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Chapter 1

1.1 Introduction

Most natural products and therapeutics exhibit s#vfeinctional groups, such as hydroxy-,
amino,- olefin-, carboxy-, keto- and sulfhydryl gps. These functionalities are known to be
essential for the biological activity and they aften targets for specific modification for the
development of new actives with the aim of overaaanti-drug resistance, increasing drug
efficiency or decreasing toxicify? For example, the semi-synthetic antibiotic amikati
(Fig. 1.1) derives from acylation of a specific amigroup of the natural aminoglycoside
kanamycin A and is used for the treatment of multidrug-resistaberculosié:®> Similarly,
the etherification of a hydroxy group of the immanppressant drug sirolimus resulted in the
new therapeutic everolimus which is applied for the treatment of renal cellcbaoma and

neuroendocrine tumors (Fig. 1°9).

NH,
H%&ﬁ

HNv o

w
W

Figure 1.1: Molecular structures of modified natural compounds. Red colored structural unit indicates

the modification of the corresponding molecule.

The functional groups within such multifunctionabnepounds can have equal or similar
reactivity. Therefore, reactions of these molecut=sailted often in a mixture of inseparable
derivatives”® To obtain structurally complex compounds modifid specific molecule site,

laborious and time consuming part or total synthésis to be employed including multiple
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Non-Covalent Protective Groups for the Modification of Synthetic and Natural Compounds

steps for the introduction and cleavage of covalemtective groups. For example, the
introduction of a single hydroxy group at ring I¥ reeamine antibiotic neomycin B resulting
in derivative 3 (Fig. 1.1) requiredmore than 20 synthetic stepg\nother way to obtain
specific analogues of multifunctionalized compourisiso apply enzyme cataly&is* or
combinatorial biosynthesi§.For example, polyene analogdéFig. 1.1) which derives from
macrolide antibiotic nystatin was obtained usingdoiar polyketide synthaséddowever, all
these techniques exhibit serious limitations, sastthe availability of genetically modified
organisms, the laborious route of multistep orgasyothesis or the restricted number of
available enzymes. One alternative approach forteariag some of these challenges is the
application of non-covalent protective groups (SoBel.1)!%?® It was demonstrated that
non-covalent protective groups can block temporsdyeral functionalities of a compound by
non-covalent interactions, while functional grounms in contact with the protective group can

be transformed regioselectively (Scheme 1.1).

multifunctional
compound

4
-
EN

1AA

regioselectively
modified compound

. = functional group

=~ = modifying reagent

Scheme 1.1: Site-specific modification of a multifunctionalized compound employing non-covalent
protective groups: Introduction of protective group (1), regioselective transformation (2), removal of

protective group (3).

Non-covalent protective groups can be divided imesal classes, namely transition-metal
chelated complexés;*” macrocycle$®?? polymer conjugatés$ and enzyméed?® and they
were utilized for regioselective modification of lpamino- and polyphenolic compounds,

amino acids, enzymes and nucleic acids.
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Chapter 1

1.2 Metal-Chelates as Non-Covalent Protection ily&oines

Polyamino compounds are represented by many impgomaolecule classes such as
carbohydrates, peptides, amino acids, biogenic esréimd polyazamacrocycles. Due to their
biological function many members of these classgsesent therapeutics or are metabolites
which are important as diagnostic markér® In the following paragraphs site-specific
modifications of polyamino compounds are describatploying a non-covalent protection

strategy based on metal-chelate formation.

1.2.1 Regioselective Maodification of Aminoglycosidatibiotics

Neamine aminoglycosides represent an importants ctdsantibiotics. They are applied
against Gram-negative and Gram-positive bacfelid’***?and have anti-HIV activit§®
Since the mechanism of bacterial resistance ag#éieste antibiotics is well understood,
modification of aminoglycosides is becoming a preing tool to overcome antibacterial
resistanceZhou et al. andYang et al. reviewed the extensive work about synthesis of new
derivatives of aminoglycoside antibiotits®’ However, it has to be emphasized that
modification of these molecular structures requimasgtistep synthesis frequently employing
conventional covalent protective group strategi®s’ To simplify the synthesis of novel
antibiotic derivativesNagabhushan et al. andHanessian et al. introduced a method based on
non-covalent protection to block several amino geoun aminoglycoside antibiotics and
enabling regioselective modification of these chguates®° It was demonstrated that
divalent transition metal ions, such as zinc(ligkel(Il) and copper(ll) can block vicinal and
non-vicinal amino- and hydroxy groups by metal-abtelcomplex formation. Amines not
acting as ligand for the transition metal can lamsformed regioselectively**3°Recently,
this technique was successfully employed for theelbgpment of superior aminoglycoside
antibiotics* Aggen et al. established the synthesis of the neoglycoside A@EN 5
(Scheme 1.2) which has shown promising broad-spectactivity against Gram-negative
bacterial infections, including the highly residtalBnterobacteriaceae.’* As shown in
Scheme 1.2, the intermediate,Mtrifluoroacetyl sisomycib was treated with the transition
metal salt zinc(Il)acetate to block the amino gurpC3 positions of ring | and Il resulting in
complex?. In the following step, unprotected amino groupsmg | and 11l were transformed
regioselectively resulting in derivativ8. Additional synthetic steps afforded the new

antibiotic5.*
4|Page
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OH
HscHM o) >\\
CHs CF3
Zn(OAc), Zn2+\o|-|

2
H3C\ O H2N
T )L
p CH3 OH & CFs

HO™ OH

Cbz-Osu = > o
NH
L@ © e

Scheme 1.2: Regioselective modification of an aminoglycoside using metal-chelate complex formation
as non-covalent protective group: Metal-chelate complex formation (1), introduction of covalent

protective group (2) and multi-step-synthesis to produce neoglycoside ACHN-490 (3).**

In a similar way,Nudelman et al. derivatized paromamin® using zinc(ll)acetate as non-
covalent protective group to obtain thé\dBoc protected aminoglycosid® (Scheme 1.3)°

This regioselective transformation was a key-steghie synthesis of the novel antibiotic
NB54 11 which showed reduced toxicity and enhanced supjamesof disease-causing

premature stop mutations.
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Il
HO o .
HO TN I
N %

OH Boc,0 OH

Hz

Boc,O = ><O\ﬂ/o\n/o><

(6} o

Scheme 1.3: Regioselective modification of paromamine 9 using Zn(ll)-chelate complex formation as

non-covalent protective group (1) and multi-step synthesis to obtain antibiotic NB54 (2).15

1.2.2 Regioselective Modification of Amino Acids

While aminoglycoside bear only hydroxy- and amimoups, the metal chelate method was
also successfully employed for the regioselectiggvdtization of amino acid$:**** These
efforts have been recently summarized in a revigwiLée and Cheong.'* As shown in
Scheme 1.4, the-amino group of amino acids ®¢hydroxy-L-lysin 12a and L-lysin 12b
was protected non-covalently by the interactiorhwibpper(ll) ions resulting in metal-chelate

complex 13.4043

In the next step covalent protective groups (PGsth as benzyl- (Bn),
carboxybenzyl- (Cbz), fluorenylmethoxycarboxy (Fmoand tert-butylcarboxy groups
(tert-Boc) were introduced regioselectively at the utgetied amine i-position resulting in

amino acid derivative$¥4a-c (Scheme 1.4, Table 1.1).

(e}

B ’;‘HQ )J\/H}\/\ B I;IH2
HN EA( g OH (1) 07 T2y UNH, (2) PGHN ~__OH
V\Hz/\[( CuCO; R HN-----Cu®*—NH R > \/\Hg\[(

o H | o

0 1l4aR =0OH, PG = Boc
12aR=0OH 14bR=0OH, PG =CBz
12bR=H 13 14cR=H, PG=Fmoc

Scheme 1.4: Regioselective modification of amino acids 12a and 12b: Non-covalent protection of a-
amino group using Cu(ll)-chelate complex formation (1) and regioselective transformation of e-amine
(2) 40-43
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Table 1.1: Regioselective modification of e&-amino group of amino acids.

amino acid product reagents yield (%) ref.

a, CuCO3xCu(OH),xH,0

12a 14a b, (Boc),0, H,O/dioxane

68 [40]
a, CuCOg;, H,0, reflux

12a 14b b, Cbz-Cl, NaHCOs3, 49 [41,42]
H,O/dioxane

a, CuCO3xCu(OH),xH,0
12b 1l4c b, Fmoc-N3, MgO 70 [43]
c, 2Na" x EDTA”

1.2.3 Regioselective Modification of Polyazamacuey

Macrocyclic polyamines have been extensively ingaséd as catalysts and transport systems
for metal ions'* Moreover, metal-polyazamacrocycle complexes haenhalso applied as
radiopharmaceuticals and luminescence prfe&° or as a model for the elucidation of
enzymatic reactions, such as the hydrolysis of pha® monoesters by alkaline
phosphatas&:*’ In this sense, the synthesis of these macrocuclésheir derivatization is an

important goal, which has been the subject of sgvstudies?

