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Abstract

Phosphorusiitrogen compounds play a decisive role in organic and medicinal research. Due to
their unique properties and biological activity, theyre applied as catalyst! in organic
transformations or as inhibitol2 for the treatment of diverse diseases. TBEAUDINGER REACTION
developed in 1919 by Herman Staudinger enables a straightforward entrance to varidus P
compounds?

Within this thesis, different variants of the Staudinger reaction were investigated for the
synthesis of phosphinphosphon and phosphoramidates and their application for peptide and
protein modifications.

In the firstproject, the Staudinger reaction ardollowing rearrangement was investigat&tBy
performing the Staudinger reaction between phosphites and azides wartgrdrous conditions,

a rearrangement of the resulting phosphorimidates can be initiated by addition of alkyl halides
or Lewis acids leading t8,N-disubstituted phosphoramidatess¢hemetl).™ Optimization of the
reaction conditions and screening of different Lewis acids showed that heating in benzene at
80°C and mol% of BRELO or TMSDTf are the most effective reaction conditions for the
rearrangement. The Staudinger reaction and the subsequent rearrangement proceeded in high
yields (6399%) with a variety of different alkyl, aryl and allyl azides and with trimethyl, yieth
tributyl and triallyl phosphite as trivalent phosphorus counterparts. The development of a one
pot procedure starting from alkyl bromides, mesylates or tosylates further facilitated the
reaction by avoiding isolation of the potentially explosive azitlégreover, the alkyl halideand

the Lewis acietatalyzedrearrangement reaction could be transferred to phosphinimidates

leading toN,N-disubstituted phosphinamidates in yields between 36% and 83%.

Staudinger reaction rearrangement
Lewis acid

R? _R?

RS 0% o o RZ O

R1_N3 + O_P\/ - - N@—é@Rs - N_|'1>_R3 M» \N_||:II)_R3
RZ RS R' RS R' R3 R'" R3
azide phosphinite 7 N,N-disubstituted
or phosphite R' = alkyl, aryl phosphin- or phosphoramidate
R? = Me, Et, allyl, Bu, Bn

R3 = Ph, OMe, OEt, Oallyl, OBu

Schemel: Staudinger reaction and following Lewis aadalkyl halidecatalyzed rearrangement.

In the second project, the Staudinger reaction and following hydrolgsiphosphon and
phosphoramidatesvas probed as method for the bioorthogonal, s#ective and metafree

functionalization of peptides and proteiff$ Preliminary studies of the Staudinger reaction with



benzyl or phenyl azide and unprotectedzido peptides with different phosphites and
phosphonites could prove its applicability at room temperature in an agueous environment as
well as its bioorthogonality. All reactions led to high yields and a clean conversion of the azides
to the desiredphosghon- and phosphoramidates. Finally, the Staudingdrosphite and the
Staudingeiphosphonite reaction could be used for the functionalization of azido proteins, i.e.
for PEGylatiofi” or chemical phosphorylatiafi?

In the third project the Staudinger reaction between silylated phosphinic acids and azides was
applied to the synthesis gthosphonamidates anpghosphonamidate gptides Scheme2) ! The
treatment of phosphinic acids or their esters with a silylation reagent, like
bis(trimethylsilyl)acetamide, under argon atmosphere generated silyl phosphonites, which could
be reactedin situ with different aryl azides. Aftevards, desilylation was achieved with TBAF,
HFRpyridine or sodium hydroxide solution. In all cases the desired phosphonamidates were
obtained in moderate to excellent yields (385%). Furthermore, the described reaction
procedure enabled the conversion of unprotected azido peptides containingeaniNnal para-
azidobenzoic acid on solid support. The reaction on solid support allowed easy removal of
reagents and simultaneou§MSdeprotection and cleavage from the resin under basic
conditions (NaOH/,4-dioxang. The phosphonamidates peptides were obtainén high
conversions and purity. It has to be noted that the excess of silylation reagent leads to
protection of the functional groups during the reaction.

