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Abbildung 9: Zwei der aktuell vielversprechendsten STING-Agonisten in der medizinischen Prüfung: 21 und 22. In 
mononukleären Zellen des peripheren Blutes zeigen die Verbindungen verbesserte EC50-Werte. Adaptiert mit freundlicher 
Genehmigung von Ramanjulu et al.[95] Copyright 2018 Springer Nature. 

Auch Moleküle mit zwei chiralen Zentren finden Anwendung in Form racemischer Gemische. 
Verbindung 23 ist ein schwacher STING-Antagonist und wurde aus verschiedenen Testbibliotheken 
identifiziert. Das Racemat bindet an die offene inaktive Form von STING. Die Co-Kristallstruktur 
offenbart die Neigung von small molecules sich als Dimere an STING anzulagern (Abbildung 10).[96] 

  

Abbildung 10: Eines der möglichen Konfigurationsisomere von 23 bindet beispielhaft an STING als Homodimer (rechts). 
Adaptiert mit freundlicher Genehmigung von Siu et al.[96] Copyright 2019 American Chemical Society (ACS). 

Abgesehen von der Blockade der Bindungstasche kann STING auch durch andere Mechanismen 
inhibiert werden. Die Forschungsgruppe von Andrea Ablasser[97] berichtete über die kovalente Bindung 
von small molecules (Elektrophil 24) an der Cys91 Position von STING (Abbildung 11). Dadurch wird die 
Palmitoylierung[98] des STING-Proteins an jener Position gestört, die einen unerlässlichen 
Zwischenschritt für die weitere Signalkaskade darstellt. Ohne diese posttranslationale Modifikation 
wird die Oligomerisierung von STING im Golgi-Apparat verhindert und es kommt zu keiner 
Cytokinproduktion. Die Autoren zeigten, dass es sich um eine elegante Methode handelt, um die 
STING-Aktivität in menschlichen und murinen Zellen signifikant zu dämpfen (z.B. bei gain-of-function 
STING-Mutationen). 
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Abbildung 11: Kovalente Inhibierung mithilfe des STING-Antagonisten 24. Durch diesen Kandidaten wird die 
Palmitoylierung von STING und damit ein wichtiger Schritt der Signaltransduktion verhindert. 

Der Mechanismus der Inhibierung kann durch einen nukleophilen Angriff von Cys91 an das Nitro-
Michael-System von Verbindung 24 beschrieben werden (Abbildung 12). Unter Abspaltung von Wasser 
ist dieser Schritt zu Produkt 25 irreversibel. Neben den Nitrofuran-Verbindungen sind auch Nitrooleate 
von Bedeutung.[99] 

 

Abbildung 12: Irreversible kovalente Bindung an Cys91. 

Neben STING bietet auch cGAS ein attraktives Ziel für die Entwicklung von Arzneimitteln. In Bezug auf 
eine zu hohe Immunanwort bei speziellen Autoimmunerkrankungen (siehe Kapitel 1.3) ist eine 
reduzierte cGAS-Aktivität von therapeutischer Bedeutung. Vincent et al.[100] berichten von einer 
ausführlichen Strukturoptimierung nach einem High-Throughput Screening von über 100.000 
Substanzen. Das Verfahren führte sie zu Molekül 26 (IC50 = 1.89 µM). In Makrophagen von 
autoimmunen Mausmodellen (Aicardi-Goutières-Syndrom) konnte ein Rückgang der 
Interferonexpression erwirkt werden. Anders als bei STING spielt für die Bindung an die aktive cGAS-
Tasche der Kontakt mit DNA eine Rolle (Abbildung 13). 

  

Abbildung 13: Ein cGAS-Antagonist (26) mit neutralem Charakter. Rechts in Co-Kristallstruktur mit cGAS. Adaptiert mit 
freundlicher Genehmigung von Springer Nature, Nat. commun., Vincent et al.[100] (Creative Commons Attribution 4.0 
International License 2017) 

 

1.5. Strukturelle Einblicke in die Bindung des Moleküls DMXAA an STING 

Schon zu Beginn der Entdeckung der neuen cGAS-STING-Achse wurde DMXAA (15, auch bekannt als 
Vadimezan in kardiovaskulären Therapien[101]) als STING-Binder identifiziert.[90] Zunächst entfachte 
eine Kombinationstherapie von DMXAA, Paclitaxel und Carboplatin Begeisterung in Phase-II-Studien 
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Die freigesetzte Amin- und Säurefunktion von 117 sollte in der Lage sein durch eine HATU vermittelte 
Makrolaktamisierung den Ringschluss zu vollziehen. Doch Aminosäure 117 wurde bei einer Palladium-
katalysierten Hydrierung nur in Spuren detektiert, sodass nachfolgende Reaktionen hin zu 
Zielverbindung 70a nicht möglich waren. 

In Route B sollte das lineare Dinukleotid 79 zunächst durch eine Amidbindung verknüpft und hinterher 
über Phosphoramiditchemie zyklisiert werden. Dazu wurde der G-Baustein 99 DMTr-geschützt und der 
Benzylester 118 unter reduktiven Bedingungen zu 119 entschützt (Abbildung 40). Der Umsatz der 
Pd/C-Hydrierung wurde über LCMS verfolgt. 

 

Abbildung 40: Synthese von Säure-Vorläufer 119. 

Die rohe Säure 119 wurde direkt mit Amino-dA[170] 120 versetzt und über Nacht mit HATU gerührt 
(Abbildung 41). Die Bildung einer neuen Verbindung konnte über Dünnschichtchromatographie klar 
gezeigt werden. Allerdings konnte Dinukleotid 121 durch Säulenchromatographie nicht isoliert werden 
und das Rohprodukt wurde nur in Spuren durch hochaufgelöste Massenspektrometrie detektiert. 

 

Abbildung 41: Syntheseansatz einer Amidkupplung zu Dinukleotid 121. Eine Phosphorzyklisierung könnte zu 
Zielverbindung 70b führen. 

