 1-azido-6bromohexane, dry DMF, r.t, 1week.
COSY NMR cross-peak between 3’H and 3’-OH and the disappearance of 2’-OH indicate the
major product 2’-O-alkylated DAPR 8 (Figure 2-6).
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(3’H-3’-OH)
(3’H-2’H)

(2’H-1’H)

Figure2. 6 1H COSY NMR of 2’-O- alkylated DAPR 8.

2.2.3 TIPDS protection of 2’-O-alkylated DAPR
The 2’-O-(6-azidohexyl) DAPR 8 was subsequently protected at the 3’- and 5’- with the
TIPDS group by the treatment with 1,1,3,3-tetraisopropyl-1,3-disiloxan-1,3-dichloride in
pyridine to give the desired 3’,5’-TIPDS-protected 2’-O-azidohexyl DAPR 9 in 88% yield
(Scheme 2-13). Interestingly, in the NMR spectra of 8 and 9, Ha’ and Ha” as well as Hb’ and
Hb” are found to be diastereotopic in compound 8, while Hb’ and Hb” are found to be identical
in 9 at the same chemical shift, despite the fact that these two protons are also diastereotopic,
which might be due to the steric bulk of TIPDS, leading to conformation where the bond rotation
between Ca and Cb is now possible.
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Scheme 2. 13 TIPDS protection of 2’-O-azidohexyl DAPR.Reagents and conditions: i) (iPr)2Si(Cl)OSi(i-Pr)2Cl, C5H5N, 3 h, r.t.

2.2.4 Acylation at N2 of DAPR
Selective protection of the N2-exocyclic amine of DAPR was carried out in order to allow for
subsequent deamination of the N6-exocyclic amine to generate guanine through a three-step
sequence (Scheme 2-14). The three-step, one-pot selective reactions lead to two stable
intermediates 9i and 9ii that were not isolated by column chromatography. In the first step, 9 was
treated with isobutyryl chloride in dry dichloromethane and pyridine to give the N2- and N6bisacylated DAPR 9i. Subsequently the N6-acyl group was selectively deprotected with a
concentrated aqueous solution of ammonia at 55°C for 20 hours, giving rise to the intermediate
9ii followed by treatment with tetraethylammonium fluoride (TEAF) in acetonitrile to remove
the TIPDS protecting group at this point, prior to the subsequent deamination reaction to give the
desired N2-acylated product 10 in an overall 40% yield.
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Scheme 2. 14 Selective acylation of N2 of DAPR. Reagents and conditions: i).C5H5N,
(CH3)2CHCOCl, 6h; ii). aq. NH3, 55°C, 20 h; iii) tetraethylammonium fluoride (1.0 M, pH 8.0),
CH3CN, 4h.
2.2.5 Shortening of the synthesis of N2-acylated 2’-O-(6-azidohexyl) DAPR
It was hypothesized that the TIPDS protection may not be necessary for the selective
protection of the N2 amine group (Scheme 2-15), if acyl groups are introduced at 3’-, 5’hydroxyls, as well as N2-, N6-exocyclic amine. A two-step, one-pot selective reaction sequence
led to the formation of a stable intermediate 8i that was not purified by column chromatography.
In the first step, 8 was treated with isobutyryl chloride in dry dichloromethane and pyridine to
give 8i. Subsequently the acyl groups were selectively deprotected at 3’-, 5’-hydroxyls, as well
as N6 by treatment with a concentrated aqueous solution of ammonia at 55°C for 17 hours, which
resulted in the selective de-acylation the desired N2-acylated product 10 in an overall 72% yield.
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Scheme 2. 15 Shortened synthesis of N2-acylated 2’-O-(6-azidohexyl) DAPR. Reagents and
conditions: i) pyridine, DCM, isobutyryl chloride, r.t.,1 h; ii) MeOH, NH4OH, 55ºC, 17 h.

2.2.6 Deamination of the N6-exocyclic amine
This reaction allows the convertion of DAPR 10 into its guanosine derivative 11.
Treatment of compound 10 with sodium nitrite in dimethylacetamide and aqueous acetic acid at
4°C generated a diazonium intermediate that afforded the desired deaminated product 11 in a
one-pot manner. The reaction appears to be very slow and required addition of sodium nitrite on
a daily basis over 14 days to give 11 in 60% yield after column chromatography (Scheme 2-16).

Scheme 2. 16 Deamination of DAPR into its guanosine. Reagents and conditions: CH3COOH
H2O, NaNO2, DMF, 4ºC, 14 days.
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It was also noted that 10 and 11 have virtually the same Rf, which makes monitoring of the
reaction by TLC practically impossible. Therefore, the progress of the reaction was monitored by
HPLC on C18 reverse phase column. It was found that the starting material and the desired
product have different retention time which made it possible to follow the reaction using HPLC
as shown in (Figure 2-7).

Figure2. 7 HPLC profile for the retention time of the starting material (S), and the desired
product (P).
1H NMR was used to discriminate between the starting material N2-acylated DAPR 10 (Figure28) and the guanosine derivative 11 (Figure-2-9). Formation of 11 was deducted by the
appearance of the second NH and the disappearance of NH2.
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Figure2. 8 1H-NMR N2-acylated DAPR 10.

Figure2. 9 1H-NMR its guanosine derivative 11.
2.2.7 DMTr protection of 2’-O-alkylated guanosine
The 2’-O-(-6-azidohexyl) guanosine 11 was subsequently protected at the 5’-OH with the 4,4’dimethoxytrityl (DMTr) group by the treatment with 4,4’-dimethoxytrityl chloride in pyridine
(Scheme 2-17). The desired product 12 was isolated in 21% after column chromatography on
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silica gel. As the DMTr group is acid-labile, caution must be exercised during column chromatography by neutralizing silica gel with trace amount of triethylamine.

Scheme 2. 17 MTr protection. Reagents and conditions: i) 4,4-dimethoxytrityl chloride, C5H5N,
30 m.
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2.3 Synthesis of the 2’-O-Cpep protected guanosine building block
The overall rote for the synthesis of the second buildingblock is shown in (Scheme 2-18)
using the commercially available guanosine as the starting material.

Scheme 2. 18 The overall route for the synthesis of the second building block. Reagents and
conditions: i) TMS, C5H5N, isobutyryl chloride, 0°C, 24h; ii) (i-Pr)2Si(Cl)OSi(i-Pr)2(Cl), C5H5N,
5h; iii) Cpep, dry DCM, CF3COOH, 5h, r.t; iv) TEAF, ACN; v) DMTrCl, C5H5N; vi) 2-chloro4H-1,3,2-benzodioxaphosphorin-4-one.
2.3.1 Synthesis of N2-isobutyryl guanosine
The synthesis of the second building block starts with the preparation of N2-isobutyryl
guanosine by treating the commercially available guanosine 14 with chlorotrimethylsilane at r.t
for 40 min followed by isobutyryl chloride for 24 h. The products were subsequently treated with
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concentrated aqueous ammonium hydroxide at 0°C for 30 min to give the desired product 15 in
64% yield (Scheme 2-19).