When alkyl azides were used in the Staudinger reaction with silylated phosphinic acids, the
reaction led to the formation of byproducts. Especially if azido glycine peptides were employed
in the reaction, the desired phosphonamidate was only formed in small amounts. Based on a
more detailed exploration of the formed kyroducts, of the influence of ddrent reaction
conditions on the reaction ant!N-labeling experiments, a mechanism for the side reaction was
proposed. The@roposedmechanism of the side reaction is initiated by the decompaosition of the
phosphazide leading to the formation of methi#phenylphosphonamidate and a diazo
compound. The diazo compound then further reacts with the silyl phosphonite under formation
of the observed byroduct with a P(ONHN=Cmoiety.

Staudinger reaction R' = Ph, alkyl, CbzLeu
o R? = Me, 0-NO,Bn, H
lg ,TMS o
R" 10 >*O RL P -
H "?2  TMS—N /p\N Peptid 4{
N Peptid ® o H OH
3 CH3CN, rt R2
by-product
azido peptide base-labil phosphonamidate-peptide

resin

Scheme2: Synthess of phosphonamidate peptides by the Staudinger reaction.



Kurzzusammenfassung

PhosphotStickstoffVerbindungen spielen in der organischen und medizinischen Chemie eine
wichtige Rolle und finden beispielsweise Einsatz als Katalys&taeer Inhibitoref?. Die 1919
von Herman Staudinger entwickel@rAUDINGERREAKTION! erméglicht, einen Zugang zuNP

Verbindungen und wurde im Rahmen dieser Arbeit naher untersucht.

Daserste Projekt dieser Arbeit bestahin der Untersuchung der Stauding®eaktion und einer
nachfolgenden LewiS&ure oder Alkylhalogenidatalysierten Umlagerung SE€hema 1).
Ausgehend von den i(ber die Staudinger Reaktion hergestellten Phespinirl
Phosphorimidaten kann unter wasserfreien Bedingungen eine Umlagerung zu den
entsprechenden N,N-disubstituierten Amidaten eingeleitet werdé®. Im Rahmen der
Doktorarbeit wurden verschiedene LewSuren hinsichtlich ihrer Fahigkeit, eine solche
Umlagerung von Phosphorimidaten zu initiieren, untersuchfiEB6 und TMSOTf erwiesen sich
als die geeignetsten Katalysatoréh.Um die Anwendungsbreite der Reaktion zu untersuchen,
wurden unterschiedliche organische idzerbindungen hergestellt und verwendet. Dabei
lieferten sowohl primare, sekundéare und tertidre alkylische als auch arylische Azide die
entsprechenden Phosphoramidate in guten bis sehr guten Ausbeuten zwischeg 963
AuRRerdem war es moglich, auch die trivalenten Phosphorverbindungen zu variieren, und
Methyl-, Ethyl, Butyt und Allylgruppen konnten erfolgreich umgelagert werden. Um die
optimierte Umsetzungweiter zu vereinfachen und die Isolierung von potenziell explosiven
Aziden zu vermeiden, wurde ausgehend von Bromiden, Mesylaten oder Tosylaterin

Eintopfverfahren entwickelt.

Neben den untersuchten Phosphoramidaten konnten aNdkdisubstituiertePhosphinamidate
durch die Lewissaure oder Alkylhalogenidkatalysierte Umlagerung in Ausbeuten von 36% bis

83% gewonnen werdef?

Staudinger-Reaktion Umiagerung
=2 R? Lewis-Saure
R 2% ' Alkylr?gl(z);enid R Q
R'“N; + O-F ——>=| N-P-R® => N=P-R®|————»> N-P-R
R2 R°® R! R3 R! RS R'" R3
. 1= N,N-disubstituiertes
. Phosphinit R" = Alkyl, Aryl ’ . .
Azid oder Phosphit R? = Me, Et, Allyl, Bu, Bn Phosphmamlda_t
3 oder Phosphoramidat
R*° = Ph, OMe, OEt, OAllyl, OBu

Schemal: StaudingesReaktion und nachfolgende Lev&ure oder Alkylhalogenidatalysierte Umlagerung.