Die Syntheseansätze für die unterschiedlichen cGAMP-Monophosphat-Analoga 72, 70a und 70b waren 
nicht erfolgreich. Die Schutzgruppenchemie und Synthesestrategie erwiesen sich als zu kompliziert, 
weswegen diese Ideen nicht weiterverfolgt werden konnten. Die gewonnen Erkenntnisse waren für 
die nachfolgenden cGAMP-Analoga in Kapitel 4.2 und 4.3 von entscheidender Bedeutung. 
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Abstract : 2’3’-cGAMPis an uncanonical cyclic dinucleotide
where one A and one G baseare connected via a 3’-5’ and a
unique 2’-5’ linkage. The molecule is produced by the cy-
clasecGASin response to cytosolic DNA binding. cGAMPac-
tivates STINGand henceone of the most powerful pathways
of innate immunity. cGAMPanalogues with uncharged link-

ages that feature better cellular penetrability are currently
highly desired. Here, the synthesis of a cGAMP analogue
with one amide and one triazole linkage is reported. The
molecule is best prepared via a first CuI-catalyzed click reac-
tion, which establishes the triazole, while the cyclization is
achieved by macrolactamization.

Introduction

Cyclic dinucleotides (CDNs)are important cellular messenger
molecules in a variety of organisms.[1] The compounds play a
crucial role in a wide range of biological processes,such as
signal transduction, control of biofilm formation or quorum
sensing.[2] Bacteria produce molecules in which two purine
basesare linked via two 3’-5’ phosphate linkages to give sym-
metrical cyclophane structures.[3] One main example for such a
molecule is the c-di-GMP compound 1 shown in Figure1.[4,5]

Biochemically, the compound is generated from the corre-
sponding nucleotide-5’-triphosphates. Recently, an unsymmet-
rical cyclic dipurine molecule (cGAMP, 2) was discovered in
mammalian cells.[6,7] In this molecule, the two purines are con-
nected via one 3’-5’ and another 2’-5’ linkage.[8] The dinucleo-
tide 2 is assembled by the cyclase cGAS(cyclicGMP-AMP syn-
thase).cGASis a cytosolic DNA sensor and part of the innate
immune system.[9,10] 2’3’-cGAMP (2) binds to the transmem-
brane receptor STING(stimulator of interferon genes) with
nanomolar affinity (kd = 4.59nm),[11] which activates the type 1
interferon (IFN) pathway.[12–14] Subsequent degradation of
cGAMP2 occursby the specificcleavage of the 2’-5’ phospho-

diester bond by ENPP1highlighting the importance of this un-
usual connection.[15,16]

There is currently tremendous interest to develop synthetic
routes towards analogues of cGAMP2 as potential agonists or
antagonists for cGASand STING.[17–19] The bisphosphorothioate
cGAMP derivative 3,[20,21] for example, is already in clinical
trials.[22,23] Alternative targeting of STINGwith small molecules
is alsoknown.[24–26] Particularly, compounds which lack the neg-
atively charged phosphodiester linkages are discussed as new
immune-regulatory pharmaceuticals.[27] While such derivatives
are availablefor symmetric 3’-5’ dinucleotides,[28–32] to the best
of our knowledge, uncharged cGAMP 2 analogues do not
exist.

Figure 1. Depiction of the symmetrical microbial c-di-GMP1, the unsymmet-
rical STINGactivator cGAMP2, as well as the bisphosphorothioate analogue
3, together with the molecule 4 targeted here.AL = amide linked, TL= tria-
zole linked.
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In this article,we describethe modular synthesisof a neutral
cGAMPanalogue 4 that features one triazole and one amide
linkage. The triazole was generated by a CuI catalyzed alkyne-
azide click reaction (CuAAC)that was found to be particularly
efficient on nucleotides and oligonucleotides.[33–35]

Resultsand Discussion
We decided to start our synthetic study by synthesizing the
cGAMPanalogue 4, in which the 5’-G-3’-A linkage is replaced
by a triazoleunit and the 2’-G-5’-A linkage is substituted by an
amide bond.

Molecular modeling (Figure 2) showed that the analogue 4
is able to adopt a conformation that is similar to the natural
ligand bound to STING.[11,36]

In both cases,the macrocycle is thought to force the bases
into a shifted parallel orientation with the imidazole part of
the nucleobases pointing towards each other. This requires
anti-conformations of both glycosidic bonds. The preferred
conformation of compound 4 will be governed by aromatic
the triazole unit. For the conformation of the amide we
assumea syn-conformation due to the small ring size.

Analysisof potential synthetic accessesof 4 shows that it
can be generated by CuI catalyzed azidealkyne reaction plus a
preceding or following lactamization. We developed the syn-
thesisbasedon the A-half 5 and the corresponding G-half 6 as
depicted in Figure3. For the synthesis of the A-half 5
(Scheme1),we started with the commercially available1,2-ace-

tonide protected xylofuranoside 7 (two steps from d-xylose),
which we converted in three steps into the 5-TBS-1,2-aceto-
nide protected 3-methylene xylofuranoside 8.

After stereoselective hydroboration (BH3·DMS,dr: 9:1) of 8
and Swern oxidation, we obtained the carbonyl compound 9,
which we subjected to a Corey–Fuchsalkinylation (CBr4, BuLi).
TBS deprotection and conversion of the primary hydroxyl
group into the azide gave the key intermediate 10. X-ray anal-
ysis of the structure of 10 proved the right configuration of
the compound (recrystallisation from isohexanes/ethyl ace-
tate).

Subsequent cleavage of the isopropylidene group and
acetyl protection of the hydroxyl groups provided compound
11, which was the sugarbuilding block for the following glyco-

Figure 2. 3D representation showing the potential conformational similarity
between compound 4 (left) and natural 2’3’-cGAMP (right, conformation of
2 bound to STING,PDB: 4LOH).

Figure 3. Synthetic strategy towardscompound 4. dpc= diphenylcarbamoyl,
iBu= isobutyryl.