Scheme 2. 19 The synthesis of N2-isobutyryl guanosine. Reagents and conditions: i)
chlorotrimethylsilaneat, Pyridine, 40 min; ii) isobutyryl chloride, 0°C, 24 h; iii) concentrated
aqueous ammonium hydroxide, 0°C, 30 min.

2.3.2 TIPDS protection of N2-isobutyryl guanosine
The N2-isobutyryl guanosine 15 was subsequently protected at the 3’- and 5’-OH with the
TIPDS group by the treatment with 1,1,3,3-tetraisopropyl-1,3-disiloxan-1,3-dichloride in
pyridine, giving the desired product 16 as a white foam in 46% yield (Scheme 2-20).

Scheme 2. 20 TIPDS protection of N2-isobutyryl guanosine. Reagents and conditions: i) (iPr)2Si(Cl)OSi(i-Pr)2Cl, C5H5N, 5 h, r.t.

59

2.4 Conclusion and Future Prospects
In the present study the synthesis of 2’-O-azidohexyl- and 2’-O-(6-hexyn-6-yl)-guanosine
derivatives were accomplished. These two building blocks are required for the assembly of c-diGMP bearing an azido or alkyne at the 2’-O-position through a linker, which will be used for
conjugation with fluorophore or biotin in future studies. Thus, starting from 2,6diaminopurineriboside, direct alkylation at the 2’-OH, followed by selected acylation at N2exocyclic amine and subsequent deamination of N6-exocyclic amine, the desired 2’-O-alkylatedN2-isobutyrylguanosine derivatives were obtained in practical yields. Compared with the
originally planned synthetic route, the total number of steps of transformation was reduced from
seven to five.
Among these transformations, while the direct alkylation of DAPR gave the desired 2’-alkylated
product in up to ca. 30% yield, future experiments should investigate different alkylation
conditions, such as the use of different bases, that might be compatible with the TIPDS
protecting group, in order to improve the yield and ease of purification of the desired product.
The deamination reaction also warrants further investigation. While the deamination reaction
gave rise to the desired product in good yield, the reaction proceeded very slowly, likely due to
the solubility of the nucleoside in aqueous media. Future experiments should consider the use of
organic nitrite, such as amyl nitrite, that will allow for the reaction to be carried out in nonaqueous solutions.
With the availability of the building blocks, synthesis of c-di-GMP bearing azido or alkyne at
the 2’-O-position through a linker will be carried out using the modified H-phosphonate
chemistry. As discussed in the Introduction, this chemistry gives rise to stable intermediates, i.e.
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phosphorothioate triesters, in excellent yields, which allow for the access to both phosphate and
phosphorothioates after deprotection. Toward this goal, the guanosine building block with free
5’-OH 7/13 and the guanosine H-phosphonate 18 will be subjected to treatment with pivaloyl
chloride to give the corresponding H-phosphonate diester, which will be further oxidized in situ
with a sulfur transfer reagent, 2-phenylsulfanyl-1H-isoindole-1,3(1H)-dione, to generate the S(p-tolyl)phosphorothioate triester intermediate 19a/19b, followed by treatment with hydrazine
hydrate to remove 3’-levulinyl group. The resulting dinucleotide will be further phosphitylated at
the 3’-OH, followed by the removal of the 5’-DMTr group to give the linear dimer Hphosphonate 20a/20b. Cyclization of 20a/20b, followed by a three-step deprotection process,
will give the fully deprotected 2’-O-alkylated c-di-GMP 23a/23b. This c-di-GMP analog will be
ready for conjugation with biotin or a fluorophore under copper (I)-mediated click chemistry
(Scheme 2-21).
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Scheme 2. 21Synthesis of 2’-O-modified c-di-GMP from the guanosine building blocks 41 and
54. Reagents and conditions: i) (CH3)3CCOCl, C5H5N, sulfur transfer reagent, 30 min; ii)
C5H5N, acetic acid, NH2NH2·H2O, C2H4O2, H2O; iii) H-phpsphonate, C5H5N, (CH3)3CCOCl,
0°C, 1h, Cl2CHCOOH, CH2Cl2; iv) (PhO)2P(O)Cl, CH2Cl2; C2H5N, sulfur transfer reagent, 40°C; v) 2-nitrobenzaldoxime, N,N,N’,N’-tetramethyl guanidine, 16 h; vi) aq. NH3, 55°C, 15 h;
vii) (CH3)2 NC(O)CH3, NEt3HCOOH (0.5 M, pH 2.52, 40°C, 5h; viii) CuSO4·5H2 CuSO4·H2O 510% sodium ascorbate, H2O, t-BuOH (1:1), r.t, 6-12 h, fluorophore/biotin-N3.
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The 2’-O-fluorophore-labelled c-di-GMP will be used to track cellular distribution of c-di-GMP
in both bacteria and mammalian cells. This knowledge will allow for better understanding of the
fate of c-di-GMP in cells and help with design of analogs that could potentially intercept the
signal transduction process. The fluorophore-labelled c-di-GMP will also be used in mice
experiments to establish its tissue distribution, which is an important consideration for the
application of c-di-GMP as a vaccine adjuvant. The biotin-labelled c-di-GMP will find its utility
in profiling molecules in cells that bind with c-di-GMP, which will provide a better
understanding of the c-di-GMP – mediated signaling processes.
In summary, as these c-di-GMP analogs bear a longer spacer between c-di-GMP and the label,
i.e. fluorophore or biotin, the interference of the potential interaction between c-di-GMP with its
binding partners by the bulky fluorophore or biotin will be minimized. These analogs will
therefore be more useful than those where the linkers are much shorter.
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Chapter 3
3 Experimental
3.1 General Methods
3.1.1 Chromatography
Dessican 230-400 silica gel 60 was used to preform column chromatography. Thin layer
chromatography was performed on Silicycle Silica Plate F-254 TLC plates using the following
systems:
System A: dichloromethane- hexane (80:20 v/v)
System B: methanol- dichloromethane (5:95 v/v)
System C: methanol- dichloromethane (10:90 v/v)
System D: hexane- diethyl ether (10:90 v/v)
Reverse phase high -performance liquid chromatography (HPLC) was carried out on a 4.6×150
mm Acclaim PA C18 3µ column: the column was eluted with buffer-acetonitrile mixtures at a
flow rate of 0.80 ml/min.
3.1.2 Solvents and Chemicals
Pyridine was dried by heating under reflux over calcium hydride for 4 h and distilled, and
dichloromethane was dried by P2O5 and then distilled. Toluene was dried by heating under reflux
over sodium in the presence of benzophenone for 4 h and then distilled. N,N-Dimethylformamide
was heated at 80°C for 3 h and distilled under reduced pressure. All the distilled solvents were
stored over activated 4 Å molecular sieves. Isobutytryl chloride was distilled under an
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atmosphere of nitrogen prior to use. Trifluoroacetic acid was distilled under an atmosphere of
nitrogen prior to use. All other reagents were purchased from Sigma-Aldrich or TCI America
and were used without further purification unless stated otherwise.
3.1.3 NMR Spectroscopy
1