Wird die Reaktion von Phosphiten und Aziden unter wassrigen Bedingungen durchgefiihrt,
erfolgt anstelle der Alkylierung des Stickstoffes die Protonierung zum Phosphoramidat. Erste
Versuche zeigten, dass die @fangerReaktion fur die bioorthogonale Umsetzung von Azido
Peptiden erfolgreich genutzt werden kann und auch unter physWat durchfiihrbar ist®
Basierend auf den anfanglichen Ergebnissen wurde die StaueRegdtion fur die metallfreie,
ortsspezifische Funktionalisierung von Peptiden und Proteinen eingesdigispielsweise zur
PEGylierurf cund konnte zur chemiscimePhosphorylierurief! von Proteinen herangezogen

werden.

Im letzten Teil der Arbeit wurde dietgBidinger Reaktion verwendet, um den einfachen und
direkten Zugang zu Phosphonamidutitigen Peptiden zu erméglichenSg¢hema 2).
Phosphinsaur®erivate kdonnen durch Silylierung mit Bis(trimethylséggtamid unér wasser

und sauerstofffreien Bedingungen in die entsprechenden Phosphonite tberflhrinusitl mit

den unterschiedlichen arylischen Aziden und Afteptiden umgesetzt werdefl. Diese
Methode erlaubt dariiber hinaus die Durchfihrung der Synthese auch an der festen Phase,
sodass nach Absjtang vom Harz die gewiinschten Phosphonamigiaitigen Peptide mit hoher
Reinheit erhalten werden kénnen. Aul3erordentlich vorteilhaft ist die entwickelte Synthese zur
Herstellung von Phosphonamidaten mit freier Hydroxylgruppe, die besonders instabilrgind u

aufwendige Entschitzungsnd Reinigungsmethoden nicht zulassen.

Bei dem Einsatz von alkylischen Aziden kam es zu einer interessanten Nebenreaktion. Basierend
auf umfangreiche Untersuchungen zu der Struktur der Nebenprodukte, Einfluss der
Reaktionsbedigungen und™N-Markierungsexperimenten, konnte ein Mechanismus fur die
Nebenreaktion vorgeschlagen werden. Erster Schritt ist dabei die Zersetzung des Phosphazids in
Methyl P-Phenylphosphonamidat und eine Diazoverbindung. Letztere kann mit einem weiteren

Aquivalent des Silylphosphonits zu deargestelltenNebenprodukt reagieren.

Staudinger-Reaktion R' = Phe, Alkyl, CbzLeu
o R? = Me, 0-NO,Bn, H
B [MS RLP”O N R3
RS0 >7O rL P2 . P g N
H 2 TMS-N Pt Peptid 2!
N Peptid 40 o H OH
3 CH5CN, RT R? R3 = Alkyl, Aryl
Azido-Peptid basenlabiles Phosphonamidat-Peptid Nebenprodukt

Harz

Schema2: Synthese von Phosphonamidéptiden mittels der Stauding&eaktion.
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1 Introduction : Phosphorus-nitrogen compounds

and the Staudinger reaction ? a general survey

Compounds containing a P@motif play a decisive role in organic and medicinal research
(Figurel). In organic chemistry they are utilized as catalystdaresselective transformations
based on the Lewis base or the Brgnsted acid coftegmd they find application as inhibité?s

or as surrogates for naturally occurring phosphate gr&dpg @ in medicinaland biological

chemistry.
(0] (0]
b 0 A I _"+"
RIC-P-NE <] 3p N3 |=> FO-P-N¥
(0] (0]
+ A-
phosphonamidate phosphoramidate
inhibitors
HO OH
HO O —
HN (0]
39y O ! {0~ y=on
Cbz, ‘PiN N o N Pon
HN—/ N H 0 2
0
Paul A. Bartlett et al. Hamao Umezawa et al.
Biochemistry 1983, 22, 4619. J. Antibiot. 1973, 26, 621.
catalysts
Ar
Ly O
N, //O CH, SN _0O
PN PZTS
N o N
SOh
2 Ar
Scott E. Denmark et a/. Hisashi Yamamoto et a/.
J. Org. Chem. 2005, 70, 10823. Angew. Chem. Int. Ed. 2008, 47, 2411.