Scheme 1. Synthesisof the A-half 5 in 14 steps.a)TBSCl,Py, RT,2 h, 97%;
b) (COCl)2, DMSO,NEt3, DCM,@608C,3 h; c) CH3PPh3Br, BuLi, THF, RT,6 h,
81% (over two steps); d) BH3·DMS,THF, RT,12 h then 30% H2O2, 2n NaOH,
RT, 2 h, 76%;e) (COCl)2, DMSO,NEt3, DCM,@608C,3 h, 93%; f) CBr4, PPh3,
DCM, 08C,1 h then RT, 12 h, 85%; g) BuLi, THF, @788C,1.5h, 83%;h) TBAF,
THF, RT,4 h, 95%; i) TsCl,Py, RT,18 h, 87%; j) NaN3, DMF, 808C,3 h, 94%;
k) HOAc/Ac2O, H2SO4 (cat.),RT, 5h, 78%; l) 6-N-benzoyladenine,BSA,
TMSOTf, DCE,808C,4 h, 61%; m) PMe3, H2O, THF, 408C,then RT, 12 h, 66%;
n) Boc2O, NEt3, DCM,RT, 16 h, 64%. Overall yield starting from 7: 6%.
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sylation step. The Vorbreggen reaction to 12 was found to be
most efficient under BSA/TMSOTfconditions with a benzoyl
protected A-heterocycle (a/b: 1:12). Finally, we converted the
azide via a Staudinger reduction (PMe3 worked better than
PPh3) into the corresponding amine, which was Boc-protected
afterwards to give the A-half 5.

The desiredG-half (Scheme2) was synthesizedstarting from
d-arabinose (13). 1-O-Benzyl and 3,4-acetonide protection
yielded alcohol 14.

Subsequent Swern oxidation and Wittig homologation pro-
vided the intermediate 15 (E/Z: 4:1).Employing the acetonide
protective group as a stereoselective directing group, com-
pound 16 was almost exclusivelyobtained in R-configuration
via a Raney-Ni-assisted hydrogenation (dr: 20:1).

Under these reduction conditions the 1-O-benzyl group re-
mained unaffected—keeping the sugar in its pyranoside con-
figuration. Removal of the protective groups and treatment
with catalytic amounts of acid furnished at 48C selectively the
ribofuranoside 17. This was followed by an in situ lactoniza-
tion. The resulting alcohol 17 was tosylated and reacted with
NaN3 to give azide 19. The absolute configuration of the com-

pounds was again proven with a crystal structure of 18 (Sup-
porting Information).

We subsequently opened the lactone ring to compound 20
via hydroxide-mediated benzyl protection and converted it
into its 1-O-acetyl derivative 21. The glycosylation reaction to
the G-half6 wasperformed by a so far unreported Vorbreggen
pattern in high b-selectivity (a/b: 1:14)and good yields (79%).

The assembly of nucleosidebuilding blocks A (5) and G (6)
was initiated by a CuAACreaction. This reaction went smooth-
ly and provided the dinucleotide 22 in fair yield of 80%
(Scheme 3). We noticed that click-approacheswith the Boc-de-
protected amine compound A gave rise of several side prod-
ucts asmonitored by thin-layer chromatography (TLC).

TFA treatment of dinucleotide 22 resulted in the cleavage of
both the Boc and the diphenylcarbamoyl (dpc) group. Besides,
this was the last step of the consecutivesynthesiswhere purifi-
cation could be easilyconducted by flash column chromatog-
raphy (DCM/MeOH, 10:1) due to the increasing polarity of the
following compounds. A palladium catalyzed hydrogenation
reaction deprotected the benzyl ester by leaving the secondary
3’’’’-O-benzyl ether intact. Final macrolactamization with HATU
furnished the cyclizeddinucleotide 24.

Deprotection of the 3’’’’-O-benzyl ether under BCl3/DCMcon-
ditions (@408C)proved to be the best option even though sol-
ubility in organic solvents decreased with ongoing removal of
protective groups. Final ammonolysis revealedour target mol-
ecule 4 in 2% overall yield starting from the G-pathway (19
steps)and 1% starting from the A-pathway (20 steps),respec-
tively. Compounds 24, 25 and 4 were purified by RP-HPLCand
subjected to further NMR-studies.

Conformational Analysis and Conclusion
We performed detailed NOESYexperiments in order to deter-
mine the conformation preferencesof target compound 4 in

Scheme 2. Synthesisof the G-half6 in 13 steps.a)AcCl, BnOH,608C,5 h,
80%; b) Me2C(OMe)2, Me2CO,p-TsOH (cat.),608C,2 h, 84%; c) (COCl)2, DMSO,
NEt3, DCM, @608C,3 h; d) Ph3PCHCO2Et,DCM,RT, 12 h, 86% (over two
steps); e) H2, Raney-Ni,EtOH, RT,20 h, 90%; f) H2, Pd/C, EtOH/THF,36 h, 88%;
g) 80% HOAc, RT, 24 h; h) H2SO4 (cat.), MeOH, 48C,3d, 72% (over two
steps); i) TsCl,Py, RT,18 h, 76%; j) NaN3, DMF, 808C,3 h, 75%; k) BnBr, KOH,
THF, reflux, 5 h, 91%; l) HOAc/Ac2O, H2SO4(cat.),RT, 3h, 85%;m) 6-O-(diphe-
nylcarbamoyl)-2-N-isobutyrylguanine (Gdpc/iBu), BSA,TMSOTf,DCE, 808C,2 h,
72%. Overall yield starting from 13: 10%.