H NMR spectra were measured at 400 and 600 MHz with Bruker Avance 400 and 600 with

digital spectrometers, respectively. Tetramethylsilane was used as an internal standard. 13C NMR
spectra were measured at 100 and 400 MHz with the same spectrometers, respectively. The
chemical shifts are given in ppm and coupling constant (J values) are given in Hz. The following
deuterated solvents from C/D/N isotopes Inc. were used for the preparation of NMR samples.
Dimethyl sulfoxide-d6 with 0.05% tetramethylsilane (99.0 atom % D), deuterated chloroform
(99.0 atom % D), and deuterated oxide (99.9 atom % D).
3.1.4 Electrospray mass spectrometric measurements
Samples in solution were run by infusion (syringe pump) or liquid chromatography using an
Agilent 1100 LC system. All detection (ESI) was carried out on a Bruker HCT Ultra ion trap
system. Data were processed using Bruker Data Analysis software. All ESI data were low
resolution due to instrument limitation.
3.1.5 Infrared spectrometer (IR)
IR spectra were collected on a Bruker Alpha IR spectrometer equipped with a platinum ART
module. The wavenumbers are given in cm-1.

65

3.2 Preparation of Compounds
3.2.1 Synthesis of 6-iodo-1-hexyne 72

Under nitrogen, 6-chloro-1-hexyne (10 mL, 0.0825 mmol) was added to a mixture of sodium
iodide (37.14 g, 0.2477 mmol) and acetone (100 mL). After the mixture was heated under reﬂux
overnight, the products were cooled to room temperature, and the organic solvent was removed
in vacuo. The residue was taken up with hexane (150 mL) and filtered. The filtrate was
concentrated, and the residue was purified by column chromatography using silica gel as the
stationary phase. The appropriate fractions, which were eluted with (30:70 DCM: hexane v/v),
were combined and concentrated via evaporation under reduced pressure to give the desired
product 72 (13.00 g, 76%) as yellow oil.
Rf: 0.56 (System A).
δH(CDCl3-d6): 3.23 (t, 2 H, J = 6.8Hz), 2.25 (2 H, dt, J = 2.7 and 6.9Hz), 2.00-1.93 (2 H, m),
1.69-1.62 (2 H, m)
δC(CDCl3-d6): 17.5, 29.0, 32.2, 68.8, 76.9, 83.5.
IR (liquid, cm-1): 3293 (m, sh, C-H), 2938 (w, sh, C-H), 2116 (w, sh, C≡C).
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3.2.2 Synthesis of 2’-O-(hexyn-6-yl)-2,6-diaminopurine riboside 2

2,6-Diaminopurine riboside 1 (1.00 g, 3.54 mmol) was dried at 60°C under vacuum for 5 h
and then suspended in dry N,N-dimethylformamide (15.00 ml) followed by addition of sodium
hydride (160 mg, 60% suspension in mineral oil, 4.00 mmol). The mixture was stirred for 1 h
and then 6-iodo-1-hexyne (737 mg, 3.54 mmol) was added dropwise while the temperature was
kept at 0°C (ice-water bath). After the reaction mixture was stirred at room temperature for 4
days, the reaction was quenched by the addition of methanol (1 ml) and water (1 ml). The
products were concentrated under reduced pressure and the residue was purified by column
chromatography using silica gel as the stationary phase. The appropriate fractions, which were
eluted with dichloromethane–methanol (95:5 v/v), were concentrated via evaporation under
reduced pressure to give the desired product 2 (431 mg, 34%) as an off-white solid.
Rf. 0.35 (System B). M.p.243
ESI-MS found 363.1 for [M+H]+, C16H23N6O4+ required 363.18.
δH (DMSO-d6): 7.95 (1 H, s), 6.78 (2 H, s), 5.81 (1 H, d, J = 6.8Hz), 5.73 (2 H, s), 5.47-5.44 (1
H, m), 5.11 (1 H, d, J = 5.2Hz), 4.39-4.36 (1 H, dd, J = 6.4Hz), 4.27-4.24 (1 H, dd, J = 7.6Hz),
3.94-3.92 (1 H, dd, J = 6.4Hz), 3.65-3.59 (1 H, m), 3.57-3.51 (1 H, m), 2.69 (1 H, t, J = 2.5Hz),
2.10 (2 H, m), 1.53 (2 H, m), 1.39 (2 H, m).
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δC (DMSO-d6): 17.8, 24.9, 28.6, 62.1, 69.5, 71.6, 73.0, 81.0, 83.9, 84.9, 86.7, 113.8, 136.7,
151.7, 156.6, 160.5.
IR (solid, cm-1): 3334 (w, br, N-H), 2925 (w, sh, C-H), 2863 (w, sh, C-H), 2113 (w, sh, C≡C).
The 3’-O-alkylated products were also isolated as an off-white solid. Rf: 0.33 (System B).
M.p.234 ESI-MS found 363.1 for [M+H] +, C16H23N6O4+ required 363.18.
δH (DMSO-d6): 7.93 (1 H, s), 6.78 (2 H, s), 5.76 (2 H, s), 5.73 (1 H, d, J=6.4Hz), 5.47-5.44 (1 H,
m ), 5.35 (1 H, d, J=6.4Hz), 4.64-4.63 (1 H, dd, J=5.2Hz), 3.941-3.917 (1 H, dd, J=6.4Hz), 3.993.98 (1 H, m), 3.91-3.89 (1 H, m), 3.67-3.63 (2 H, m), 3.55-3.51 (1 H, m), 2.78 (1 H), 2.51 (2
H), 2.23-2.19 (2 H, m), 1.64-1.62 (2 H, m), 1.64-1.54 (2 H, m).
IR (solid, cm-1): 3505 (w, sh, N-H), 3390 (w, sh, N-H), 2923 (w, br, C-H).
3.2.3 Synthesis of 2’-O-(hexyn-6-yl)-3’,5’-O-(1,1,3,3-tetraisopropyldisiloxyl)-2,6diaminopurine-D-riboside 3

2’-O-(Hexyn-6-yl)-2,6-diaminopurine riboside 2 (1.00 g, 2.759 mmol) was dried at 80°C in
vacuo for 3 h and then suspended in anhydrous pyridine (40 ml) and co-evaporated under
reduced pressure to a final volume of 20 ml, followed by the addition of 1,1-dichloro-1,1,3,3tetraisopropyldisiloxane (1.00 ml, 3.035 mmol) at 0°C. After 5 h the reaction was quenched by
addition of water (1 ml) and the products were concentrated under reduced pressure, followed by
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co-evaporation with toluene (2×20 ml) and dichloromethane (30 ml). The residue was
fractionated by short column chromatography using silica gel as the stationary phase. The
appropriate fractions, which were eluted with dichloromethane–methanol (95:5 v/v), were
concentrated via evaporation to give compound 3 as a white foam (1.60 g, 96%).
Rf. 0.53 (System C). M.p.248
ESI-MS found 605.3 for [M+H]+, C28H48N6O5Si2 required 604.32
δH(DMSO-d6): 7.76 (1 H, s), 6.78 (2 H, s), 5.81 (1 H, s), 5.73 (2 H, s), 4.58-4.55 (1 H, m), 4.22 (1 H, d,
J= 4.9), 4.09-3.96 (1 H, d, J=11.3), 3.97-3.91 (1 H, m), 3.71-3.66 (2 H, m), 2.73-2.72 (1 H, t, J=2.6),
2.20-2.16 (2 H, m), 1.65-1.52 (4 H, m).