Figure1: Phosphonand phosphoramidates in organic and medicinal rese&fdf. %%

In 1919 Hermann Staudinger and Jules Meyer invented thealled Staudinger reaction, which
comprises the conversion of azides with trivalent phosphorus species and enables a
straightforward access to-R compound$® The Staudinger reaction and the later established
Staudinger ligatioff attracted the attention of many researchers over the last decade because
of their exceptional reactivity and feasibility eveniinvivoapplications. Bertozzi and aworkers
notably augmented this new interest in the Staudinger reaction by the development of the
Staudinger ligation, which enables bioorthogonal formation of natural amide bonds and thereby

functionalization as well as conjugation of biomoleciii@s.
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The umlerstanding of biological processes in their entire complexity is a challenging aim in
biological and chemical research, and a lot of effort is being invested into further expediting the
elucidation of biosynthetic pathways, mechanisms and mode of actibrbiomolecules.
Especially the identification of therapeutic targets and the development of highly selective drugs
against common, but also against severe andtlifeatening diseases provide an incentive to
gain new insights of cellular mechanisms. Bilbogonal methods enable or simplify protocols to
study biomolecules in their natural environment, such as labeling methods, through site
selective functionalization or conjugation of biomolecules, and they considerable facilitate
chemical and biochemicakthniques to artificially synthesize complex biomolecules or their
analogues for either investigational purposes or therapeutic applications because laborious
protection strategies, which are often not suitable for sensible biomolecules, can be avoided
(Figure2).

A) immobilization /O

< A
rﬁ?’%

a® 9

bioconjugation labeling

A , B : bioorthogonal functional
groups

Figure2: Use of bioorthogonal reaction8) immobilization and labeling of proteirad their conjugation to
DNA B) synthesis of biomoleculdsefe peptides)

Among the huge variety of biomolecules, peptides and proteins play a key role in many

biological processes. They serve for instance as enzymes, antibodies, structure proteins or

2



The Staudinger reaction and its meahism

receptors, and they feature structural diversity as well as dbility to form new structures and

to alter their functions by posttranslational modificatioh$. Moreover, their application as
therapeutics is prevalg in the pharmaceutical industry. For this reason, the introduction of
functional groups or incorporation of unnatural moieties into peptides and proteins is of great
interest in bioorganic and biological chemistry and will allow the exploration of tiadgr in

biological processes and disease propagation in more detail.
1.1 The Staudinger reaction and its mechanism

The Staudinger reacti&hbetween trivalent phosphorous species and organic azides was first
described by Staudinger and Meyer in 1919 inspired by the successful conversion of tertiary
phosphines with aliphatic diazo compounds to phosphazitfeShey could showthat the
reaction of triphenyphosphine {) with phenyl azide2) accompanied by release of nitrogen
leads to the formation of the iminophosphorar®evia an intermediary formed phosphae 9d
(R =Ph)(Scheme3 and Schemed). Thereby, the iminophosphoraris always in equilibrium
with its azaylide form. Subsequent conversion of iminophosphoraBewith different
compounds like carbon dioxide, ketenes or isocyanates shatsathique reactivity*? Up-to-
date, the most famous consecutive reaction is the hydrolysisnofophosphoranedike 3
towards phosphine oxidé andthe primary amines, commonly known as Staudinger reduction
(Scheme’).®!

Ph
Ph_ /
Py, .Ph
pH N
Staudinger Hydrolysis
reaction
Ph H,0 Q
P * Ng=Ph  ——> i —22 » pp—P-Ph + H,N—Ph
Ph”" “Ph N2 Ph
Ph
1 2 Ph_ 4 5
\PSa SPh
P N
L 3 _

Scheme3: Staudinger reactiobetweentriphenylplosphine {) and phenyl azide?) and subsequent hydrolysis
of the iminophosphorang, known as Staudinger reduction.