Scheme 3. Theassembly towards cyclicdinucleotide 4 in 6 steps. a)CuSO4,
Na-ascorbate, THF/tBuOH/H2O, RT, 24 h, 80%; b) TFA/DCM(1:1),08C,1 h,
81%;c) H2, Pd/C, EtOH, 36 h; d) HATU,DIPEA, DMF (1 mm), RT, 24 h, 52%
(over two steps); e) BCl3, DCM,@408C,3d; f) NH3, H2O/MeOH, 508C,20 h,
48% (over two steps). Overall yield starting from 5 and 6: 16%.
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respect to potential STINGbinding. The spectrum is shown in
Figure4. The most informative NOEcontacts together with a
depiction of the modelling results of 4 in solution is shown in
Figure5. The NMRdata confirm the overall structure with two

b-configured glycosidic bonds both in anti-conformation. Most
interesting, however, is the large shielding of proton H-2’’’’,
which shifts from d(compound 23)= 4.12ppm to d(compound
4)= @0.47ppm. Thisdramatic shift indicatesthat the proton is
positioned just on top of the aromatic triazole ring.

According to this low chemical shift, it is assumedthat H-
2’’’’ points directly to the triazolering within the cyclizedstruc-
tures of compounds 24, 25 and 4. Unraveling of the conforma-
tion just basedon the NOEdata shows that compound 4 likely
adopts a more open conformation in solution ([D6]DMSO)com-
pared to cGAMP2, with the two heterocycles being not paral-
lel to eachother.

Potential binding of compound 4 to STINGwas tested in
vitro by nanoDSFassays and analysis of thermal unfolding of
the STINGconstructs hSTINGL139 (human STINGAA139-379)
and mSTING L138 (mouse STING AA138-378). We used the
physiological ligand 2’3’-cGAMPand a ligand with lower affini-
ty, 3’3’-cGAMP, as positive controls. As expected after the con-
formational analysis of compound 4, binding to hSTINGor

mSTINGcould not be detected. Thisresult was confirmed with
ITC experiments (see supporting information). Based on the
more open structure of the here prepared compound 4, we
believe that interaction studies with cGASor ENPP1may be
more promising. Investigations in this direction are on the way.

In summary, we report the first synthesisof a 2’3’-cGAMPan-
alogue which features uncharged bridges that should provide
membrane crossingproperties. The synthetic strategy involved
first linking of the two nucleotides by a CuI-catalyzed click reac-
tion followed by a macrolactamization to close the cycle. The
synthesis of medium size ring structures is always difficult. We
believe that the here described strategy will open the access
to a variety of derivativesof 4. This allows systematic scanning
of the conformational spaceof the two nucleobasesrelative to
each other regarding the binding to the involved proteins
STING,cGAS and ENPP1.

Experimental Section
Unlessotherwise specified,all reactions were magnetically stirred
under an N2 atmosphere.Reactionvesselswere dried under high
vacuum at 5508C prior to use.Dry solventsand reagentswere pur-
chased from commercial suppliers, such as Sigma–Aldrich,Acros
Organics, Carbosynth, TCI Europe, ABCR, VWR, stored under
septum over molecular sievesand used as received.The reaction
progressand fractions during column chromatographywere moni-
tored by TLCon silicagel 60-F254 plates purchasedfrom Merckand
visualizedby irradiation with UV-light (254nm or 366nm) and p-
anisaldehyde staining solution (p-anisaldehyde (3.7mL), EtOH
(135mL),conc.H2SO4 (5 mL),conc.AcOH(1.5mL)).Purificationwas
performed using flash column chromatography with silica gel
(Merck,particle size 0.063–0.200mm). The eluents used were de-
termined by TLC.Purification of the crude dinucleotides 24, 25
and 4 was operated by Waters 2695 reversed phase high per-
formance liquid chromatography (RP-HPLC)using Nucleosil col-
umns (250/4mm, C18ec,particle size 3 mm for analysis or 250/
10 mm, C18ec,5 mm for purification) from Machery–Nagelwith a
buffer-free H2O/MeCNeluent system.Water was purified by a Milli-
Q Plus system from Merck Millipore. NMR-spectrawere measured
on a BrukerAscend400or BrukerARX600at room temperature op-
erating at 400MHz or 600MHz for 1H-nuclei and at 101MHz or
151MHz for 13C-nuclei.The chemicalshift (d) in the NMR-spectrais

Figure 4. NOESYspectrum of the final compound 4 in [D6]DMSO.

Figure 5. Selected NOEcontacts of compound 4 (in [D6]DMSO) and model-
ling of the preferred conformation basedon the NOEdata.
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reported in parts per million (ppm) and referencedby the residual
solvent signal. Measurements were performed in CDCl3 and
[D6]DMSO.The spectra were referenced to the residual protons
and carbons of the solvent (CHCl3: d(1H)= 7.26ppm, d(13C)=
77.16ppm; [D6]DMSO: d(1H)= 2.50ppm, d(13C)= 39.52ppm).
Proton-spectraalso show the integral intensity, the multiplicity, ab-
breviated with s (singlet), d (doublet), t (triplet), q (quartet), m
(multiplet) and the coupling constant (J in Hz).Assignmentsof the
signalswere performed using 2D-NMRtechniques such as homo-
nuclear correlation spectroscopy(COSY),nuclear Overhausereffect
spectroscopy (NOESY),heteronuclear single quantum coherence
(HSQC)and heteronuclear multiple bond coherence (HMBC).All
spectra were analyzedwith the software MestReNOVA 10.0 from
MestrelabResearch,S.L. Atom labelling and nomenclatureare not
in correspondence with IUPAC. High resolution mass spectra
(HRMS)were measured on a ThermoFinnigan MAT 95 (EI)and a
ThermoFinniganLTQ FTICR(ESI).IR-measurementswere performed
on a PerkinElmerSpectrumBXFT-IRspectrometerwith a diamond-
ATR (Attenuated Total Reflection) setup. Uncorrected melting
points were determined with an automated StanfordResearchSys-
tems EZ-Melt apparatus (digital image processing technology).
Sampleswere loaded in open capillary tubes. X-raycrystallography
of single crystalswas performed on an OxfordXCaliburdiffractome-
ter and further analysisby the software Ortep-3.[37] The structure of
the synthesizedanalogue4 in Figure2 wasobtained using the ge-
ometry optimization tool of the open source software Avogadro
and visualizedby PyMol.