δC(DMSO-d6): 12.6, 12.7, 12.8, 13.3, 17.3, 17.5, 17.7, 17.9, 25.3, 28.9, 39.5, 39.8, 40.0, 40.2,
40.4, 60.7, 70.2, 70.5, 71.6, 81.2, 81.4, 84.8, 87.1, 113.8, 134.9, 151.5, 156.6, 160.8.
IR (solid, cm-1): 2942 (m, sh, C-H), 2864 (m, sh, C-H), 1590 (s, sh, C=O).

69

3.2.4 Synthesis of 2’-O-(hexyn-6-yl)-2-(N-isobutyryl)-6-aminopurine riboside 4

(Method A)
2’-O-(Hexyn-6-yl)-3’,5’-O-(1,1,3,3-tetraisopropyldisiloxyl)-2,6-diaminopurine-D-riboside 3
(3.13 g, 5.18 mmol) was suspended in dry pyridine (50 ml). The mixture was co-evaporated
under reduced pressure to a final volume of 25 ml, followed by the addition of a solution of
isobutytryl chloride (1.90 ml, 18.14 mmol) in dry dichloromethane (10 ml) dropwise at room
temperature. After the reaction mixture was stirred for 1 h, the reaction was quenched by the
addition of ethanol (3.0 ml). The products were concentrated under reduced pressure and the
residue was dissolved in dichloromethane (30 ml) and extracted with saturated aqueous sodium
hydrogen carbonate (20 ml). The layers were separated, and the aqueous layer was backextracted with dichloromethane (2×20 ml). The combined organic layers were dried by
magnesium sulfate and concentrated. To the residue was added methanol (7.0 ml) and
concentrated aqueous ammonium hydroxide (28%, d 0.88, 9.0 ml) and the mixture were heated
at 55ºC for 15 h. After the reaction mixture was cooled to room temperature, the products were
concentrated to dryness with a rotary evaporator. The residue was suspended in acetonitrile (15
ml) followed by the addition of tetraethylammonium fluoride in acetonitrile (15 ml, 1.0 M, pH
8.0). The reaction mixture was stirred for 30 min and then concentrated to dryness under reduced
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pressure. The residue was purified via column chromatography using silica gelas the stationary
phase. The appropriate fractions were eluted with dichloromethane–methanol (96:4 v/v) and
concentrated under reduced pressure to give compound 4 as a white foam (1.99 g, 92% for three
steps).
(Method B)
2’-O-(Hexyn-6-yl)-2,6-diaminopurine riboside 2 (182 mg, 0.5022 mmol) was suspended in
dry pyridine (20 ml). The mixture was co-evaporated under reduced pressure to a final volume of
(7 ml), followed by the addition of a solution of isobutytryl chloride (0.30 ml, 3.01 mmol) in dry
dichloromethane (3 ml) dropwise at room temperature. After the reaction mixture was stirred for
1 h at room temperature, the reaction was quenched by the addition of ethanol (0.7 ml). The
products were concentrated under reduced pressure and the residue was dissolved in
dichloromethane (15 ml) and extracted with saturated aqueous sodium hydrogen carbonate (10
ml). The layers were separated, and the aqueous layer was back-extracted with dichloromethane
(2x 20ml). The combined organic layers were dried by magnesium sulfate and concentrated. To
the residue was added methanol (3 ml) and concentrated aqueous ammonium hydroxide (28%, d
0.88, 2 ml) and the mixture were heated at 55ºC for 15 h. After the reaction mixture was cooled
to room temperature, the products were concentrated to dryness with a rotary evaporator. The
residue was purified via column chromatography using silica gelas the stationary phase. The
appropriate fractions were eluted with dichloromethane-methanol (96:4 v/v) and concentrated
under reduced pressure to give compound 4 as a white foam (198 mg, yield 94% for two steps).
Rf. 0.40 (System C). M.p.247
ESI-MS found 433.2 for [M+H]+, C20H28N6O5 required 432.21.
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δH(DMSO-d6): 9.83 (1 H, s), 8.28 (1 H, s), 7.22 (2 H, s), 5.92 (1 H, d, J =6.2 Hz), 5.17 (1 H, d,
J=5.2 Hz), 5.07 (1 H, t, J= 5.7 Hz), 4.43 (1 H, t, J=5.4 Hz), 4.29 (1 H, td, J= 5.0 and 3.4 Hz),
3.93 (1 H, q, J= 3.8 Hz), 3.65 (1 H, ddd, J= 4.3, 5.3 and 12.0 Hz), 3.59 (1 H, td, J= 6.5 and 9.6
Hz), 3.55 (1 H, ddd, J= 4.1,5.9 and 12.0 Hz), 3.43 (1 H, td, J=6.4 and 9.4 Hz), 2.70 (1 H, t, J=2.6
Hz), 2.07 (1 H, ddt, J= 1.8, 0.8 and 3.5 Hz), 1.53 (1 H, ddd, J= 7.0, 7.0, and 13.9Hz), 1.39 (1 H,
dd, J= 7.2 and 12.7 Hz), 1.06 (1 H, dd, J= 0.8 and 6.8 Hz).
δC(DMSO-d6): 17.8, 19.7, 24.9, 28.5, 33.0, 34.5, 61.8, 69.3, 69.5, 71.6, 81.2, 84.8, 85.5, 86.4,
116.7118.7, 139.1, 150.7, 153.3, 156.5.
IR (solid, cm-1): 2920 (m, sh, C-H), 2851 (m, sh, C-H), 1591 (s, sh, C=O).
3.2.5 Synthesis of 2’-O-(6-hexyn-6-yl)-N2-isobutyryl-guanosine 5