2 Nevertheless, the
monofunctionalization of unsymmetrical macrocyldssstill a challenging process and
required multistep synthesi$>*Burguete et al. established a simple method for the selective
modification of these polyamines based on non-@ntaprotection (Scheme 1.%)It was
demonstrated that the coordination of divalent zams allowed selective protection of three
out of four amines inetra-aza[n]paracyclophanekba-c resulting in metal-chelate complex
16. As shown in Scheme 1.5, the amino group not waalin complex formation was
transformed regioselectively using an alkylatioagentresulting in derivatived7a-i (Table

1.2).

7|Page



Chapter 1

N N N
la ' ha W,
HN , VN RX HN
zne ‘ 2+> R = alkyl >
—_— Zn —_—S
| Ib I Ib X = halogen ! Ib
HN N HN
N/IJ]C N/ljlc N/IJIC
H H |
a,b,c R
o 16 17a-i
15a(3,2,3)

15b (2,2,2) Br
15c (2,2,3) 5/://_
Br

18a 1,4-substituted
18b 1,3-substituted

Scheme 1.5: Regioselective alkylation and dimerization of polyaza[n]macrocycles using metal-chelate

complex formation as non-covalent protective group.*®*’

Table 1.2: Regioselective alkylation and dimerization of polyaza[n]macrocycles.

Amino Product residue R Yield (%) Ref.
acid
15a 17a vinyl 60 [16]
15a 17b phenyl 56 [16]
15a 17c ethoxycarbonyl 72 [16]
15a 17d p-nitrophenyl 61 (16]
15a 17e p-methylphenyl 64 (16]
150 17f vinyl 52 [16]
15¢ 179 vinyl 89 [16]
15c 17h ethoxycarbonyl 73 [16]
15c 17i phenyl 79 [16]
15a 19a -- 87 [17]
15a 19b - 78 [17]
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In further studiesBurguete et al. applied this method for the dimerization of the
polyazamacrocyclel5a.*” Using alkylation reagents 1,4-bis(halomethyl)aré8a and

1,3-bis(halomethyl)arenl8b the polyaminesl9a and 19b were obtained, respectively
(Scheme 1.5, Table 1.2), exhibiting two macrocycfiobunits. Their synthesis was
particularly important, since these so called digmlyazamacrocycles are known to have

anti-HIV activity.>>*°

1.3 Macrocycles as Supramolecular Protective Groups

After discussing the use of small metal ions foe tiegioselective derivatization, in this
paragraph the use of more complex macrocycles ascowalent protective group is

described. The most important classes of macrosyele represented by calixarenes,
cyclodextrines and crown ethers. Due to their \mWe@acavity size these molecular
architectures can act as host for a broad varieguest molecules including metal cations,
halogen anions, other charged and neutral compotnti§urthermore, it was shown that
they can be applied as nanoreactors for variouanizgeactions;®® biomimetic receptors

and multivalent ligands for biomolecular recognittd®* Since the early 80s macrocycles
have been successfully utilized as non-covalenteptive groups for amino- and hydroxy
groups®?? In the following, their use asupramolecularprotective groups (SPGs) is

described for the regioselective modificationdffunctionalized substrates and in peptide

synthesis.

1.3.1 Calix[4]pyrrole Derivative as Protective Gpdior Polyphenols

Naphthoic acid and polyphenolic molecular struduege present in many well-known
pharmaceuticals applied for the treatment of tuldesis, malaria, cancer and infectious
disease§?® In course of the development of new therapeutarsous methods have been
introduced to enable site specific modification tbé hydroxy group of naphthoic acids
employing conventional synthe§$®> and enzymatic approach®3’® To simplify the
derivatization of polyphenolic substratéflenti et al. investigated the application of
calix[4]pyrrole derivative 20 as a macrocyclic non-covalent protective group foe
regioselective etherification and esterificationéshydroxy-1-naphthol (Scheme 1.6)%%°

As shown in Scheme 1.6, macrocy2®showed the preference for the selective non-cavale
9|Page
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protection of theB-phenolate moiety 021 (Scheme 1.6)® The resulting host-guest complex
22 based onn-m-interaction and hydrogen bonding was applied ie tiext step for
regioselective alkylation and acylation of the hydr group ina-position. Applying one
equivalent of benzyl bromid23 andtrans-crotonoyl chloride24 the transformation a?1 in
presence of calix[4]pyrroRO and cesium carbonate resulted mainly in alkylateghthol

derivative25 and acylated derivative, respectively.

HO
@

O,N NO,
O J ’
Cs,CO,4
(1)
20 22
Br /\)CJ)\
X cl
@ 23 @) 24
20 20
0
O/\Ph OJ\/\
a a
HO B! ‘ HO Bg ‘
25 26

Scheme 1.6: Regioselective maodification of hydroxy naphthol 21 employing calix[4]pyrrol 20 as SPG:

Selective complexation (1), regioselective alkylation (2) and regioselective acylation (3).18
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1.3.2 Calix[6]pyrrole Derivative as Protective Gpdior a Triamine

At the same time another example of macrocycléSR(Ss was introduced acting as SPG by
Reinaud et al. (Scheme 1.7 In contrast to a calix[4]arene derivative, Reinatiél. applied

a zinc(lh)-funnel complex based on calix[6]arergahdas SPG. Calixaren-zinc(ll) complexes
were extensively investigated in order to develdpmimetic receptor® These studies
demonstrated that zinc(ll)-macrocycles can act @stshfor a various non-charged guest
molecules of different molecular size and propsftt&® In 2009,Reinaud et al. applied the
calix[6]arene-zinc(Il) compleX7 substituted with pyrrole units as a non-covalaotgxrtive
group for the unsymmetrical triamine,N-(2-aminoethyl)propane-1,3-diamine28
(Scheme 1.7%?

NH,

31b 3la

Scheme 1.7: Regioselective protection of triamine 28 using zinc-funnel complex 27: Host-guest
complex formation using acetonitril 29 as guest molecule (1), regioselective complex formation with
guest molecule triamine 28 (2) and acid-base controlled direction of guest 28 in zinc(ll)-macrocycle

complex (3).19
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As shown in Scheme 1.7, host-guest complex formatias performed in two steps. First,
macrocycle27 was treatedvith acetonitril29 resulting in complex0. In the subsequent step
guest29 was replaced by triamir28 (Scheme 1.7). It was demonstrated that the dmeaif
the unsymmetrical triamin28 in macrocycle27 can be controlled by the protonation state of
guest molecul@8. As shown in Scheme 1.7, in presence of protogagents the host-guest

complex31b was formed, while under more basic conditions dempla was preferred?

To demonstrate that the zinc-funnel compk can be applied as SPG, the host-guest
complex3la was reacted withert-butyl-oxycarbonyl (Boc) anhydride at the primamyiao
group of triamine28 protruding into the solvent (Scheme 1:B)After optimization of
reaction conditions, the carbamoylation @& was successfully performed using
1.2 equivalents of diert-butyl dicarbonate 32 resulting in complex 33. Finally,
decomplexation under basic conditions gave exalligithe monocarbama.*®

HoN

HN

3la
(0] (@]
><0)J\o)ko>< =Boc,0
32

Scheme 1.8: Regioselective carbamoylation of triamine 28: Transformation of the solvent exposed

amino group of triamine 28 in complex 31a (1), decomplexation of 34 under basic conditions (2)."°
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1.3.3 Crown Ether as Non-Covalent Protective GfouAmino Compounds

SincePederson et al. reported that crown ethers can complex ammoniura 8nd solubilise
these functional groups in apolar solvéhthese macrocycles found application as non-
covalent protective groups in peptide synttf8sisand in regioselective derivatization of
difunctional compound&: Especially, the 18-crown-6 ethds (Scheme 1.9) was best suited
as ligand for ammonium ions as demonstrateddtishmann and Mutihac.®® As shown in
Scheme 1.9 the formation of the host-guest compéeis based on non-covalent hydrogen
bonds between ether-oxygens of the macrocycle gddogens located at the ammonium
group®>® Due to the tetrahedral configuration of comple& the ammonium group is
located above the cavity of the macrocycle andgimest molecule is sterically unhindered

and available for transformation.