During the first thirty years after the pioneering work of Staudinger and Meyer the Staudinger
reaction received only little attentiorLater on, in the 1950s, new interest arose in phosphazo
compounds. Kabachnit al*¥ again addressed the Staudinger reaction and were able to make

remarkable contributions to the further developmerdf the Staudinger reaction and its
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manifold opportunities and great scope of accessible products. By substituting thecalkyyt
residue of a phosphine by alkoxy groups, hydrolysis of the intermediary fommddtes8a-c did
not lead to complete M bond cleavage but to phosphinphosphon or phosphoramidates, and,

therefore, to new PN-compounds which were difficult to prepare befof@hapterl.2.1.9.

For both reaction counterparts a multitude of reactants is accepted? Nearly all kinds of
symmetric and asymmetric trivalent phosphorus compounds can be applied iBtthalinger
reaction, e.g. phosphines, halogenated phosphines, phosphorus acid esters, vinyl esters, amides
and their bisphosphorus analogues, polymeric phosphines, and even cyclic derivatives. The same
is true for the azido part. All types of alkyl and/laazides can serve as substrates with also
arenesulfonyl, acyl, phosphoryl or triorganyl azides being traditionally used as- azido
components. This group has been considerably widened in the last years by azetidinyl azide,
cyanazide, sulfonyl azides, phbspyl azides, azidophosphonium salt, azidospirophosphoranes,
tantalum tetrachloride azide, azidoborane, and nitroyl azides. Many more compounds for both

reactants could be listed allowing a wide variety of accessible products.

Staudinger
R2 R reaction > R! 2R1
P + Ng-R* ——— R\P/\\ RY = R\,:',?@R4
R3 -N, rs N R3 N
6 7 aza-ylide
trivalent azide 8
phosphorus  R*= alkyl, aryl, acyl
N,
R = RZ L1 1 f
WR R RRNRE RZR R
R3 NN ! R? \lzl N ! r3-F Ny
o P o« P NaiNg
9 10
phosphazide four-membered

transition state
6a (phosphite), 8a (phosphorimidate), 9a, 10a: R', R%, R® = Oalkyl, Oaryl
6b (phosphonite), 8b (phosphonimidate), 9b, 10b: R' = alkyl, aryl; R?, R® = Oakyl, Oaryl

6¢ (phosphinite), 8¢ (phosphinimidate), 9¢, 10c: R', R? = alkyl, aryl; R® = Oalkyl, Oaryl
6d (phosphine), 8d (iminophosphorane), 9d, 10d: R', R?, R® = alkyl, aryl

Schemed: Mechanism of the Staudinger reaction.

Mechanistically, the formation of thenidates8a-c and theiminophosphoranedd is a twostep
process in which the overall kinetic process is determined by a semalad rate ©nstant of the
phosphazide formation and a firstder rate constant of its intramolecular decomposition

(Schemet) 12 148




Reactions of iminophosphoranes, phosphiphosphorand phosphorimidates

The Staudinger reaction isitiated by the nucleophilic attack of the trivalent phosphotust
the terminal nitrogen of the azid& leading to the phosphazid® with retention of the
phosphorus center. Here, electraich phosphorus compounds and electrpoor azides react
most efectively, whereas sterit aspects do not show a major influence on the reaction Féte.
1413 Subseuently, the phosphazid® (the Z-isomer is displayed) stabilizes itsela a four
membered transition statel0. Release of nitrogen then leads the imidates 8a-c or the

iminophosphoranesd.

Although intermediary formed phosphazid&sare relatively untable, certain phosphazides

could be isolated and spectroscopically analyzed at low temperatures revealing new structural
and electronic aspect§* *" ¥ Thus, branched and cyclic forms of the phosphagidgeuld be

ruled out as Xay crystallography proved a linear, acyclic structwith a nearly planar #;-C

chain. The NN, bond showed doubkdond character increasing with the electravithdrawing

ability of the nitrogen substituent. Furthermore,-r&y crystallography confirmed almost
exclusivelyeconfiguration between the NN -bond requiring a rotation before nitrogecan be
released. In contrast to this observatioap initio calculations in general identified th&
configuration as the conformer of lower enetgyhich can be explained by the advantageous
interaction of the partial charges? The phosphorus atom of the phosphazidesxhibits partial
phosphonium character leading to a negative charge at thewich in case of arylic
substituents can be delocalized to some extdnts, thus, assumed that phosphazidewith &
configuration could be isolated because they possess a higher stability against loss of nitrogen,
whereas Z-phosphazide®9 decomposé immediately. Except for one casg&phosphazide

could only be isolated if their decomposition was hampered by d@woeptor interaction§®