2’O-(Hexyn-6-yl)-2-(N-isobutyryl)-6-aminopurine riboside 4 (1.99 g, 4.622 mmol) was
dissolved in N,N-dimethylacetamide (50 mL) followed by addition of glacial acetic acid (50 mL)
and water (25 mL). A solution of sodium nitrite (2.60 g, 36.98 mmol) in water (4 mL) was then
added dropwise at r. t. Every 24 h the same portion of sodium nitrite in water was added for 5
days. The products were co-evaporated with toluene (4×40 mL) in vacuo to dryness. The
formation of the products was confirmed by high performance liquid chromatography (HPLC).
The crude product was dry-loaded and purified by column chromatography using silica gelas the
stationary phase. The appropriate fractions were eluted with dichloromethane–methanol (96:4
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v/v) and concentrated under reduced pressure to give compound 5 as a yellow foam (1.66 g,
83%).
Rf: 0.40 (System C). M.p.243
ESI-MS found 433.2 for [M+H] +, C20H28N5O6 required 433.20.
δH(DMSO-d6): 12.09 (1 H, s), 11.65 (1 H, s), 8.28 (1 H, s), 5.90 (1 H, d, J=6.4 Hz), 5.22 (1 H, d,
J=4.6 Hz), 5.10 (1 H, t, J=5.3 Hz), 4.32 (1 H, t, J=4.6 Hz), 4.29-4.26 (1 H, m), 3.95-3.92 (1 H, q,
J=3.9, 2.8 and 4.1 Hz), 3.46-3.51 (2 H, m), 2.89 (1 H, s), 2.07 (2 H, J= 7.0 and 2.6 Hz), 1.421.36 (2 H, m), 1.13 (6 H, d, J=6.7 Hz).
δC(DMSO-d6): 17.7, 19.3, 21.5, 24.9, 28.6, 31.2, 35.2, 61.7, 69.5, 71.5, 81.8, 84.8, 85.0, 86.7,
120.4, 137.9, 148.7, 149.3, 155.3, 162.8, 180.6.
IR (solid, cm-1): 3494 (w, sh, N-H), 3295 (w, sh, N-H), 2852 (s, sh, C-H), 1706 (s, sh, C=O).
3.2.6 Synthesis
guanosine 6

of

2’-O-(6-hexyn-6-yl)-5’-O-(4,4’-dimethoxytrityl)-N2-isobutyryl-

2’-O-(6-Hexyn-6-yl)-N2-isobutyryl-guanosine 5 (100mg, 0.2308 mmol) was dried at 80°C in
vacuo for 3 h and then suspended in anhydrous pyridine (10 ml) and co-evaporated under
reduced pressure to a final volume of 5 ml, followed by the addition of 4,4’-dimethoxytrityl
chloride (117 mg, 0.369 mmol) at r.t. After 1 h the reaction was quenched by addition of
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triethylamine (93 mg, 0.92 mmol) and methanol (0.5 ml) and then the products were
concentrated under reduced pressure and the residue was dissolved in dichloromethane (10 ml)
and extracted with saturated aqueous sodium hydrogen carbonate (10 ml). The layers were
separated, and the aqueous layer was back-extracted with dichloromethane (2×10 ml). The
combined organic layers were dried over magnesium sulfate and concentrated. The residue was
fractionated by short column chromatography using silica gel as the stationary phase. The
appropriate fractions, which were eluted with dichloromethane–methanol (95:5 v/v), were
concentrated via evaporation to give compound 6 as a yellow foam (114 mg, 76%).
Rf: 0.51 (System C). M.p.230
ESI-MS found 736.3 for [M+H] +, C41H45N5O8 required 735.33.
δH(DMSO-d6): 12.09 (1 H, s), 11.61 (1 H, s), 8.14 (1 H, s), 6.83 (4 H, t, J=8.2 Hz), 5.91 (1 H, d,
J=5.3 Hz), 5.19 (1 H, d, J=5.6 Hz), 4.40 (1 H, t, J=5.2 Hz), 4.29 (1 H, q, J=4.8, 5.00 and 5.00
Hz), 4.04 (1 H, m), 3.64-3.58 (1 H, m), 3.49-3.44 (1 H, m), 2.70 (1H, t, J=2.6 Hz), 2.10 (2 H, td,
J= 7.1 and 7.2 Hz), 1.59-1.52 (2 H, m), 1.46-1.40 (2 H, m), 1.12 (6 H, dd, J=1.7 and 6.9 Hz)
δC(DMSO-d6): 17.8, 19.2, 19.3, 24.9, 28.6, 35.2, 55.4, 69.7, 71.6, 84.8, 85.5, 86.0, 113.5, 120.8,
128.1, 128.2, 129.3, 130.1, 130.1, 135.8, 135.9, 145.2, 148.6, 149.2, 155.2, 158.5, 180.5.
IR (solid, cm-1): 2931 (w, br, C-H), 2868 (w, sh, C-H), 2152 (w, br, C≡C), 1672 (s, sh, C=O).
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3.2.7 Synthesis of 2’-O-(6-hexyn-6-yl)-3’-O-levulinyl- N2-isobutyryl-guanosine 7

2’-O-6-Hexyn-6-yl)-5’-O-(4,4’-dimethoxytrityl)-N2-isobutyryl-guanosine 6 (50 mg, 0.068
mmol) was dried by co-evaporating with dry pyridine (2×7 ml), and then re-dissolved in pyridine
(4 ml). Levulinic anhydride (72.8 mg, 0.340 mmol) was then added, and the reaction was
allowed to proceed for 15 h. Methanol (0.2 ml) was added. After 10 min the products were
concentrated to dryness under reduced pressure. The residue was co-evaporated with toluene
(3×4 ml), and then re-dissolved in dichloromethane (3 ml). Pyrrole (36 mg, 0.54 mmol) followed
by trichloroacetic acid (35 mg, 0.27 mmol) were added. After 10 min, triethylamine (0.5 ml) was
added. The products were poured into saturated aqueous sodium hydrogen carbonate (7 ml). The
layers were separated, and the aqueous layer was back-extracted with dichloromethane (10 ml).
The organic layers were then combined dried (MgSO4), and concentrated. The residue was
purified by short column chromatography. The appropriate fractions, which were eluted with
dichloromethane–methanol (95:5 v/v) were combined and concentrated under reduced pressure
to give 7 as an off-white solid (15 mg, 42%).
Rf: 0.60 (System C). M.p.240
ESI-MS found 532 for [M+H]+, C25H33N5O8 required 531.23.
75

δH(DMSO-d6): 12.11 (1 H, s), 11.69 (1 H, s), 8.32 (1H, s), 5.86 (1 H, d, J=7.6 Hz), 5.40 (1 H, dd,
J=1.5 and 4.9 Hz), 5.31 (1 H, t, J= 5.3 Hz), 4.65-4.63 (1 H, m), 4.11 (1 H, m), 3.62-3.60 (2 H,
m), 2.76 (1 H, t, J=6.5 Hz), 2.02 (2 H, td, J=7.1 and 2.2 Hz), 1.43-1.39 (2 H,m), 1.31-1.29 (2 H,
m), 1.12 (6 H, d, J=6.7 Hz).
δC(DMSO-d6): 17.7, 19.3, 24.9, 27.9, 28.5, 30.0, 31.1, 37.7, 46.1, 61.5, 70.3, 71.5, 71.9, 80.1,
84.3, 84.7, 137.7, 155.2, 172.1, 207.1.
IR (solid, cm-1): 2923 (w, br, C-H), 1674 (s, sh, C=O).
3.2.8 Synthesis of 1-azido-6-bromohexane 74