+ v
[ j R-NH; H
/00
o) o) /0 ,}
K/O\) ~—o_°
35 36

Scheme 1.9: Mode of non-covalent protection of an ammonium group by 18-crown-6 ether 35.%%%

In 1990, Hyde and Masscagni applied crown etheB5 as SPG for the synthesis of the
pentapeptide derivativd7 of the endogen peptide enkephalin (Scheme 1.10pbfain the
pentapetid&7, peptide bond formation between dipeptB8and tripeptide89 was employes
(Scheme 1.10%° To avoid unspecific peptide bond formation, themino group of38 was
protected non-covalently by crown etl8&r resulting in complex0. In subsequent step, the
N-terminus of tripeptide89 was selectively coupled with the carboxy functafnprotected
dipeptide38 resulting in complex1. Decomplexation of the amino group applying sdada

potassium chloride solution yielded the enkephdéirivative37.2°

13| Page



Chapter

1

v (%)
3 ”/\COOH o 0O, a o}
TT37HaN
) & /7 H/\COOH
—> 0
crown ether \/Oj
o) 35
- O
38 40
2 0 o
. H
DCC/HOBt H
o |l
v 39
@
O, 0 L9 v
O--__1y
Q/ H H
(@] // (0] O I ]7
\/o
0
\© 41
3) sat. KClI
o} H o} ¥ 0}
*HaN N N
3 N/\H/ \)J\N O/
H H
(0] @) [ ]7
O
O~
Scheme 1.10: Synthesis of enkephalin derivative 37 employing crown ether 35 as non-covalent

protective group for blocking a terminal amino group: Crown ether complex formation (1), selective

peptide coupling reaction (2) and deprotection of the terminal amine (3).20
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Exploiting the crown ether protection furthédascagi et al. demonstrated that 18-crown-6
ether 35 can also be applied as non-covalent protectiveuggrim solid-phase peptide
synthesi€?! In order to maximize the coupling yield the peptisynthesis conditions were
optimized to stabilize the crown ether complex. §ithe influence of solvent polarity and the
counter anion on the complex stability were ingded. It was demonstrated that the
complex stability between the N-terminal amino grad the peptide and the crown eti3ér
increases with decreasing solvent polarity andptfesence of tosylate (Tdss counter ion
and therefore, these conditions resulted in min&hizside product formation during the
coupling reaction. Moreover, the efficiency of theptide bond formation increases
significantly, when proline was chosen as the Mateal amino acid of the immobilized
peptide. As shown in Scheme 1.11, the same conditwwere successfully applied for
condensation of even larger peptide-fragméhi&he crown ether protected pentapeptd@e
was reacted with immobilized tetrapeptid@ in dichloromethane (DCM) resulting in
immobilized nonapeptide complexd4. Deprotection of thea-amino group with
di-isopropylethylamine (DIPEA) and cleavage of theptmke from the resin resulted in
nonapeptidd5 reaching a coupling yield of remarkable 88%.

J)
O\
Tos &O\‘“}\tmN—Val - Ala - Ala - Phe - Gly—COOH *H3N—Pro - Asp(tBu) - Leu - Tyr(tBu)Q
O//
o
¢/ 42 43
DCC/HOBt
DCM
o)
O\
Tos (O“\f"ngN—Val - Ala - Ala - Phe - Gly - Pro - Asp(tBu) - Leu- Tyr(tBu)O
O//
o
\,0/ 44
1% DIPEA

*H;N—Val - Ala - Ala - Phe - Gly - Pro - Asp(tBu) - Leu- Tyr(tBu)—COO"

45
A0

S
- — \Y - i = -
Tos = /@/ \ O =resin tBu = tert bUty|

Scheme 1.11: Solid-phase peptide fragment coupling employing crown ether 35 as non-covalent

protective group for the N-terminus.”*
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To facilitate the amine deprotection, product isolaand the regeneration of the crown ether,
Haswell et al. established a method for the regioselective moatifon of difunctional organic
molecules using an immobilized crown ether as tn-protection group in a flow react.
Hence, aminomethyl-18-crown-6 ethé® was coupled to a carboxypolystyrene re&into

afford immobilized macrocycld8 (Scheme 1.12).

Oy _OH  1)socl, 0 0
2) Et;N
O(\O/j) K/O\)
47 o oj 48
NH, K/o\)

O =resin 46

Scheme 1.12: Immobilization of methylamine crown ether 46.%

As shown in Scheme 1.13, the immobilized crown rett&ewas successfully employed as
SPG for the regioselective modification of tyranad8a and49b, exhibiting a hydroxy and
amino group with similar reactivity. The subsequemrinplexation o#8 with compoundgl9a
and49b resulted in complexesOa and50b, respectively. In the following step the exposed
phenolic hydroxy group was converted applying a@oyfaand alkylation reactions, while the
protected amine was not reactive. Hence, reactid®aand50b with acetic acid anhydride
51 and methyliodideb2 resulted in formation of complexé&s, 54a and 54b, respectively.
Deprotection of the amino group in presence of gmten chloride afforded tyramine
derivativesb5, 56a and56b reaching quantitative conversions. The immobilizealvn ether
48 was recycled in an additional washing step of ggtan crown ether comples7 with
acetic acid in methand.
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Scheme 1.13: Regioselective modification of tyramines 49a and 49b using immobilized crown ether
48 as non-covalent protective group: Crown ether complex formation (1), chemical transformation (2),

decomplexation (3) and regeneration of 48 (4).%

1.4 Non-Covalent Protection of Active Sites in Emes from
PEGylation

After describing the utilization of non-covalentopective group approaches for peptide
synthesis, this paragraph deals with SPGs for #nizvatization of proteins. The introduction
of poly(ethylene glycol), called PEGylation, in gnes and proteins is a well established
strategy in the development of new therapedfi€3. PEG conjugation reduces renal
ultrafiltration of proteins, proteolytic degredatiof enzymes and improves their solubility in
organic solvents>®® Furthermore, masking of enzymatic surfaces by mehg reduces

immunogenicity and antigenicity extending the resice time of enzymes in the body”’
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However, PEGylation can result in dramatically @ase of the enzymatic or biological
activity.>*%* The reason is that during the conjugation pro€#s6 chains can be introduced
in the active site of an enzyme erasing its agtivib overcome this limitation two strategies

were developed preventing PEGylation of the actite®?*

For example Veronese et al. applied the specific interaction between a sutesteand the
enzyme to block non-covalently the active site miyrPEGylatiorf> This approach was
demonstrated on the enzyme uric&de(urate oxidase) which catalyses the oxidationraf u
acid57 to allantoin58 (Fig. 1.2a) and is applied for the therapy of hypeemia®®

a jj:H E1 /El o H
HN NG NH, N
| 0 rd j\: (e}
o)\” m\F O)\N ﬁ/\:

57

(1) wvv o (2) A V. Vs

59 A VYV Ve

sy | — 0 e
s — [ 57) AN

E1l E1-PEG MAN/ E1-PEG MA\

Figure 1.2: a, Enzymatic reaction catalyzed by uricase E1. b, PEGylation of enzyme E1 in presence
of substrate 57 acting as non-covalent protective group for the active site: PEGylation (1) and elution
of substrate 57 (2).%°

As shown in Figure 1.2b, to prevent the modificataf the active site the enzynkel was
incubated with linear PEG-norleuchhydroxysuccinimde ester (PEG-Nle-NHSP in
presence of substrate7. The resulting PEGylated enzyn€l-PEG (Fig. 1.2b) was
characterized and it turned out that an enzymatizity of 40 % remains, while the enzyme
PEGylated in absence of the substrate exhibitedativity at all*®> However, the relatively
low enzymatic activity of conjugated protelii-PEG can be explained by the fact that also
PEG chains were introduced in the surrounding afélae active site. This gave rise to hinder
the binding of substrat7.?
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To protect both, the active site and its proximitgm PEGylation the same group introduced
a new method employing an inhibitor immobilized an insoluble resin as non-covalent
protection of serine protease tryp&ifi (Scheme 1.143" The inhibitor, benzamidine, had the
function to protect the active site of the enzymkile the resin (Sepharose) should inhibit the
conjugation of the surrounding surface area ofpgraein. As shown in Scheme 1.14, the
enzymeE2 was first immobilized on the inhibitor resin cogaie60. In the next step, the

enzyme was treated with monomethoxy-PEG -Nle-Ng1Sesulting in PEGylated protein

E2-PEG. Investigation of the modified protelB2-PEG revealed that the enzymatic activity
was maintained to a degree of 95 %, while the gmatjan in absence of the inhibitor resulted

in a PEGylated enzyme with an activity of only 25 &@mpared to a non-modifieH2

reference’

o 1) ° (2 o 3 oY

g - AMANHS |8 (Vv v

= E2 a 61 < WV a2’

1) —>E1lL) | —— 511 —

% % g WV WV
- E2-PEGiAnn E2-PEGvAN/

o 60 o - 77_L 60 177-.

| = benzamidine

Scheme 1.14: PEGylation of trypsin employing inhibitor resin conjugate 60 as non-covalent protective
group for the active site and surrounding protein surface: Immobilization of enzyme E2 on resin (1),
regioselective PEGylation of exposed enzymatic surface (2) and elution of modified enzyme E2-PEG

3) 2
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1.5 Nucleoprotein as Sequence-Specific Protectiveufs for DNA

Molecules

While protein can be functionalized avoiding mazhfion of the active site with the help of
supramolecular protection strategies, proteindfitss act as SPGs as will be detailed in the

following paragraph.

In order to develop nanometer-scale electronic adsviin 1998Braun and Ben-Yoseph
introduced the formation of metallic conductive egrby coating DNA molecules with a
metal, which can then be attached to macroscopatreldes using their molecular recognition
abilities!°®'°* To allow more elaborate manipulations during theppration of these
microelectronic devices, in further studi®aun et al. established a sequence-specific
molecular lithography technigd@.lt was demonstrated that the enzyme RecA, a major
protein responsible for genetic recombination inteda®?*%*can be applied in combination
with a single stranded DNA (ssDNA) as sequenceiBpenon-covalent protective group
during molecular lithography and subsequent metibn of double stranded DNA

molecules (dsDNA) (Fig. 1.3F.

a RecA-ssDNA filament formation

. .+ °.° 5
ssDNA RecA nucleoprotein filament
b Homologous recombination

oo e + = = > 00000 —

dsDNA

C Molecular lithography

E@E + AgNO, — %@

Ag nanoparticles

d Gold metallization

=\ KAUCl,+ KSCN v’/ )

goldwire exposed DNA gold wire

Figure 1.3: Sequence-specific lithography and metallization of dsDNA substrates employing

RecA-ssDNA nucleoprotein filament as non-covalent protective group.®
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As shown in Figure 1.3a, RecA was first polymeripedssDNA resulting in a nucleoprotein
complex, which could interact with aldehyde-derxeadl dsDNA substrate. The sequence-
specific protection of this substrate was enabletidimologous recombination, the formation
of a three-way junction of the nucleofilament ahd torresponding sequence of dsDNA (Fig.
1.3b and 1.4a). As shown in Figure 1.3c and Fidgudd, RecA was acting as protecting
group hindering the reduction of silver on the rmbmed fragment during the molecular
lithography process. The subsequent Gold metatizaif dSDNA which is catalyzed by the
silver aggregates (Fig. 1.3d) resulted in gab foionaas proven bytomic forcemicroscopy
(AFM, Fig.1.4c) andcanningelectronmicroscopy (SEM, Fig. 1.4d}.