The followirg release of nitrogen was extensively studied proposing atftembered transition
state from which subsequently elemental nitrogen is formed bym N. This hypothesis was

proven by"*N-labeling of the phenyhzide2 at the terminal positior{*> 4"

1.2 Reactions of iminophosphoranes, phosphin -,

phosphon - and phosphorimidates

The nucleopilic nature of the nitrogen in azdides8 allows reactions with a variety of different
electrophiles, and, depending on the nature of the electrophile used, different reaction
pathways can be chosen. These range from simple protonationaze@aittig-type reactions to

the synthesis of amide$igure3).
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Cyclization Hydrolysis Rearrangement
0 0 o R
R2 P J R™-P-NH or RI-P-R3+ H,N-R*| | R'-P-N
R2 R* R2 R2 R3
aza-Wittig H Reduction
1
R RO l\ / PR'R2R3 + HyN-R*
Repzo v L
R3 RSON”

R =
RZ—\P®—N\) = Staudinger Ligation

R3 ¥ o)
Alkylation

=
4
aza-yllde N/R
o R RgR| N N

1 2
R P N or R2-P-N PR'R?
R2 R4 R3 R4 6

Oxidation Insertion
o] R2 3
I R 4
R*-NO, + R'-P-R® R N-R

. UGN
R? R > </

Figure3: Reactions oézaylides an overview.

1.2.1 Hydrolysis of iminophosphoranes, phosphin -, phosphon-

and phosphorimidates

1.2.1.1 Hydrolysis of iminophosphoranes zthe Staudinger reduction and its

variants

1.2.1.1.1 Synthesis of primary amines

Rl R R H,0

P-R'" + N3-R® ———— | R-P=N__ == R'- P@NO —2—»  H,N-R?
R R R? r! R? | -R'3P=0

6d 7 8d 12
R! = alkyl, aryl

R2 = alkyl, aryl, acyl

Scheméb: The Staudinger reduction.

The hydrolysis of iminophosphoran&s (Scheme5), which delivers primary amines2 and
phosphine oxide, is commonly known as Staudinger reduction and serves as a convenient
method to introduce amines, particularly in complex compounds and natucaymts such as
(-)-Agelastatin &%, colchicine 14)*” (SchemebA), spermidin&” or mitosené®?. Due to the mild
reaction conditions and the high chemand stereoselectivity of the &udinger reaction, it is an

efficient alternative to other reducing reagents and is, therefore, widely applied in organic
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chemistry. The required azido group can easily be installed, commonly by nucleophilic

substitutions, and it can serve as protietgroup during further transformations.

Triphenylphosphingl) is generally used as trivalent phosphorus species since it is a cheap and
manageable reagent and does not affect other functional groups. Trimethylphosphine is even
more reactive than triphenylptephine(1), P-N-bond cleavage proceeds under milder conditions
and the formed oxide is watesoluble® It is, however, more expensive, has an intensive smell,

and is more prone to oxidation due to the alkyl groups.

In addition to the standard reaction procedure supplementary protocols have been developed to
ease and broadethe applicabilityof the Staudinger reductiom organic synthesisseveral one

pot procedures, starting from halid&d, alcohol¥? and acetate$?, avoid azide isolatioand
primary aminesl2 are obtained ingood to excellent yields. Moreover, the Staudinger reduction
was used to selectively remova@otective groups of hydroxyl functions in carbohydrates or

polyhydioxylated natural productsSchemesB)!?”