(MethodA)
To a solution of 1,6-dibromohexane (500 mg, 2.05 mmol) in DMF (10 ml) and water (0.5
ml) stirred at room temperature LiCl (87 mg, 2.05 mmol) was added. Then NaN3 (133 mg, 2.05
mmol) was added by portions over 3 hours (one addition per hour).
The initial colorless mixture became cloudy (white) upon the addition of NaN3. The
mixture was stirred for 3.5 h and then diluted with a saturated solution of sodium bicarbonate
(5 ml). The mixture was further diluted with a saturated solution of brine (15 ml) and was
extracted with DCM (3×30 ml). The organic layers were combined, dried over MgSO4 and
concentrated. The residue was purified by column chromatography using silica gel as the
stationary phase (solvent gradient elution: hexane, then 99:1, hexane-Et2O, v/v) to give the
product (40 mg, 9.5%) as a colorless oil.
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(Method B)
To a solution of 1,6-dibromohexane (5.00 g, 20.5 mmol) in water (35 ml) and hexane (35 ml)
was added NaN3 (2.93 g, 45.1 mmol) and then tetraoctylammonium bromide (1.12 mg, 2.05
mmol). The mixture was stirred at 40°C for 1 h. The mixture was diluted with 20 ml of hexane
and the organic layer was extracted with a saturated solution of sodium bicarbonate (3×15 ml).
The resulting organic layer was dried over MgSO4 and concentrated. The residue was purified by
short column chromatography using silica gel as the stationary phase (solvent gradient elution:
hexane, then 97:3, hexane-Et2O, v/v) to give the product (2.11 g, 50%) as a colorless oil.
Rf: 0.64 (System D).
δH(CDCl3): 3.44 (t, 2 H, J = 6.8 Hz), 3.30 (t, 2 H, J= 6.9 Hz), 1.93-1.86 (m, 2 H), 1.68-1.61 (m, 2
H), 1.54-1.39 (4 H, m).
δC(CDCl3): 51.3, 33.6, 32.6, 28.7, 27.7, 25.9.
3.2.9 2’-O-(6-Azidohexyl)-2,6-diaminopurine riboside 8

2,6-Diaminopurine riboside 1 (4.96 g, 17.6 mmol) was dried at 80ºC in vacuo for 3 h and then
suspended in dry N,N-dimethylformamide (250 ml) followed by the addition of sodium hydride
(773 mg, 60% suspension in mineral oil, 19.3 mmol). The mixture was stirred for 1 h at room
temperature and then a solution of 1-azido-6-bromohexane 74 (1.25 g, 6.08 mmol) diluted in dry
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N,N-dimethylformamide (9 ml) was added dropwise in 3 portions (one addition over 20 mins,
every hour) while the temperature was kept at 0ºC (ice-water bath). After 1 week, the reaction
was quenched by addition of water (0.5 ml). The products were concentrated under reduced
pressure and the residue was purified by short column chromatography using silica gel as the
stationary phase. The appropriate fractions, which were eluted with dichloromethane-methanol
(solvent gradient elution: dichloromethane, then 94:6, dichloromethane-MeOH, v/v), were
concentrated by rotary evaporation to give compound 8 as a green-yellow-white solid (454 mg,
22%).
Rf. 0.17 (System C). M. p.248
ESI-MS found 407.20 for [M+H]+, C16H25N9O4 required 407.44.
δH(DMSO-d6): 7.96 (1 H, s), 6.79 ( 2 H, s),5.82 (1 H, d, J= 6.8 Hz), 5.74 ( 2H, s), 5.49-5.46 (1 H,
m), 5.09 (1 H, d, J= 4.8 Hz) , 4.39 (1 H, dd, J= 6.8 Hz), 4.25 (1 H, ddd, J= 4.8, 4.8 Hz, and 2.4
Hz), 3.99-3.88 (1 H, m), 3.66-3.60 3.52 (1 H, m), 3.57-3.52 (1 H, m), 3.57-3.52 (1 H, m), 3.333.29 (1 H, m), 3.24 (2 H, t, J= 6.8 Hz), 1.57-1.52 (1 H, m), 1.46-1.39 (2 H, m), 1.38-1.34 (1 H,
m), 1.23-1.14 ( 4 H, m).
δC(DMSO-d6): 25.3, 26.3, 28.6, 29.3, 51.0, 62.2, 69.6, 69.9, 81.0, 85.5, 86.7, 113.9, 136.5, 151.8,
156.7, 160.5.
IR (solid, cm-1): 3464 (w, sh, N-H), 3330 (m, sh, N-H), 3119 (w, br, C=C-H), 2910 (m, br, C-H),
2856 (w, sh, C-H), 2088 (s, sh, -N3), 1595 (s, sh, C=O).
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3.2.10 Synthesis of 2’-O-(6-azidohexyl)-3’,5’-O-(1,1,3,3-tetraisopropyldisiloxyl)-2,6diaminopurine-D-riboside 9

2’-O-(6-Azidohexyl)-2,6-diaminopurine riboside 8 (453 mg, 1.11 mmol) was dissolved in
anhydrous pyridine (10 ml). The mixture was evaporated under reduced pressure to a final
volume of ca. 5 ml, followed by the addition of 1,1-dichloro-1,1,3,3-tetraisopropyldisiloxane
(0.544 ml, 1.56 mmol) while the temperature was kept at 0°C (ice-water bath). After 3 h at room
temperature under nitrogen the reaction was quenched by addition of water (0.5 ml) and products
were concentrated under reduced pressure and then co-evaporated with toluene (2×10 ml) and
DCM (20 ml). The mixture was diluted with a saturated solution of brine (20 ml) and extracted
with DCM (3×15 ml). The organic layers were combined, dried over MgSO4 and concentrated
under reduced pressure. The crude product was dry-loaded and purified by column
chromatography using silica gel as the stationary phase (solvent gradient elution: DCM, then
96:4, DCM-MeOH, v/v) to give the compound 9 as a light green solid (634 mg, 88%).
Rf: 0.32 (system C).
ESI-MS found 650.30 for [M+H] +, C28H52N9O5Si2 required 649.36.
δH(DMSO-d6): 7.78 (1 H, s), 6.79 ( 2 H, s),5.77 (1 H, d, J = 0.9 Hz), 5.74 (2 H, s), 4.57 (1 H, dd,
J = 4.95 and 8.59 Hz), 4.22 (1 H, dd, J= 0.9 and 8.59 Hz), 4.10-4.04 (1 H, m), 4.00-3.92 (1 H,
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m), 3.97-3.94 (1 H, m), 3.81-3.74 (1 H, m), 3.69-3.62 (1 H, m), 3.29 (2 H, t, J=6.8 Hz), 1.611.47 (4 H, m), 1.40-1.29 (4 H, m),1.10-0.95 (28 H, m).
IR (solid, cm-1): 3464 (w, sh, N-H), 3330 (w, sh, N-H), 2921 (s, sh,C-H), 2851 (m, sh, C-H),
2093 (m,sh, -N3), 1590 (s, sh, C=O).
3.2.11 Synthesis of 2’-O-(6-azidohexyl)-2-(N-isobutyryl)-6-aminopurine riboside) 10