Figure 1.4: Sequence-specific lithography and metallization of dsDNA substrates. a, AFM image of
recombined nucleoprotein filament. b, AFM image after silver aggregation. ¢, AFM image after gold
metallization of silver coated dsDNA fragments. d, SEM image after gold metallization of silver

aggregated dsDNA fragments.25

Equally, in 2005Yashima et al. also applied the sequence-specific gab formationng
metallization of dsDNA using a RecA-ssDNA filameas protective grouff. In contrast to
the work ofBraun et al., two different RecA proteins were applied, one odified wild-type
(WT) RecA and one RecA protein modified with a eysé at the C-terminus (Cys-RecA). In
previous studies it was demonstrated that both, Witk Cys-RecA, exhibit the same activity
regarding the formation of nucleoprotein filameli%s:°® But the genetically engineered

Cys-RecA protein was expected to have higher labedifficiency during gold deposition
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using monomaleimido nanogold, while the function WT-RecA was the non-covalent
protection during the metallization procé8#\s shown in Figure 1.5a, nucleoprotein filament
existing of ssDNA and WT-RecA was applied as segeapceific protective group for a
dsDNA substrate. In a second step, the WT-RecAsBMA complex was incubated with
Cys-RecA enabling nucleoprotein formation with dgbffagments which are not in contact
with WT-RecA. As shown in Figure 1.5b, the followirtreatment of the filament with
activated gold particles resulted in the introductof gold only at Cys-RecA proteins, while
the fragment complexed with WT-RecA showed no iedgt Hence, the subsequent
metallization resulted in a 25 um long gold nanewiith a gab of 1 um lengff.

a :.:.:.:.:.:’ . = WT-RecA

nucleoprotein filament

Cys-RecA \L (2)

00 5y

gold-particles \L ()

|

gold wire exposed DNA gold wire

| 25 um {

Figure 1.5: a, Sequence-specific gab formation employing WT-RecA as protective group and
Cys-RecA as a scaffold for metallization: Homologenous recombination (1), nucleoprotein filament
formation with Cys-RecA (2), coupling of gold-nanoparticles to cystein residues of Cys-RecA protein

(3) and gold metallization (4). b, SEM image after gold metallization.?®
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1.6 Motivation and Thesis Overview

After describing several non-covalent protectiomatsigies enabling the modification of
multifunctionalized compounds, in the following theotivation and overview of my thesis

are given.

Modification of synthetic and natural compoundsaisgeneral tool to obtain molecular
structures with different physical, chemical andoldgical properties. For example,
transformation of organic dyes, which are widelylag in solar cells, changes their optical
properties and electron-transfer abilities. The sitidion of side groups of conductive
polymers results in materials with different elexl and optical properties. And conjugation
of diverse molecular architectures allows the caoration of different properties resulting in
new materials. Moreover, the modification of symihend natural product is especially a
well established tool in the drug discovery andad@wment process. For example, selective
modifications of known therapeutics are utilizedowercome anti-drug resistance, increase
their efficiency, decrease toxicity and find newdigations. However, to obtain a compound
with defined characteristics, often site-specificedsifications are necessary. But due to the
fact that most molecules exhibit several functiogedups with similar or equal chemical
reactivity, these regioselective transformationse aidimited. The reaction of
multifunctionalized compounds results often in axtunie of inseparable regioisomers.
Therefore, selective modification of structurallgngplex molecules requires laborious and
time consuming part- and total synthesis. That deample is an important reason why
potential drug candidates exhibiting a complex rogl@ structure are excluded from the
drug development process in pharmaceutical indsstrifo simplify the regioselective
modification and facilitate the development of cauapds with new properties, much effort
has been devoted to the development of one-stepatezation methods on the level of the
multifunctional molecules. Hence, ahapter 1 several strategies are described, which enable
the regioselective transformation of many natunadl &ynthetic compounds in only one
reaction step. All the reported methods have thpdicgiion of non-covalent protective groups
in common. These protective groups, based on mb&hte complexes, macrocycles,
polymer conjugates and enzymes, allow site-spepifitection of several functionalities of a
molecule, while functional groups not in contacthathe protective group can be transformed
regioselectively. Another advantage of these intoedl supramolecularprotective groups
(SPGs) is their easy introduction and removal duéhe non-covalent interaction with the
compound to be modified. Moreover, the applicatbhis protection strategy facilitates the
23| Page



Chapter 1

synthesis of a broad spectrum of derivatives ofudtifanctionalized compound. However,
most of the introduced SPGs exhibit several linoteg in order to be applied in industrial
drug discovery process: Non-covalent protectiveugso based on macrocycles require
extensive design and synthesis, and can bind amlgntall compounds exhibiting two
functional groups; enzymes have a limited numbesulifstrates they can interact with; and
the application of metals in drug synthesis isroftestricted and has to be minimized due to
their toxicity.

To overcome these limitations of existing non-cewnalprotective groups and at the same time
benefit from their advantageous specific non-cavaileteractions the work presented in this
thesis is focused on the development of a new sugeular protection strategy. In this
work short ribonucleic acid sequences (RNA aptajrames applied as non-covalaaytameric
protectivegroups (APGSs) for structurally complex aminoglycesahtibiotics. RNA aptamers
are particularly very well suited as non-covalertective groups, since nucleic acids can act
as ligand (host) for a broad range of guest moéscof different structural complexity with
high affinity and specificity. A further advantagethat they can be evolved through a well
established selection process in few weeks andpayduced by automated synthesis. In
chapter 2, the applicability of three different RNA seques@s APGs is described for the
regioselective modification of neamine antibioteomycin B exhibiting six amino- and seven
hydroxy groups of similar reactivity. For modificat of neomycin B acylation of amino
groups was applied usifdrhydroxy succinimide (NHS) esters of different sigarthermore,

it was investigated if an APG, which was generdtgdheomycin B, can also be utilized as
non-covalent protective group for aminoglycosidethwa related pharmacophore. Hence, an
APG selected against neomycin B was tested forréggoselective modification of the

antibiotic paromomycin.

Since the presence of more than one binding sii@imone RNA aptamers (APG) can result
in different protection modes for the guest molecwdnd therefore, can limit the
regioselectivity of the modification reaction, theode of action of APGs was elucidated in
chapter 3. First, the number and the affinity of bindingesitof different APGs for
neomycin B were determined usihgpthermalTitration Calorimetry (ITC). Afterwards, the
mode of protection of each binding site was resblye modification of neomycin B applying
different conditions for the acylation reaction viNHS ester. Hence, the influence of the
complex stability between antibiotic and APGs, tieactime and antibiotic/APG ratio on the

regioselectivity was investigated. These parametees particularly essential in order to
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maximize the regioselectivity of the modificatiof the guest molecule and to verify the
applicability of APGs under different conditionsjch as various temperatures and varying

salt concentration.

After these proof-of-concept studies demonstratinmegfeasibility of the use of RNA aptamers
as non-covalent protective groups, dnapter 4 the new concept is further exploited. To
establish the introduced APG methodology as a géreol in organic synthesis different
reactions are tested for the regioselective maatibn of the antibiotics neomycin B and
paromomycin. First, different acylation reaction®rev tested using negatively charged
activated esters, such as sulfo-NHS ester andfd-tetra-fluorophenyl (STP) ester, to enable
the introduction of more hydrophobic residues ire tantibiotic neomycin B. This is
particularly important, since the complex formatlmetween APG and antibiotic is performed
in aqueous buffer solution, which is a limiting tacregarding the utilization of hydrophobic
reagents. Furthermore, the regioselective intradncdf azide- and sulfhydryl groups was
investigated using the azide-transfer reagent imuglal-sulfonyl azide and the thiolation
reagent 2-iminothiolane, respectively. The regiestle diazotation and thiolation of the
APG-protected compound have the advantage that dlew further modifications in an
additional step without the use of APGs resultimya broad spectrum of accessible
derivatives. To exploit further the feasibility dfie APG-methodology, modifications of
different functionalities of neomycin B was investied in presence of APG. Hence, urea
bond formation using aliphatic and aromatic iso@tas was performed enabling a chemo-
and regioselective modification of another aminougr then described in previous chapters.
Moreover, it was demonstrated that the APG stratdgy allows chemo- and regioselective

di-functionalization of neomycin B employing urea ddormation and azide introduction.