Nano differential scanning fluorimetry (nanoDSF)

Thermalmelting experimentsof STINGconstructswere performed
using a Tycho NT.6 instrument (NanoTemper Technologies).In brief,
the sampleswere heated up in a glasscapillaryand while heating,
the internal fluorescence at 330nm and 350nm was recorded.
Data analysis,data smoothing, and calculation of derivatives was
done using the internal evaluation featuresof the NT.6 instrument.
All measurements were repeated to confirm robustness of the
assay.

Isothermal titration calorimetry

ITCexperimentswere performed using a Malvern PEAQ-ITCsystem
with 20 mm protein in ITC-buffer (20mm HEPESpH 7.5, 150mm
NaCl) in the cell. The positive controls of cGAMPligands (Biolog)
were titrated in a concentration of 200mm into the cell by 19 injec-
tions of 2 mL, spaced150s apart, at 258C. Compound 4 was used
in a concentration of 291mm for titration. The results were ana-
lyzed using the MicroCalPEAQ-ITCanalysissoftware provided with
the instrument. All titrations were repeated to confirm robustness
of the assay.

Cloning, expression and purifi cation

Human STINGAA139-379and mouse STINGAA138-378constructs
were cloned according to previous studies.[38] The plasmids were
used to transform E. coli Rosetta (DE3)protein expressionstrain
cells (Novagen). The cells were grown in 1 L of Turbo BrothQ
media (Molecular Dimensions) supplemented with Kanamycin
(50mgL@1) and Chloramphenicol(34mgL@1) at 378C to an OD600=
1.3 and expressionwas induced by adding IPTGto a final concen-
tration of 0.2mm. Purification of the STINGconstructs has been
performed asdescribedpreviously.[38]

4-[6’-Benzoylamino-9’-(2’’-O-acetyl-5’’-amino-3’’,5’’-dideoxy-
b-d-ribofuran osyl)-9’H-purin-3 ’’-yl]-1-{9’’’-[3’’’’-O-benzyl-
2’’’’,5’’’’-dideoxy-2’’’’-C-carboxymethyl -b-d-ribofurano syl]-2’’’-
N-isobutyrylguanin -5’’’’-yl}-2’’’’,5’’-lactame-1,2,3-triazole (24)

To a stirred solution of dinucleotide 22 (2.12g, 1.61mmol,
1.00equiv.) in dry DCM (40mL) was added TFA (20 mL) at 08C
under N2. The mixture was stirred for 1 h at this temperature and
then concentrated in vacuo. The brown residue was purified by
flash-column chromatography (silica gel, DCM/MeOH, 100:2!
100:5! 5:1) to give amino compound 23 as a colorless solid
(1.33g, 1.30mmol, 81%). mp 1288C (decomp.). Rf = 0.39 (DCM/
MeOH= 5:1). ESI-HRMScalcd for [C51H52N14O10+ H]+ : 1021.4064,
found: 1021.4038. ESI-HRMS calcd for [C51H52N14O10@H]@:
1019.3918,found: 1019.3918.

To a solution of amino compound 23 (1.08g, 1.06mmol,
1.00equiv.) in EtOH (50mL) was added Pd/C (10wt.%, 0.30g)
under nitrogen stream at RT. The reaction vesselwas evacuated
and flushed with hydrogen three times. The mixture was stirred
under hydrogen atmosphere for 36 h and then filtered through
celite. The solution was concentrated to dryness under reduced
pressure.The residue was used in the next step without further
purification. ESI-HRMScalcd for [C44H46N14O10+ H]+ : 931.3594,
found: 931.3594.ESI-HRMScalcd for [C44H46N14O10@H]@: 929.3448,
found: 929.3450.