(Method A)
2’-O-(6-Azidohexyl)-3’,5’-O-(1,1,3,3-tetraisopropyldisiloxyl)-2,6-diaminopurine-D-riboside
9 (272 mg, 0.42 mmol) was dissolved in dry pyridine (10 ml). The mixture was evaporated under
reduced pressure to a final volume of ca. 5 ml, followed by a dropwise addition of a solution of
isobutytryl chloride (0.16 ml, 1.47 mmol) diluted in dry DCM (0.5 ml) at room temperature. The
reaction mixture was stirred for 6 h at room temperature. Product formation was confirmed by
TLC and then the reaction was quenched by addition of ethanol (0.5 ml). Products were
concentrated under reduced pressure. The resulting residue was dissolved in DCM (10 ml) and
partitioned in two layers with a saturated solution sodium hydrogen carbonate (5.0 ml). The
layers were separated, and the aqueous layer was back extracted with DCM (2×5.0 ml). The
organic layers were combined, dried over MgSO4 and concentrated under reduced pressure. To
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the crude product was added methanol (1.0 ml) and concentrated aqueous ammonia (28%, d
0.88, 2.0 ml) and the mixture was heated at 55°C for 20 h. Once cooled, the products were
concentrated to dryness with a rotary evaporator. The residue was dissolved in acetonitrile (2.0
ml) followed by addition of a solution of tetraethylammonium fluoride in ACN (10 ml, 1.0 M,
pH 8.0). After the reaction mixture was stirred for 4 h at room temperature, the products were
concentrated to dryness under reduced pressure. The crude product was dry-loaded and purified
by column chromatography using silica gel as the stationary phase (solvent gradient elution:
DCM, then 98:2, DCM-MeOH, v/v) to give the compound 10 as a white froth (80 mg, 40% yield
for 3 steps).
(Method B)
2’-O-(Azido-6-bromohexan)-6-aminopurine riboside 8 (106 mg, 0.260 mmol) was
suspended in dry pyridine (10 ml). The mixture was co-evaporated under reduced pressure to a
final volume of 5 ml, followed by the addition of a solution of isobutytryl chloride (0.20 ml, 1.9
mmol) in dry dichloromethane (2 ml) dropwise at room temperature. After the reaction mixture
was stirred for 1 h at room temperature, the reaction was quenched by the addition of ethanol
(0.5 ml). The products were concentrated under reduced pressure and the residue was dissolved
in dichloromethane (12 ml) and extracted with saturated aqueous sodium hydrogen carbonate (10
ml). The layers were separated, and the aqueous layer was back-extracted with dichloromethane
(2x20 ml). The combined organic layers were dried by magnesium sulfate and concentrated. To
the residue was added methanol (1.5 ml) and concentrated aqueous ammonium hydroxide (28%,
d 0.88, 1 ml) and the mixture were heated at 55ºC for 17 h. After the reaction mixture was cooled
to room temperature, the products were concentrated to dryness with a rotary evaporator. The
residue was purified via column chromatography using silica gelas the stationary phase. The
81

appropriate fractions were eluted with dichloromethane-methanol (98:2 v/v) and concentrated
under reduced pressure to give compound 10 as a white foam (84 mg, yield 72% for two steps).
Rf: 0.22 (system C). M.p.246
ESI-MS found 478.20 for [M+H] +, C20H31N9O5 required 477.24.
δH(DMSO-d6): 9.81 (1 H, s), 8.28 (1 H, s), 7.21 (2 H, s), 5.92 (1 H, d, J= 6.20 Hz), 5.12 (1 H, d,
J = 5.41 Hz), 5.05 (1 H, dd, J= 5.67 and 5.67 Hz), 4.47 (1 H, dd, J= 6.20 and 6.20 Hz), 4.28 (1
H, ddd, J= 6.20, 3.87 and 5.41 Hz), 3.95-3.92 (1 H, m), 3.69-3.62 (1 H, m), 3.61-3.53 (2 H, m),
3.43-3.36 (1 H, m), 3.23 (2 H, t, J=6.7 Hz), 2.90-2.80 (1 H, m), 1.45-1.39 (4 H, m), 1.23-1.14 ( 4
H, m), 1.07 (6 H, d, J= 6.8 Hz).
δC(DMSO-d6): 19.8, 19.8, 25.3, 26.3, 28.6, 29.3, 34.5, 50.9, 61.8, 69.3, 69.9, 81.1, 85.4, 86.5,
116.7, 139.1, 150.7, 153.3, 156.5, 175.4.
IR (solid, cm-1): 3491 (w, sh, N-H), 3398 (w, sh, N-H), 2920 (m, sh, C-H), 2849 (w, sh, C-H),
2092 (m, sh, -N3), 1651 (s, sh, C=O).
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3.2.12 Synthesis of 2ʹ-O-(6-azidohexyl)-N2-isobutyryl-guanosine 11

2’-O-(6-Azidohexyl)-2-(N-isobutyryl)-6-aminopurine riboside 10 (106 mg, 0.221 mmol) was
dissolved in N,N-dimethylacetamide (10 ml) followed by addition of glacial acetic acid (5 ml)
and water (4 ml). A solution of sodium nitrite (46 mg, 0.66 mmol) in water (4 ml) was then
added dropwise while the temperature was kept at 4°C. Every 24 h the same portion of sodium
nitrite in water was added for 8 days on a daily basis. The products were coevaporated with
toluene (3×10 ml) in vacuo to dryness. The formation of the products was confirmed by HPLC.
The crude product was dry-loaded and purified by column chromatography using silica gel as the
stationary phase (solvent gradient elution: DCM, then 98:2, DCM-MeOH, v/v) to give the
compound 11 as a transparent glass (63.5 mg, 60%).
Rf: 0.22 (system C). M.p.240
ESI-MS found 478.2 for [M+H] +, C20H30N8O6 required 478.23.
δH(DMSO-d6): 12.09 (1 H, s), 11.69 (1 H, s), 8.29 (1 H, s), 5.89 (1 H, d, J= 6.72 Hz), 5.18 (1H,
d, J= 4.62 Hz ), 5.09 (1 H, dd, J= 5.37 and 5.37 Hz), 4.33 (1 H, dd, J= 6.72 and 6.60 Hz), 4.284.25 (1 H, m), 3.95-3.93 (1 H, m), 3.63-3.60 (1 H, m), 3.59-3.53 (2 H, m), 3.39-3.31 (1 H, m),
3.22 (2 H, t, J=6.8 Hz), 2.76 (hept, 1 H, J = 6.76 Hz ), 1.44-1.38 ( 4 H, m), 1.21-1.16 (4 H, m),
1.12 ( 6 H, d, J= 6.76 Hz).
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δC(DMSO-d6): 19.3, 25.3, 26.2, 28.5, 29.3, 35.2, 50.9, 61.7, 69.3, 70.0, 81.9, 84.9, 86.8, 120.4,
128.6, 129.3, 137.9, 149.3, 155.2, 180.6.
IR (solid, cm-1): 2934 (m, sh, C-H), 2863 (w, sh, C-H), 2093 (s, sh, -N3), 1675 (s, sh, C=O).
3.2.13 Synthesis
of
guanosine 12