Besides introducing the APG strategy for the regjmdive modification of neamine
antibiotics neomycin B and paromomycin, the workh@apter 5 describes the regioselective
modification of neamine antibiotics in a single watic step without the use of non-covalent
protective groups. It is well known that the neaenmoiety of these antibiotics is essential for
their antibacterial activity but at the same tirhes tstructural unit is also the main target of
many resistance mechanisms in bacteria. Theretbee,modification of this part of the
molecule is a very promising strategy to overcomgbacterial resistance and/or increase
antibiotic activity. With this motivation in minda pH-dependent regioselective azide
introduction at the 2-desoxystreptamine ring ofedbe neamine antibiotics was demonstrated

using the diazo-transfer reagent imidazoyl-1-suffaaeide in a buffered aqueous solution.
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This strategy was testes employing neamine anitisioheomycin B, paromomycin,

ribostamycin, amikacin and apramycin and neamirgibstrates.

In the following chapters, a more detailed desmipbf the above mentioned new strategies

for the modification of neamine antibiotics will beven.
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Aptameric Protective Groups for One-Step Modification

of Aminoglycoside Antibiotics
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Emerging trends in drug discovery are prompting a enewed interest in natural
products as source of chemical diversity and leadtrsctures. However, due to the
structural complexity of many natural compounds the synthesis of derivatives is not
easily realized. Here, we demonstrate a conceptuall new approach using
oligonucleotides as aptameric protective groups (ABs). APGs block several
functionalities by non-covalent interactions in a omplex molecule and enable the highly
chemo- and regioselective derivatization (98 %) ohatural antibiotics in a single
synthetic step with good conversions of up to 71 %This technique should help to
accelerate the discovery of new biologically activstructures while avoiding costly and

cumbersome synthetic routes.



Chapter 2

2.1 Introduction

Very recently, natural products have experienceenaissance in drug discovery. This trend
is rationalized by a growing number of new natsi@airces, improved separation methods and
characterization techniqu&8.Another reason for the high interest in naturadpicts is the
better chance of finding a desirable bioactivitledo their natural scaffolds. However,
these frameworks are very often structurally comm@ehibiting several chemical equivalent
functionalities. Thus, regioselective modificatiohthese molecular architectures is restricted
to the application of genetically modified organ$m and extensive semi- or total
synthesi$*® The latter route is very often characterized byesa protection and
deprotection steps to modify specific functionabups or sites of the target molecule. A
much simpler process to enable selective deriviatizaf complex natural products would be
the introduction of macromolecular protective greugirectly at the level of these
compounds. Due to their extended size they caraiallpl protect several functionalities of
the natural product by non-covalent interactionslevather groups not involved in binding
can be specifically reacted.

To test the feasibility of this approach, in thegant study RNA aptamers were introduced as
non-covalenaptamericprotectivegroups (APGs). As a promising class of compounds wit
high affinity, specificity and stability, RNA andNDA molecules are particularly well suited
as APGs, as they can act as ligands for a wideetyaof low molecular weight compounds
and macromolecular architectufeé'scan be evolved through the well establisheditro
evolution process SELER (SystematicEvolution of Ligands byEXponential Enrichment)
and can be produced by automated synthesis. Qbeaptamers that were generated against
amino acidg®*! nucleotides? organic dye$,porphyrin derivative$?® proteins** hydrophobic

lipids™® and aminoglycoside antibioti¢;"*®

we chose aptamers for the latter class of
compounds. Aminoglycosides offer a particularly raaitive test for regioselective
derivatization using APGs, since modification ofilaiotics based on carbohydrates targeting
prokaryotic 16S ribosomal RNA (rRNX)**?° have become a powerful tool against drug-
resistant bacterid:?* Important examples based on the neamine scafi@dtte neamine

antibiotics neomycin B and paromomyci® (Fig. 2.1a).
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2.2 Results & Discussion

2.2.1 Regioselective Acylation of Neomycin B EmpigyRNA as APG

For a straightforward proof of concept that RNA @t as an APG, a well characterized
aptamer-aminoglycoside complex was chosen: 23mek &Namer (sequence: 5’-GGA CUG
GGC GAG AAG UUU AGU CC-3',aptl, Fig. 2.1b) and neomycin B (Fig. 2.¥h)X-ray
crystallography and nuclear magnetic resonance (NM&asurements revealed that ring IV
of guest moleculel is not involved in complex formation and extendsoithe solvent
(Fig. 2.1¢c) 1

R

o
Hglo |

ﬁi‘%

OH
1neomycinB R =NH,
2 paromomycin R = OH

5 GGC
5-GGACUC | | [ CA
IIIIIEE! e

3- CCUGAUUUG'AA

15

aptl

Figure 2.1: a, Structure of representative aminoglycoside antibiotics. b, Stem-loop structure of APG
aptl. ¢, Aptl selectively protecting neomycin B*® (Color coding: white - hydrogen; green - carbon;

red - oxygen; blue - nitrogen).

As shown in Figure 2.2a, we choose the acetylatiogaction employing
N-hydroxysuccinimide (NHS) esteéda-c to transform the amino groups of neomycin B in
absence and presenceaptl. According to mass spectrometric analysis reactibacetic
acid NHS esteBa (10 equivalents) with thaptl-protected neomycin B resulted mainly in the
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formation of mono-acetylated antibiotic derivatives (Fig. 2.2b). #tark contrast, the
transformation ofl under the same conditions but in absence of th& Aieldeddi-, tri-,
tetra-, penta and hexa-acetylated aminoglycoside derivativsg. 2.2c). These experiments
clearly indicate the ability oéptl to inhibit the reactivity of multiple amine groupsthin

neamine antibiotid.

a 0O O
R‘l
N—O 3aR! =methyl

3b R! = isopropyl o
3c R = 3-butynyl
R—NH, 0 >—R1
10 mM sodium phosphate R—NH
buffer (pH 6.9),24 hours, RT
b C
100 1005 . ™ \r<1 |
NeoB ] v *Na*
90 [M+H] + | 901 [M+Na]+ /
80 / [M+H]* 80 \
8 70 / 8 701
g S i i
e 60 2 60 [M+Na]*
3 50 3 50
g i g iii iV
= 40 - 2 [M+H]* +
= Neop M+Nal = 40 ) [M+H]
© 307 [M+Na]f / i © 30; i I v Vi
20 M- ol ey M S
10 / 10° ‘
0 "l ‘11‘\ 1 l 1L o bl b ‘ . , ‘ : 0 \ Lo L . ‘i ‘l “L “1 ‘h ‘ : “l : \
600 640 680 720m/2760 800 840 880 600 640 680 720m/2760 800 840 880

Figure 2.2: a, Reaction of amino groups (R = neomycin B) with NHS ester 3a-c in sodium phosphate
buffer at room temperature (RT). b, Electrospray lonisation (ESI) Mass Spectra (MS) of reaction
mixture of neomycin B (1, NeoB) with 10 equiv. activated ester 3a in the presence of 1.5 equiv. apt1l.
¢, ESI-MS spectra of reaction mixture of 1 with 10 equiv. NHS ester 3a in absence of APG.

(i-vi = number of reacted amino groups of 1).

To obtain further insight into the regioselectivif transformations of neomycin B, reaction
conditions were optimized to yietdono-acetylated antibiotic for the protected (Fig. 2.8ad
non-protected transformations (Fig. 2.3b). RNA-ngoim B complex was reacted with 30
equivalents of the NHS est8ga, while the unprotected antibioticwas incubated with only
one equivalent. After purification biytigh Performance.iquid Chromatography (HPLC, see

experimental part Fig. 2.12), tlmono-acetylated neomycin B derivatives were charaatelriz
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and regioselectivities were calculated usthgfNMR spectroscopy (Fig. 2.3c). The RNA-
protected aminoglycosidewas proven to be acetylated at the amino groupGirposition at
ring IV with an extremely high regioselectivity 86 % resulting in neomycin B derivative

4a, while in absence of APG the amino groups in CSitpm of ring Il and ring IV were
highly reactive. Thus, the unprotected neomycind3 wainly converted into two inseparable

derivatives, 6" 'N-acetyl neomycin Blaand 6 N-acetyl neomycin Blb, in a ratio of 9:11.

Ve
Hﬂ&% A
HO__H,N NH O _HN

oQﬁZ 2 o
kojmo 1 1.)APG aptl ;OJ o

v Ng&oo 0HIII 0 o HO OH
’ﬁLI-I/\NHz 2) I:/<‘<N—O>; ?\//\N;_
OH

OH 17
[¢)

a
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Figure 2.3: a, Regioselective acetylation of 1 in presence of 1.5 equiv. of aptl resulting in 4a. b,
Unselective transformation of 1 in absence of APG results in a mixture of 4a and 4b. c, ‘H-NMR

(500 MHz, D,0) spectra of regioselectively mono-acetylated neomycin B 4a (upper) and mixture of

regioisomers 4a and 4b (lower).
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These results were confirmed bieteronucleaSingle QuantumCoherence (HSQC) spectra
(Fig. 2.4) andAttachedProton Test (APT) measurements (see experimental part2Flgd.).
As shown in Fig. 2.4a, spectrum of derivatd@ shows a remarkable chemical shift of the
J(C6”""-H) andJ(C5"""-H) coupling of ring IV in comparison to t®-spectrum of neomycin
B (Fig. 2.4b) proving the regioselective acetylata amino group in C6 position of ring IV.

a b
137 = a2 = 40
67 67 B
& 5R 139 45
41 == 50 S © 50
L 42 ° - i @\
36 35 34 33 55 X -
g g
° 65 rrr 5 65
° 5 T= SQ@
o 70 ) [0 70
= = 75 e v" 75
80
o 80 e ,
- 85 ) © 85
45 44 43 42 41 40 39 38 37 36 35 34 33 45 44 43 42 41 40 39 38 37 36 35 34 33
ppm ppm

Figure 2.4 Sections of HSQC (500 MHz D,0) spectra of mono-acetylated neomycin B 4a (a) and
neomycin B (b). Arrows indicate chemical shift of J(C6"""-H) (red) and J(C5""-H) (black) coupling.