Finally, the title compound was prepared according to a modified
procedure of Horne et al.[45] and Kinzieet al.[46] To a yellow solution
of the hydrogenated compound 23 and HATU (0.60g, 1.58mmol,
1.50equiv.) in dry DMF (1000mL) was added DIPEA (0.72mL,
0.54g, 4.21mmol, 4.00equiv.) at RT. The solution turned orange
and was stirred at RTfor 24 h. After addition of MeOH(5 mL),vola-
tile materialswere removed under reduced pressureand the crude
product was purified by flash-column chromatography (silica gel,
DCM/MeOH,100:2! 100:5! 5:1) to yield cyclizedcompound 24 as
a colorlesssolid (506mg, 0.55mmol, 52% over 2 steps).An analyti-
cal sample was provided by RP-HPLC.mp 1858C (decomp.). Rf =
0.57 (DCM/MeOH= 5:1). Rt = 16.1min (RP-HPLC,15% to 80%
MeCNgradient elution). IR (ATR):ṽ= 3220,1682,1608,1454,1403,
1222, 1049, 797, 708cm@1. 1H NMR, COSY, NOESY (600MHz,
[D6]DMSO):d= 12.06 (s, 1H, NH), 11.59 (s, 1H, NH), 11.27 (s, 1H,
NH), 8.83 (s, 1H, H-2’), 8.68 (s, 1H, H-8’), 8.54 (s, 1H, H-5), 8.35 (s,
1H, H-8’’’), 8.08–8.03 (m, 2H, Bz-o-CH), 8.06–8.03 (s, 1H,
CH2CONHCH2), 7.68–7.63(m, 1H, Bz-p-CH), 7.59–7.53(m, 2H, Bz-m-
CH), 7.52–7.49(m, 2H, Bn-o-CH), 7.44–7.40(m, 2H, Bn-m-CH), 7.38–
7.34 (m, 1H, Bn-p-CH), 6.46 (d, 3J= 1.1Hz, 1H, H-1’’), 5.92 (dd, 3J=
5.9Hz, 3J= 1.1Hz, 1H, H-2’’), 5.66 (d, 3J= 10.2Hz, 1H, H-1’’’’), 4.85
(dd, 2J= 15.0Hz, 3J= 3.3Hz, 1H, Ha-5’’’’), 4.80–4.77(m, 1H, Hb-5’’’’),
4.80 (d, 2J= 10.9Hz,1H, OCH2Ph),4.76 (dd, 3J= 10.6Hz, 3J= 6.0Hz,
1H, H-3’’), 4.68 (d, 2J= 10.9Hz, 1H, OCH2Ph),4.68–4.66(m, 1H, H-
4’’’’), 4.57 (td, 3J= 10.5Hz, 3J= 4.1Hz,1H, H-4‘‘),4.15 (d, 3J= 3.4Hz,
1H, H3’’’’), 3.87–3.81(m, 1H, Ha-5’’), 2.91–2.83(m, 1H, Hb-5’’), 2.67
(hept, 3J= 6.9Hz, 1H, CH(CH3)2), 2.11 (s, 3H, OCOCH3), 2.04 (t, 3J=
12.0Hz, 1H, CH2CONH),1.76–1.70(m, 1H, CH2CONH),1.07,(d, 3J=
6.9Hz, 3H, CH(CH3)2), 1.06, (d, 3J= 6.9Hz, 3H, CH(CH3)2),
@0.19@0.26 (m, 1H, H-2’’’’) ppm. 13C NMR,HSQC,HMBC(151MHz,
[D6]DMSO): d= 180.1 (iBu-CONH), 170.8 (CH2CONHCH2), 169.1
(OCOCH3), 165.7 (N-CO-Ph),154.8 (C-2’’’), 151.8 (C-2’), 151.5 (C-4’),
150.7 (C-6’), 149.1 (C-6’’’), 148.30 (C-4’’’), 144.0 (C-8’), 142.8 (C-4),
138.2 (OCH2Ph-C-1), 137.9 (C-8’’’), 133.3 (Bz-C-CO-N),132.5 (Bz-p-
CH), 128.53 (Bz-o-CH), 128.49 (Bz-m-CH), 128.47 (Bn-m-CH), 128.3
(Bn-o-CH), 127.9 (Bn-p-CH), 126.8 (C-5),126.2 (C-5’), 119.7 (C-5’’’),
89.3 (C-1’’), 83.3 (C-1’’’’), 81.2 (H-4’’), 79.9 (H-3’’’’), 79.8 (H-4’’’’), 77.5
(C-2’’), 72.0 (OCH2Ph),53.0 (C-5’’’’), 46.9 (C-2’’’’), 44.5 (C-3’’), 42.4 (C-
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5’’), 34.7 (CH(CH3)2), 29.7 (CH2CONH), 20.7 (OCOCH3), 18.81
(CH(CH3)2), 18.79(CH(CH3)2) ppm. ESI-HRMScalcd for [C44H44N14O9+
H]+ : 913.3489, found: 913.3495. ESI-HRMS calcd for
[C44H44N14O9@H]@: 911.3343,found: 911.3348.

4-[6’-Benzoylamino-9’-(2’’-O-acetyl-5’’-amino-3’’,5’’-dideoxy-
b-d-ribofuran osyl)-9’H-purin-3 ’’-yl]-1-{9’’’-[2’’’’,5’’’’-dideoxy-
2’’’’-C-carboxymethyl-b-d-ribofuranosyl]-2’’’-N-isobutyrylgua-
nin-5’’’’-yl}-2’’’’,5’’-lactame-1,2,3-tr iazole (25)

To a solution of dinucleotide 24 (340mg, 0.37mmol, 1.00equiv.) in
dry DCM (300mL) was added BCl3 (5.96mL, 5.96mmol, 1m in
DCM,16.0equiv.) at @408C. The mixture was stirred for 3 days at
this temperature, quenched by addition of MeOH (5 mL) and ex-
tracted with saturated sodium bicarbonate (20mL) and DCM (4V
50 mL). The combined organic layers were dried over anhydrous
MgSO4, filtered and concentrated in vacuo. The compound was
used in the next step without further purification. An analytical
sample was prepared by RP-HPLCto yield a colorless solid. mp
2588C (decomp.).Rt = 12.5min (RP-HPLC,15% to 80% MeCNgra-
dient elution). IR (ATR): ṽ= 3234, 1756, 1677, 1613, 1460, 1403,
1220, 1047, 796, 707cm@1. 1H NMR, COSY, NOESY (600MHz,
[D6]DMSO):d= 12.07 (s, 1H, NH), 11.69 (s, 1H, NH), 11.26 (s, 1H,
NH), 8.82 (s, 1H, H-2’), 8.66 (s, 1H, H-8’), 8.43 (s, 1H, H-5), 8.33 (s,
1H, H-8’’’), 8.08–8.03 (m, 1H, Bz-o-CH), 7.93–7.87 (m, 1H,
CH2CONHCH2), 7.68–7.63(m, 1H, Bz-p-CH), 7.59–7.53(m, 2H, Bz-m-
CH), 6.42 (d, 3J= 1.1Hz, 1H, H-1’’), 5.88 (dd, 3J= 5.9Hz, 3J= 1.1Hz,
1H, H-2’’), 5.76 (d, J= 10.2Hz, 1H, H-1’’’’), 5.68 (d, J= 3.4Hz, 1H,
OH-3’’’’), 4.78(dd, 2J= 15.0Hz,3J= 3.3Hz,1H, Ha-5’’’’), 4.71(dd, 3J=
10.6Hz, 3J= 6.0Hz,1H, H-3’’), 4.68(dd, 2J= 15.0Hz, 3J= 1.8Hz,1H,
Hb-5’’’’), 4.50 (td, 3J= 10.4Hz, 3J= 3.9Hz, 1H, H-4’’), 4.32–4.29(m,
1H, H-4’’’’), 4.17–4.13(m, 1H, H3’’’’), 3.82–3.74(m, 1H, Ha-5’’), 2.89–
2.79 (m, 1H, Hb-5’’), 2.73 (hept, 3J= 6.8Hz, 1H, CH(CH3)2), 2.09 (s,
3H, OCOCH3), 2.02 (t, 3J= 12.0Hz, 1H, CH2CONH),1.67–1.60(m,
1H, CH2CONH),1.11, (d, 3J= 6.8Hz, 3H, CH(CH3)2), 1.10, (d, 3J=
6.8Hz, 3H, CH(CH3)2), @0.39@0.49 (m, 1H, H-2’’’’) ppm. 13C NMR,
HSQC,HMBC (151MHz, [D6]DMSO):d= 180.1 (iBu-CONH), 171.0
(CH2CONHCH2), 169.2 (OCOCH3), 165.7 (N-CO-Ph), 154.8 (C-2’’’’),
151.8 (C-2’), 151.5 (C-4’), 150.7 (C-6’), 149.1 (C-6’’’), 148.30 (C-4’’’),
144.0(C-8’), 142.6(C-4),138.2(C-8’’’), 133.3(Bz-C-CO-N),132.5(Bz-
p-CH), 128.52(Bz-o-CH), 128.49(Bz-m-CH), 126.6 (C-5),126.2 (C-5’),
119.7 (C-5’’’), 89.3 (C-1’’), 83.2 (C-1’’’’),83.0(C-4’’’’), 81.0 (C-4’’), 77.4
(C-2’’), 70.6 (C-3’’’’), 52.5 (C-5’’’’), 47.1 (C-2’’’’), 44.5 (C-3’’), 42.5 (C-
5’’), 34.8 (CH(CH3)2), 29.2 (CH2CONH), 20.6 (OCOCH3), 18.85
(CH(CH3)2), 18.83(CH(CH3)2) ppm. ESI-HRMScalcd for [C37H38N14O9+
H]+ : 823.3019, found: 823.3015. ESI-HRMS calcd for
[C37H38N14O9@H]@: 821.2873,found: 821.2873.