To create a more general access to various ami@ea synthesis route was established in which

the alkyl moiety of a Grignard reagent is homologized by one carbon atom with the assistance of

an azidebenzotriazole derivativé9 (SchemesC)?@

A)
1. PPh,
2. H,0
MeO
OMe

B)

9 : o
N;(CH
3(CH2kCy 1. PPhs HZNM\)J\O OH + N

o 2. H,0 H
_— (0] (o) 18
BnO Bno/&m BnO
BzO OR BzO OR n
NHAC Z NHAC BzO N A(?R
15 16 17
C)
N3 N,

[ PPhs I "PPh;  RMgBr RN aq. NH;
©:N\ - ©:N\ " ~Spphy, T RNH2

N N 3

N N

19 20 21 12 R =alkyl, aryl

Scheme6: A) Synthesis of Colchicingd) by use of the Staudinger reduction, B) Staudinger reduction as

deprotection method in carbohydrate chemistry, C) Staudinger reduction as general entrance to prim. amines
12 1201 127)[28]
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One drawback of the Staudingexductionis the equimolar amount gbhosphineoxide formed
and to further improve the Staudinger reduction, especially with respegbhosphineoxide
removal, a ROMBelsupported triphenyl phosphine was developed to yield the anfif@as a

pure product?®®

An interesting biological application of the Staudingeduction is its use for template nucleic
acid detection Eigure4, Figure5 ).*? Templated reactions, which either comprise the removal
of an attached quench&f® 9 or the chlemical conversion of profluoropherinto a

ﬂuorophoré30ac, 30e, 30i, 30K

, are very valuable, since they allow r&iate visualization of
oligonucleotides directly in living cells and since they exhibit high sequence specificity. These
techniques relyon the hybridization of two oligonucleotide fragments with one fragment
containing an azide and the second one a phosphine, to a complementary oligonucleotide
template. Hybridization of both labeled fragments with the appropriate template shifts both
reporters in spatial proximity and, thus, promotes the Staudinger reaction. Hydrolysis in an
aqueous solution under the formation of an amine and triphenylphosphine oxide leads to the
disconnection of both fragments and simultaneously to the dissociation frtm
oligonucleotide template. These methods have the potential to amplify the signal, since after
release of the labeled fragments the free template can catalyze further reactions. Moreover,
these methods have the advantage that the two fragments are igated after the Staudinger
reduction, because fragment ligation is normally accompanied by undesired enhanced binding to

the template.

Aziderhodamine derivatives have successfully been utilized as profluorophores and, for
example,have beenapplied in he investigation of miRNAs in living cefsg(re4),**¥ in the
detection of natural DNA with a hybride horNA/DNA molecular beacB¥, and for the
detection of the mRNA encoding@®methylguanineDNA methyltransferase in intact c&ifé. As
an alternative to the directonnection of the azide to the fluorophore, &razido ether can be
used as reductiottriggered fluorescence probe. This method was appliedlémrophores such
as fluoresceii’® or coumari®®, and resulted in the formation of the active fluorophore
alcohol. This methodology was termed asduction triggered fluorescence (RETF). In an
application of an azidfluorescein, he catalytic reaction of the probe offered a turnover
number of 50 as fluorescence readout withitn4nd permitted introduction of the probes into
human leukemia HBO cells by use of streptolysin O pdmeming peptide®®? This procedure

enabled the detection and quantification af28S rRNA and & Actin mRNA signal above the
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background by flow cytometry. In addition, the same RNA targets could also be imaged by

fluorescence microscopy.

Figure4: Rapid fluorescence imaging of miRNAs in human cells thsngmplated Staudinger reactiofi’®

Another approach results in linker cleavage after the Staudinger reaction and simultaneous

release of a fluorescence quenching group Baaudinge-triggeredn -azido etherrelease (STAR)

(Figures) 2 9l

Figure 5: Application of the Staudingereaction for templated reductivequencherrelease (Quenched
Staudngertriggered aazidoether release (€$TAR)[)3.oﬂ

In a first application, Franzini and Kool were able to yield a strong fluoresceneertigignal in
20 min. with very low background and substantial amplifieatby turnover on the templat€”
A green/red pair of such probes allowed the discrimination of two bacterial spbgi@ssingle

nucleotide difference in their 16S rRNA. This methodology was further improved, ai8TAR































































































































































































































































































































































































































































































































































































































































































