To test whethemaptl can tolerate the introduction of larger residusntthe acetyl group,
neomycin B1 was functionalized using the NHS est8ts and 3c of isobutyric acid and
4-pentynoic acid, respectively. Again, remarkatdgioselectivities of 97 % and 98 % were
achieved for obtained derivativeésand 6, respectively (Table 2.1). It is important to note
here, that during the preparation of these dexeatiaptl even tolarted the addition of 6.7
volume % of the organic solvent dimethylformamidBMF), which allowed easy
solubilization of the hydrophobic activated estdbsand 3c. In addition to these excellent
regioselectivities, the APG-mediated modificatioxhibit conversions of neomycin B to
antibiotic derivatives of up to 71 % (Table 2.1).
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Table 2.1: Conversions and regioselectivities of acylation of neomycin B in presence of aptl.

Compound APG DMF vol% R, conv. (%) r.s.*(%)
4a** aptl 0 methyl 48 95
5 aptl 6.7 isopropyl 64 97
6 aptl 6.7 3-butynyl 71 98

All reactions were carried out according to the general procedure in presence of 1.5 equiv. aptl (see
experimental part 2.4.2.2). ~ Conversions of neomycin B to regioisomers 4a, 5 and 6 were calculated
from HPLC- and "H-NMR peak integrals assuming that only mono- and di-acylated derivatives were
formed. ** Reaction was performed five times and the corresponding value of the regioselectivity and
conversion is the calculated average. The error of the conversion was calculated to be 6 %.

* Regioselectivities (r.s.) were calculated from '"H-NMR spectra.

2.2.2 Regioselective Acylation of Neomycin B EmpiayDifferent APGs

Two even shorter RNA sequencept: 5-CUG CAG UCC GAA AAG GGC CAG-3,
apt3: 5-UGU AGG GCG AAA AGU UUU ACA-3) (Fig. 2.5) wes also employed as APGs
for antibiotic1, showing the concept is not limited to a singlsthguest complex.

5
CA 10 5 G 10
96 GuRet, T oucest™A,
1 A P
3’-GAC CGGGpA 3’- ACAUUUUG p A
20 15 20 15
apt2 apt3

Figure 2.5 Stem-loop structures of APGs apt2 and apt3.°

These aptamers were chosen from a pool of 21 segsegenerated in the same SELEX
experiment asiptl performed by the group ¢famulok.’Again, high regioselectivities were
obtained in the formation of acetyl neomycin4dB, reaching 94 % foapt2 and 93 % for
apt3, respectively (Table 2.2). The conversionslafere comparable withptl (Table 2.2),
reaching 49 % foapt2 and 55 % usin@pt3, assuming that onlynono- and di-acetylated
neomycin B derivatives were formed. As shown inl&&h2, the application &pt2 as APG

was also successful in the synthesis ahd6 with high regioselectivities.
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Table 2.2: Yield, conversions and regioselectivities of acylation of neomycin B in presence of
different APGs.

Compound  APG R, conv. (%) yield (%) r.s.*(%)
4a** aptl methyl 48 18’ 95
4a aptl methyl 48 45" 94
4a** apt2 methyl 49 29" 94
4a apt2 methyl 45 39" 93
4+ apt3 methyl 55 50" 93
5 apt2 isopropyl 53 23" 89
6 apt2 3-butynyl 63 19" 96

All reactions were carried out according to the general procedure in presence of 1.5 equiv. APG (see
experimental part 2.4.2.2). ~ Conversion (conv.) of 1 to antibiotic derivatives 4a, 5 and 6 were
calculated from HPLC- and 'H-NMR peak integrals. ™ Yields of mono-acylated derivatives (isomer
mixture) were determined by HPLC. * Regioselectivity (r.s.) were calculated from *H-NMR spectra. **
Reaction was performed three times and the corresponding values of the regioselectivities and
conversions are the calculated averages. t Precipitation of RNA was employed as purification method.

m Hydrolysis of RNA was employed as purification method.

In contrast to the moderate conversions, the isolaif the antibiotic derivatives out of the
RNA complex was still challenging. So far, the bidiic 1 and its derivatives were extracted
from the complex by melting the RNA aptamer compéhigh temperatures (99 °C) and a
precipitation of the APG with the positively chadgeurfactant didodecyldimethylammonium
bromide (diG.DAB). While the resulting RNA surfactant complex svansoluble in the
reaction buffer, the aminoglycosideand its derivatives remained in solution. Howe\z,
shown in Table 2.2, antibiotic derivatida was obtained with a yield of only 18 % and 29 %
for aptl andapt2, respectively, applying this precipitation meth@he reason for the low
yield is most probably the co-precipitation of #minoglycosides with the RNA. To improve
the isolated yields of the aminoglycosides, theaiagr-complex was hydrolysed at 85 °C
under basic conditions (pH = 14) instead. Aftertdesion of the APGs, most amount of the
neomycin B derivativela was recovered reaching 45 %, 39 % and 50 Y%aot, apt2 and

apt3, respectively. (Table 2.2).
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2.2.3 Regioselective Modification of a Related Ardtic

Likewise, the APGs presented here can be used tdifynother aminoglycosides with a
similar pharmacophore. For instance, the relatetibiatic paromomycin2 could be
transformed to the correspondiigacetyl derivative7 employingaptl as APG(Fig. 2.6a).
Antibiotic derivative, 6" 'N-acteyl paromomycin/, was obtained with a yield of 22 %
employing the precipitation of the RNA as purifioat method. Furthermore, the acetylation
of paromomycin reached excellent regioselectivity>80 %. As shown in Figure 2.6c,
spectrum of derivativé shows a remarkable chemical shift of t{€6"""-H) andJ(C5""-H)
coupling in comparison to the 2D-spectrum of paromcin 2 (Fig. 2.6b) proving the
regioselective acetylation of amino group in C6ifas of ring IV. This result demonstrates
successfully that for the protection of the relasedibiotics neomycin B and paromomycin

2 the interaction of the neamine moiety (ring | amdi$ essential. Therefore, it can be
concluded that the identified RNA aptamers agagnparticular structure can be applied as
APGs for related molecules exhibiting a similar ewllar shape. Furthermore, in light of
many antibiotic derivatives presented in this sadiit should be apparent that the APG
paradigm decreases the number of synthetic steyessary for the modification of complex
molecules to the extreme and is superior to preslyoreported non-covalent protective group
approache&*??° Ring-IV-altered neomycin B derivatives have beeavjpusly described
and were only obtained after extensive synthesitiding more than 20 synthetic steps (see
experimental part Scheme 2.2-2:8) Our newly developed technology allows the proiduct

of such antibiotic derivatives modified at the sgmositions in a single reaction.
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Figure 2.6 a, Regioselective acetylation of paromomycin 2 using 30 equiv. of activated ester 3a in
presence of 1.5 equiv. aptl. b, Sections of HSQC-spectra of antibiotic 2. ¢, Sections of HSQC
(500MHz, D,0) spectra of mono-acylated antibiotic derivative 7. Arrows indicate chemical shift of
J(C6"""-H) (red) and J(C5"""-H) (black) coupling.

2.3 Conclusion

In this chapter, we have demonstrated the effeaise of RNA sequences as non-covalent
aptameric protective groups for the highly chemad aegioselective derivatization of
complex molecules bearing several functional growpth similar reactivity. This was
successfully demonstrated for the structural complainoglycoside antibiotics neomycin B
and paromomycin with three different aptamer segeenThese natural antibiotics were
modified in a single step with substituents of &hle size and hydrophobicities employing
acylation that proceeds with excellent regioselgas (89 % to 98 %) and good conversions
of up to 71 %. However, at this point it has tostressed that prior to the facile derivatization
the generation of RNA aptamers by a SELEX experimiemecessary to obtain APGs.
However, according to these results APGs meritidenstion as a new synthetic strategy in

organic synthesis as they can be evolved for aelamyiety of target molecules bearing
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different structural features and their generatidies on a well-established vitro evolution
process. Moreover, APGs based on RNA aptamers eaante an effective tool for the
derivatization of complex natural products and lyasmplify drug development.