4-[6’-Amino-9’-(5’’-amino-3’’,5’’-dideoxy-b-d-ribofuranosyl)-
9’H-purin-3 ’’-yl]-1-{9’’’-[2’’’’,5’’’’-dideoxy-2’’’’-C-carboxymethyl-
b-d-ribofuran osyl]-guanin-5’’’’-yl}-2’’’’,5’’-lactame-1,2,3-tria-
zole (4)

The crude compound 25 was dissolved in MeOH (15mL) and
aqueousammonia (25%, 15 mL) in a sealed vesselat RT. The mix-
ture was stirred at 508C for 20 h. Volatile components were re-
moved under reducedpressure.Theresiduewaspurified by prepa-
rative RP-HPLCto provide the final compound 4 as a colorless
solid (109mg, 0.18mmol, 48% over 2 steps).mp 2708C (decomp.).
Rt = 7.8min (RP-HPLC,15% to 80% MeCN gradient elution). IR
(ATR): ṽ= 3338, 1639, 1599, 1477, 1419, 1209, 1089, 1047, 1005,
730cm@1. 1H NMR,COSY, NOESY(600MHz,[D6]DMSO):d= 10.60(s,
1H, Guanine-NH), 8.34 (s, 1H, H-8’), 8.19 (s, 1H, H-2’), 8.12 (s, 1H,

H-5), 8.07 (s, 1H, H-8’’’), 7.73–7.69(m, 1H, CH2CONHCH2), 7.32 (s,
2H, A-NH2), 6.50 (s, 2H, G-NH2), 6.07 (d, 3J= 1.1Hz, 1H, H-1’’), 5.97
(d, 3J= 5.1Hz,1H, H-2’’), 5.64(d, J= 10.3Hz,1H, H-1’’’’), 5.58(d, J=
3.6Hz, 1H, OH-3’’’’), 4.77 (dd, 2J= 14.9Hz, 3J= 3.1Hz, 1H, Ha-5’’’’),
4.65–4.62(m, 1H, OH-2’’), 4.61 (dd, 2J= 14.9Hz, 3J= 1.5Hz, 1H, Hb-
5’’’’), 4.43 (td, 3J= 10.5Hz, 3J= 4.1Hz, 1H, H-4’’), 4.23–4.21(m, 1H,
H-4’’’’), 4.23 (dd, 3J= 10.6Hz, 3J= 5.6Hz, 1H, H-3’’), 4.10–4.07(m,
1H, H-3’’’’), 3.77–3.71(m, 1H, Ha-5’’), 2.84–2.77(m, 1H, Hb-5’’), 1.97
(m, 1H, CH2CONH),1.56(dd, 2J= 12.0Hz, 3J= 2.2Hz,1H, CH2CONH),
@0.44@0.41 (m, 1H, H-2’’’’) ppm. 13C NMR,HSQC,HMBC(151MHz,
[D6]DMSO): d= 170.9 (CH2CONHCH2), 156.8 (C-2’’’), 156.2 (C-6’),
153.8 (C-6’’’), 152.6 (C-2‘),151.7 (C-4’’’), 148.7 (C-4’), 143.7 (C-4),
139.81 (C-8’), 136.0 (C-8’’’), 126.8 (C-5),119.5 (C-5’), 116.1 (C-5’’’),
91.9 (C-1’’), 83.7 (C-4’’’’), 82.7 (C-1’’’’), 80.8 (C-4’’), 75.9 (C-2’’), 70.6
(C-3’’’’), 52.2 (C-5’’’’), 46.7 (C-2’’’’), 45.9 (C-3’’), 42.7 (C-5’’), 29.3
(CH2CONH)ppm. ESI-HRMScalcd for [C24H26N14O6+ H]+ : 607.2233,
found: 607.2231.ESI-HRMScalcd for [C24H26N14O6@H]@: 605.2087,
found: 605.2090.
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hSTING erinnert auch an die Beobachtungen im Zuge der Studien von DMXAA, die in Kapitel 1.5 
diskutiert wurden. 
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9. 1H-/13C-/2D-NMR Spektren 