2’-O-(6-azidohexyl)-5’-O-(4,4’-dimethoxytrityl)-N2-isobutyryl-

2’-O-(6-Azidohexyl)-N2-isobutyryl-guanosine 11 (52 mg, 0.11 mmol) was dried at 80°C in
vacuo for 3 h and then suspended in anhydrous pyridine (2×5 ml) and co-evaporated under
reduced pressure and then re-dissolved in pyridine (5 ml), followed by the addition of 4,4’dimethoxytrityl chloride (109 mg, 0.323 mmol) at r.t. After 1 h the reaction was quenched by
addition of triethylamine (0.2 ml) and methanol (0.2 ml) and then the products were concentrated
under reduced pressure and the residue was dissolved in dichloromethane (20 ml) and extracted
with saturated aqueous sodium hydrogen carbonate (20 ml). The layers were separated, and the
aqueous layer was back-extracted with dichloromethane (2×10 ml). The combined organic layers
were dried over magnesium sulfate and concentrated. The residue was purified by short column
chromatography using silica gelas the stationary phase. The appropriate fractions, which were
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eluted with dichloromethane–methanol (95:5 v/v), were concentrated via evaporation to give
compound 12 as a yellow foam (17.76 mg, 21%).
Rf.:0.48 (System C). M.p.235
ESI-MS found 781.6 for [M+H]+, C41H48N8O8 required 780.36
δH(DMSO-d6): 12.08 (1 H, s), 11.60 (1 H, s), 8.12 (1 H, s), 7.40-7.17 (4 H, m), 5.92 (1 H, d,
J=5.6 Hz), 5.17 (1 H, d, J=5.3 Hz), 4.40 (1 H, t, J=5.3 Hz), 4.28 (1 H, t, J=4.3 Hz), 4.04 (1 H,
m), 3.72 (6 H, s), 3.59 (2 H, m), 3.23 (2 H, t, J=6.8 Hz), 1.45-1.43 (4 H, m), 1.25-1.20 (4 H, m),
1.11 (6 H, d, J=6.8 Hz).
δC(DMSO-d6): 12.0, 25.3, 26.2, 28.5, 29.3, 39.3, 39.5, 40.3, 46.0, 50.9, 55.4, 70.2, 81.0, 86.0,
113.5, 128.1, 128.2, 130.1, 135.8, 135.9, 145.2, 158.4.
IR (solid, cm-1): 2931 (w, sh, C-H), 2861 (w, br, C-H), 2092 (s, sh, -N3), 1675 (s, sh, C=O).
3.2.14 Synthesis of N2-isobutyryl guanosine 15

Guanosine 14 (10.00 g, 35.30 mmol) was dried at 80°C under high vacuum for 3 h and then
dissolved in dry pyridine (200 ml) followed by addition of chlorotrimethylsilane (33 ml, 0.26
mol). After 40 min isobutyryl chloride (7.40 ml, 70.3 mmol) was added dropwise while the
temperature was kept at 0°C (ice-water bath). After 24 h, the reaction was quenched by addition
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of ice-cold water (20.0 ml). After 10 min concentrated aqueous ammonium hydroxide (60.0 ml)
was added while the temperature was kept at 0°C (ice-water bath). After 30 min the products
were first concentrated under reduced pressure while the temperature was kept below 10°C and
then at 35°C to dryness. The residue was co-evaporated with toluene (4×30 ml) and then
recrystallized from boiling water (250 mL) to give the title compound 15 as a white solid (8.00 g,
64%).
Rf.: 0.21(System C). M.p.223
ESI-MS found 354.1 for [M+H] +, C14H19N5O6 required 353.34
δH(DMSO-d6): 12.09 (1 H, s, ex), 11.17 (1 H, s, ex), 8.27 (1 H, s), 5.81 (1 H, d, J=5.7 Hz), 4.43
(1 H, t, J=5.4 Hz), 4.13 (1 H, t, J=3.9 Hz), 3.91 (1 H, dd, J – 3.9 and 7.6 Hz), 3.64 (1 H, dd, J =
4.2 and 11.9 Hz), 3.55 (1 H, dd, J = 4.2 and 11.9 Hz), 2.78 (1 H, sep, J = 6.8 Hz), 1.12 (6 H, d,
J=6.8 Hz).
3.2.15 Synthesis of 3’,5’-O-(1,1,3,3-tetraisopropyldisiloxyl)-N2-isobutyryl guanosine 16

N2-Isobutyryl guanosine 15 (8.00 g, 22.64 mmol) was dried at 60°C in vacuo for 4 h and
then suspended in anhydrous pyridine (100 ml) and co-evaporated under reduced pressure to a
final volume of 80 ml, followed by the addition of 1,1-dichloro-1,1,3,3-tetraisopropyldisiloxane
(8.70 ml, 24.9 mmol) at 0°C. After 5 h the reaction was quenched by addition of water (5 ml) and
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the products were concentrated under reduced pressure, followed by co-evaporation with toluene
(2×60 ml) and dichloromethane (40 ml). The residue was fractionated by short column
chromatography using silica gel as the stationary phase. The appropriate fractions, which were
eluted with dichloromethane–methanol (95:5 v/v), were concentrated via evaporation to give
compound 16 as a white foam (6.18g, 46%).
Rf.: 0.40 (System C). M.p.241
ESI-MS found 596.3 for [M+H]+, C26H45N5O7Si2 required 595.29.
δH(DMSO-d6): 12.11 (1 H, s), 11.74 (1 H, s), 8.05 (1 H, s), 5.79 (1 H, s), 5.69 (1 H, d, J=4.7 Hz),
4.38-4.31 (2 H, m), 4.13 (1 H, dd, J=3.6 and 13.1 Hz), 4.06 (1 H, m), 3.95 (1 H, dd, J=2.6 and
13.0 Hz), 2.78 (1 H, sep, J=6.8 Hz), 1.12 (6 H, d, J=6.8 Hz).
3.2.16 Preparation of tetraethylammonium fluoride solution in acetonitrile (1.0 M, pH 8.0)
Hydrofluoric acid (35% HF, 12.85 ml, 0.25 mol) was added dropwise to a stirred solution of
tetraethylammonium hydroxide (35% aqueous solution, 102.8 ml, 0.25 mol). The pH was
adjusted to ca. 8.0. The solution was then concentrated under reduced pressure on a rotary
evaporator with cooling of the receiver flask, while the bath temperature did not exceed 35°C.
The syrupy residue was co-evaporated with toluene (5×50 ml), followed by evaporation with dry
acetonitrile (2×50 ml). The final residue was dissolved in dry acetonitrile to a volume of 250 ml,
to give the above solution.

87

3.2.17 Preparation of levuilinic anhydride

Levulinic acid (11.60 g, 0.10 mol) and N,N’-dicyclohexylcarbodiimide (10.30 g, 0.050 mol)
were stirred in dry diethyl ether (10 ml) for 1.5 h at r.t. Then the reaction mixture was filtered,
and the solid was washed with diethyl ether (2×20ml). The filtrate and washing were combined
and concentrated under reduced pressure to give the desired product as a pale-yellow oil which
solidified upon storing at -4°C.
IR (liquid, cm-1): 2926 (m, sh, C-H), 2852 (w, sh, C-H), 1712 (s, sh, C=O).
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