2.4 Experimental Section

2.4.1 Materials & Methods

'H-NMR-, *C-NMR-, heteronuclear single-quantum correlatioSQ<€) spectra and attached
proton test (ATP) were recorded on a Varian Uniigvia (500 MHz forH-NMR and HSQC,
125 MHz for APT and*C-NMR) and Oxford AS400 (400 MHz fdH-NMR and 100.6 MHz
for APT and"*C-NMR) NMR spectrometer at 25 °C using 3 mm NMResiigma Aldrich).
High resolution mass spectrometry (HRMS) was cdroeit on a LTQ ORBITRAP XL
instrument Thermo Scientific) employing electron impact ionization in positiian mode
(El+). Chromatographic separations were carriecboudShimadzu VP series HPLC modular
system (DGU-14A3 Online Vacuum-Degasser, two LCAZ0pumps, SIL-20A auto sampler,
CTP-20 A column oven, RID-10 refractive detectoRG-10 A fraction collector and
Shimadzu LCsolution software). HPLC purification was perfaed with a Waters Spherisorb
ODS-2 Gg analytical column (250 x 4.6 mm, spherical pagcbf 5 pm and 80 A pore size)
using isocratic elution at 40 °C. A pH-metétafina Instruments pH 209) equipped with a
glass combination electrode was used for pH adpstsn of the reaction buffers. All
chemicals and reagents were purchased from comahsrgipliers and used without further
purification, unless otherwise noted. Neomycin Bsuifate x hydrate (VETRANAE),
paromomycin sulfate salt (98 %)N,N-dimethylformamide (DMF, 99 %), N-
hydroxysuccinimide (NHS, 98 %), trifluoroacetic dnde (99 %), dichloromethane (DCM,
99.5 %), tetrahydrofurane (THF, 99.9 %), pyridi®® @6), 4-pentynoic acid (95 %), acetic
acid (99 %), isobutyric acid (99 %) and toluene.89%) were purchased frofigma Aldrich
and used as received. For HPLC purification heptadbutyric acid (HFBA) Eluka, puriss.
p.a., for ion chromatography) and aceto8gr(a-Aldrich, HPLC grade) were used. Ultrapure
water (specific resistance > 18.AMcm) was obtained by Milli-Q water purification $gm
(Sartorius®). RNA aptamers (82 — 91 % purity) were purchasethBioSpring (Frankfurt
am Main, Germany) andriboxx GmbH (Radebeul, Germany).Acetic acid
N-hydroxysuccinimide este@awas synthesized according to a literature proadufor the
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regioselective transformation Milli-Q water wasatied with diethylpyrocarbonate (DEPC)

and sterilized using an autoclave (121 °C, 20 min).

2.4.2 General Procedures

2.4.2.1 Synthesis of Activated Ester for AntibidWodification’®

To 56.4 mL trifluoroacetic acid anhydride (0.47 Ijnowvere added 20 g of
N-hydroxysuccinimide (0.196 mol) at 0 °C. The reactwas allowed to warm up to room
temperature over 24 hours. Then 50 mL toluene wdded and the volatile was removed In
vacuo. The residue was taken up in 15 mL dichlotbaree and the remaining solvent was
removed in vacuo. The resulting produlstfrifluoroacetoxysuccinimde, was used without
any further purification for the next step. To dusion of a carboxylic acid (17.5 mmol) in 15
mL THF were added 5 N-trifluoroacetoxysuccinimide (23.7 mmol) and 2.1 miridine
(26.4 mmol) at 0 °C. The reaction mixture was adldvio warm up to room temperature over
24 h, before being quenched with 20 mL water. Tdngeaus phase was extracted twice with
75 mL of a 1:1 mixture of diethyl ether and hexahbke combinated organic phases were
washed with 100 mL sat. ag. MEl solution, 100 mL sat. aq. NaHG®olution and 100 mL
brine, dried over MgSgfiltered and concentrated to yield activated re3beand3c.

2.4.2.2 Regioselective Acylation of Aminoglycosifletibiotics

= I R!

1.) 1.5 equiv. APG (aptl1-3)
HO.S & Il " 2.) 30 equiv. ester (3a-c) HOS 0 ”
2 2
HO._ H,N WNHz 10 mM sodium phosphate HO_H,N WNHz
0.9 buffer (pH = 7), RT, 24 h 0.9
HO HO
NH . 2 9 NH
2 2
O OH R? O OH
v LR N_O>\* Moo
NH,
0

NH
OH >/'—R2
0

OH

1neomycinB R!=NH, 3a R2 = methyl ,

2 paromomycin R! = OH 3b R2 = isopropyl 4aR'=NH, R2 = methyl
3c R2 = 3-butynyl 5 R!=NH, R?=isopropyl

6 R!=NH, R2=3-butynyl
7 R1=OH RZ=methyl

Scheme 2.1: Regioselective transformation of amino group in C6 position of ring 1V.

A volume of 272 pL of a 6.1 mM RNA aptamer soluti@equences: 5-GGA CUG GGC
GAG AAG UUU AGU CC-3 @ptl), 5-CUG CAG UCC GAA AAG GGC CAG-3' ¢pt2)

44 | Page



Aptameric Protective Groups for One-Step Modification of Aminoglycoside Antibiotics

or 5-UGU AGG GCG AAA AGU UUU ACA-3’ @pt3)) (1.66 pmol) in 10 mM sodium
phosphate buffer (pH 6.8) was heated to 85 °C fomin and was afterwards kept at room
temperature for 15 min. Then 228 uL of a 4.8 mMusoh of the aminoglycoside antibiotic
(2.09 pmol) in 10 mM sodium phosphate buffer (pH) Zvere added and the mixture was
allowed to stand for 30 min at room temperatureeifards, 30 equiv. NHS esté32.8
pmol) dissolved in 500 pl sodium phosphate buffdd (7.4) (for activated este3a) or in

36 ul DMF (for activated esteBb and3c¢) were added and the reaction mixture was allowed
to react for 24 hours at room temperature. Aftadittah of 60 pL of a 7 wt. % ethylamine
water solution, the mixture was incubated for 30 rat room temperature and afterwards
purified by following possible methods:

a) Precipitation of RNAThe reaction mixture was heated to 99 °C for 10 amd to the

hot solution 1 mL of a 53 mM aqueous solution o€C:dDAB were added to
precipitate the RNA. After incubation for 15 min abom temperature and
centrifugation for 30 min at 6 °C (14k rpm) the supatant was freeze-dried. To
obtain sufficient amounts of antibiotic derivativés 2D-NMR spectroscopy the
synthetic step and the purification was performieckd times. Thus, the resulting
freeze dried samples from three runs were dissdiegdther in 400 pL water. Each
30 pL fraction of this solution was purified by HElusing a Waters Spherisorb ODS-
2Cyg analytic column (water/acetone 1:0.9 containindl M HFBA) at a flow rate
of 1 ml/min at 40 °C to afford the antibiotic deatives4a, 5 and6. After evaporation
of acetone and freeze-drying the product was dissoin 150 uL RO for NMR
studies.

b) Hydrolysis of RNA:To the reaction mixture a volume of 160 pL of a 2¢M NaOH

solution was added and allowed to incubate at 8®fG0 min. After cooling to room
temperature each 50 pL fraction of this solutiors warified by HPLC as described in
method a) using water/acetone 1:0.81 containing§ &8V HFBA as eluent to obtain

antibiotic derivativeda.
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2.4.3 Characterization of Activated Esters & Sysikhed Antibiotic Derivatives

2,5-dioxopyrrolidin-1-yl isobutyrate (3b). The title compound was prepared according to
(oG] the general procedure described above. Pra8luatas obtained as a white
qN_OH solid reaching a yield of 72 % (2.33 g, 12.6 mmdj:-NMR (CDClk, 400
\ MHz): 5[ppm] = 2.79 (septet, ¥ 7.0 Hz, IHCH-(CHj3),); 2.72 (s, 4H, Cht
CO); 1.22 (d, & 7.6 Hz, 6H, CHCHs),). **C-NMR (CDCl, 100.6 MHz):8
(p.p.m.) = 172.06 (1CCO-CH); 169.38 (2CCO-CH,); 31.57 (1C,CH(CHa),); 25.50 (2C,
CO-CHy); 18.63(2C, CHCHs3),).

2,5-dioxopyrrolidin-1-yl pent-4-ynoate (3c) The title compound was prepared according to
o Q the general procedure described above. ProBeietas obtained as a
QN_C?\_\;: white solid reaching a yield of 50 % (1.69 g, 8.hat). 'H-NMR
X (CDCl3;, 500 MHz):6 (p.p.m.) = 2.86 (t, J= 7.5 Hz,2H, CH-CH»-
C=CH); 2.82 (s, 4H, Ch); 2.59 (t, J= 7.5 Hz, 2H, Ei,-CH,-C=CH); 2.04 (s, 1H, &CH).
¥C-NMR (CDCk, 100.6 MHz):5[ppm] = 169.05 (2CCO); 167.12 (1CCO); 80.98 (1C,

C=CH); 70.13 (1C, &=CH); 30.37 (1C,CH,-CH,-C=CH): 25.66 (2C, Ch), 14.16 (1C,
CHz-CHz-CECH).