Verbindung 75 (1H-NMR, 400 MHz, Chloroform-d) 

 

Verbindung 75 (13C-NMR, 101 MHz, Chloroform-d) 
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Verbindung 99 (1H-NMR, 400 MHz, Chloroform-d) 

 

Verbindung 99 (13C-NMR, 101 MHz, Chloroform-d) 

 

 



1H-/ 13C-/2D-NMR SPEKTREN VON SYNTHETISIERTEN VERBINDUNGEN 95 

Verbindung 118 (1H-NMR, 400 MHz, Chloroform-d) 

 

Verbindung 118 (13C-NMR, 101 MHz, Chloroform-d) 
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Verbindung 104 (D1/D2 = 1:1.1) (1H-NMR, 400 MHz, Chloroform-d) 

 

Verbindung 104 (D1/D2 = 1:1.1) (13C-NMR, 101 MHz, Chloroform-d) 
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Verbindung 106 (D1/D2 = 1:1.1) (1H-NMR, 400 MHz, Chloroform-d) 

 

Verbindung 106 (D1/D2 = 1:1.1) (13C-NMR, 101 MHz, Chloroform-d) 
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Verbindung 106 (D1/D2 = 1:1.1) (COSY, 400 MHz, Chloroform-d) 

 

Verbindung 106 (D1/D2 = 1:1.1) (HSQC, 101 MHz, Chloroform-d) 
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Verbindung 106 (D1/D2 = 1:1.1) (HMBC, 400 MHz, Chloroform-d) 

 

Verbindung 106 (D1/D2 = 1:1.1) (31P-NMR, 162 MHz, Chloroform-d) 
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Verbindung 133 (1H-NMR, 400 MHz, Chloroform-d) 

 

Verbindung 133 (13C-NMR, 101 MHz, Chloroform-d) 
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Verbindung 133 (COSY, 400 MHz, Chloroform-d) 

 

Verbindung 133 (1H-31P-NMR, 400 MHz, Chloroform-d) 
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Verbindung 133 (HSQC, 400 MHz, Chloroform-d) 

 

Verbindung 133 (HMBC, 400 MHz, Chloroform-d) 
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Verbindung 132 (1H-NMR, 400 MHz, Chloroform-d) 

 

Verbindung 132 (13C-NMR, 101 MHz, Chloroform-d) 
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Verbindung 132 (COSY, 400 MHz, Chloroform-d) 

 

Verbindung 132 (1H-31P-NMR, 400 MHz, Chloroform-d) 
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Verbindung 132 (HSQC, 400 MHz, Chloroform-d) 

 

Verbindung 132 (HMBC, 400 MHz, Chloroform-d) 
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Verbindung ���¶���¶-TorGAMP (137) (1H-NMR, 400 MHz, D2O) 

 

Verbindung ���¶���¶-TorGAMP (137) (13C-NMR, 200 MHz, D2O) 
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Verbindung ���¶���¶-TorGAMP (137) (1H-NMR, 800 MHz, D2O) 

 

Verbindung ���¶���¶-TorGAMP (137) (1H-31P-NMR, 400 MHz, D2O) 

 



1H-/ 13C-/2D-NMR SPEKTREN VON SYNTHETISIERTEN VERBINDUNGEN 108 

Verbindung ���¶���¶-TorGAMP (137) (HSQC, 800 MHz, D2O) 

 

Verbindung ���¶���¶-TorGAMP (137) (HMBC, 800 MHz, D2O) 
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Verbindung ���¶���¶-TorGAMP (137) (NOESY, 400 MHz, D2O) 
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Verbindung ���¶���¶-TorGAMP (69) (1H-NMR, 400 MHz, D2O) 

 

Verbindung ���¶���¶-TorGAMP (69) (13C-NMR, 200 MHz, D2O) 
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Verbindung ���¶���¶-TorGAMP (69) (COSY, 800 MHz, D2O) 

 

Verbindung ���¶���¶-TorGAMP (69) (1H-31P-NMR, 400 MHz, D2O) 
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Verbindung ���¶���¶-TorGAMP (69) (COSY @50°C, 400 MHz, D2O) 

 

Verbindung ���¶���¶-TorGAMP (69) (1H-31P-HMBC @50°C, 400 MHz, D2O) 
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Verbindung ���¶���¶-TorGAMP (69) (HSQC, 800 MHz, D2O) 

 

Verbindung ���¶���¶-TorGAMP (69) (HMBC, 800 MHz, D2O) 
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Verbindung ���¶���¶-TorGAMP (69) (NOESY, 800 MHz, D2O) 

 

Verbindung ���¶���¶-TorGAMP (69) (TOCSY, 800 MHz, D2O) 
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10. Abkürzungen 

ABZI Amidobenzimidazol-Dimer 

Ac Acetyl 

ADU-S100 STING-Agonist des Unternehmens Aduro Biotech 

AL Amide Linked 

APC Antigen-präsentierende Zelle 

ATP Adenosintriphosphat 

ATR Attenuated Total Reflectance 

Bn Benzyl 

Boc tert-Butyloxycarbonyl 

BSA Bis(trimethylsilyl)acetamid 

Bz Benzoyl 

Cbz Benzyloxycarbonyl 

c-di-AMP Zyklisches Diadenylat 

c-di-GMP Zyklisches Diguanylat 

CDN Zyklisches Dinukleotid 

CEDCl 2-Cyanoethyl N,N-Diisopropylchlorophosphoramidit 

cGAMP Zyklisches Guanosin Monophosphat Adenosin Monophosphat 

cGAS Zyklische Guanosin Monophosphat Adenosin Monophosphat Synthase 

CMA 10-Carboxymethyl-9-acridanon 

COSY Correlated Spectroscopy 

CuAAC Kupfer-katalysierte Azid Alkin Click Reaktion 

d Doublet 

DCM Dichloromethane 

DIPEA N,N-Diisopropylethylamin 

DMAP 4-Dimethylaminopyridine 

DMF N,N'-Dimethylaformamid 
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