6"""-N-acetyl neomycin B x 5 HFBA (4a)The title compound was prepared according to the

NH; general procedure described above using NHS eSter
H?& 0 " Derivative4a was obtained as a white solid. For the measurement
HOL_H,N OwNHZ of regioselectivity and the characterization of tbempound
\Q HO 'H-NMR, HSQC as well as APT spectra were recorded an
N 0 Ly sxHEBA electrospray ionization (ESI)-MS was employed. Ted was

P \H calculated from*H-NMR- and HPLC peak integrals:;R 7.6

OH }/— min, 45 % yield (aptl). TLC (CHg@MeOH/17 % NHOH 2:1:1

° vivIv) R = 0.52.*H-NMR (DO, 500 MHz)5 (p.p.m.) 6.06 (d, J
=4 Hz, 1H, 1-H’), 5.44 (d, J = 2 Hz, 1H, 1-H")26 (d, J = 1.5 Hz, 1H, 1-H"""), 4.44 (t, J =
5.75 Hz, 1H, 3-H"), 4.39 (dd, J = 5 Hz, J = 2 B, 2-H""), 4.26 (t, J = 3 Hz, 1H, 3-H "),
4.24 (m, 1H, 4-H™"), 4.09 (t, J = 6.75 Hz, 1H, 5-H)1"4.07 (m, 1H, 4-H), 4.01 (t, J = 10 Hz,
1H, 5-H"), 3.98 — 3.92 (m, 3H, 54H, 5-H, 3-H"), 3.76 (dd, 1H, J = 12.5 Hz, J = B3, 5-
Hy ), 3.72- 3.68 (m, 2H, 4-H""", 6-H), 3.60 (dd, 14 Hz, J = 7.5 Hz, 1H, 6-H"), 3.56 (m,
2H, 3-H, 2-H"""), 3.53-3.41 (m, 4H, 6;H 2-H", 6-H,"", 4-H’), 3.38 (m, 1H, 1-H), 3.32
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(dd,J =14 Hz, J = 6 Hz, 1H, 6+, 2.51 (dt, J = 12.5 Hz; J = 3.8 Hz, 1H, 2952.04 (s, 3H,
CHs), 1.89 (dd, J = 12.7 Hz, 1H, 241 APT (D,O, 125.7 MHz) (p.p.m.) 174.49 (Carbonyl-
C), 110.00 (C-17), 95.51 (C-1"""), 95.49 (C-1'}.& (C-5), 81.66 (C-4"), 75.39 (C-3"),
75.29 (C-4), 73.58 (C-2"), 72.45 (C-5"""), 72.42), 70.35 (C-4’), 69.22 (C-3"), 67.88 (C-
57), 67.56 (C-3"), 66.10 (C-4""), 60.00 (C-558.15 (C-2°), 50.90 (C-2"""), 49.65 (C-1),
48.16 (C-3), 39.85 (C-6"), 39.33 (C-6""), 27.882 21.74 (CH). MS (EI+) (W2): found
657.33008 [M+H], 679.31226 [M+Na] calculated 657.33013 [M+H] 679.31207
[M+Na]".

6"""-N-2-methylpropanoyl neomycin B x 5 HFBA (5).The title compound was prepared

NH, according to the general procedure described abeirgg NHS
Hgé;o ester3b. Derivative 5 was obtained as a white solid. For the
O NH
HO_ HoN WZNHZ measurement of regioselectivity and the charact®oz of the
koj HO compound'H-NMR and HSQC spectra were recorded and ESI-
Nng J V., sxnrea MS was employed. The vyield was calculated frsteNMR- and
M\NH HPLC peak integrals: (R= 9.65 min, 30 % vyield (aptl). TLC
OH )/-—< (CHCl/MeOH/17 % NHOH 2:1:1 v/viv) R = 0.50.*H-NMR

© (D,0, 500 MHz)5 (p.p.m.) 5.98 (s, 1H, 1-H), 5.38 (s, 1H, 1-

H"), 5.15 (s, 1H, 1-H""), 4.39 (d, J = 6.0 Hz,,134H""), 4.37 (m, 1H, 2-H"), 4.21 (m, 1H,
3-H""), 4.17 (m, 1H, 4-H""), 4.06-4.01 (m, 2H, 5°H 4-H), 3.96 (t, J = 10.3 Hz, 1H, 5-H"),
3.92 - 3.88 (m, 3H, 5-, 5-H, 3-H"), 3.70 (dd, 1H, J = 14 Hz, J = 5.8,8zH,"), 3.65-
3.61 (m, 2H, 4-H""", 6-H), 3.54-3.50 (m, 3H, 6H, 3-H, 2-H" "), 3.46 (m, 1H, 4-H"), 3.44-
3.38 (m, 3H, 6-H, 2-H", 6-H, "), 3.36-3.33 (m, 1H, 1-H), 3.28 (d#i= 13.5 Hz, J = 6 Hz,
1H, 6-H,"), 2.47 (m, 2H, G(CHs)2, 2-Heg), 1.86 (dd, J = 12.2 Hz, 1H, 24, 1.09 (s, J = 6.5
Hz, 6H, CH). **C-signals based on HSQCAD, 500 MHz)3 (p.p.m.) 110.3 (C-17), 95.5 (C-
1), 95.2 (C-1""), 84.7 (C-5), 81.5 (C-4"), 7§@-4), 74.9 (C-3""), 73.5 (C-2), 72.5 (C-
577, 72.4 (C-6), 70.4 (C-4"), 69.2 (C-3"), 670@-%"), 67.5 (C-37"), 66.1 (C-4""), 60.0 (C-
57), 53.3 (C-27), 50.9 (C-2""), 49.6 (C-1), 48(e-3), 39.9 (C-67), 39.0 (C-6""), 34.9
(CH(CHa)2), 28.0 (2C, CHCHa3),), 27.9 (C-2); signal of quaternary carbon (COjnissing
due to the fact that it is not detectable by HS@ectoscopy. MS (El+)n{2): found
685.36163 [M+H], 707.34369 [M+Na] calculated 685.36143 [M+H] 707.34337
[M+Na]".
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6"""-N-4-pentinoyl neomycin B x 5 HFBA (6).The title compound was prepared according

NH; to the general procedure described above using H$t& 3c.
Hﬂ/éo 7,'0 Derivative6 was obtained as a white solid. For the measurement
NH,
N

HO_H, w of regioselectivity and the characterization of tbempound
:O:

o) NH;
| HO 'H-NMR and HSQC spectra were recorded and ESI-MS was
L, sxwea  employed. The yield was calculated from-NMR- and HPLC
\H — peak integrals: R= 9.8 min, 41 % vyield (aptl). TLC
OH }/-—/7 (CHCl/MeOH/17 % NHOH 2:1:1 v/viv) R = 0.60.*H-NMR
(D20, 500 MHz)5 (p.p.m.) 6.06 (d, J = 4 Hz, 1H, 1-H"), 5.43 (s,
1H, 1-H"), 5.19 (s, 1H, 1-H "), 4.47 (d, J = 5.5, 1H, 3-H"), 4.41 (m, 1H, 2-H"), 4.26
(m, 1H, 3-H "), 4.22 (m, 1H, 4-H"), 4.11 - 4.06,(2H, 5-H""", 4-H), 4.01 (t, J = 10 Hz, 1H,
5-H"), 3.97 — 3.94 (m, 3H, 5;H, 5-H, 3-H"), 3.77 (dd, J = 13 Hz, J = 5 Hz, 154H,"),
3.75- 3.68 (m, 2H, 4-H""", 6-H), 3.61 (dd, J = 14,d = 7.5 Hz, 1H, 6-"), 3.56-3.53 (m,
2H, 3-H, 2-H""), 3.52 — 3.45 (m, 4H, 4-H’, 6H2-H", 6-H, "), 3.36 (m, 1H, 1-H), 3.33
(dd,J =14 Hz, J = 6 Hz, 1H, 64}, 2.56 — 2.43 (m, 6H, (Chb, 2-Heq, C=C-H), 1.90 (dd, J
= 12.3 Hz, 1H, 2-K). **C-signals based on HSQC AD, 500 MHz)5 (p.p.m.) 110.1 (C-17),
95.5(C-1"), 95.3 (C-1""), 84.7 (C-5), 81.6 (C¥475.2 (C-37), 75.1 (C-4), 73.5 (C-27"), 72.7
(C-57), 72.4 (C-6), 70.5 (C-4"), 70.4HCH), 69.2 (C-3), 67.9 (C-57), 67.5 (C-377), 66.1
(C-47), 60.1 (C-57), 53.3 (C-27), 50.9 (C-2"20.5 (C-1), 48.2 (C-3), 39.9 (C-6"), 39.3 (C-
6"), 34.2 (COEH,-CHy), 27.8 (C-2), 14.5 (CO-CHCHy); signals of quaternary carbons
(CO, C=CH) is missing due to the fact that they are naectable by HSQC spectroscopy.
MS (El+) (W2): found 695.34564 [M+H] 717.32770 [M+N4d] calculated 695.34578
[M+H] ", 717.32772 [M+Nal]

NH,
OH O

)

6"""-N-acetyl paromomycin x 4 HFBA (7).The title compound was prepared according to
OH the general procedure describe above using NHS &ste

H9|O Derivative 7 was obtained as white solid. For the measurement
of regioselectivity and the characterization of t@mpound

; j ’ lH-NMR, HSQC as well as APT spectra were recordetE=sl-
NH, 4 x HFBA

MS was employedThe yield was calculated froft-NMR- and

OH O : . :
L0 HPLC peak integrals: (& 4.78 min, 22 % yield (apt1)H-NMR
NH
OH }/._ (D20, 500MHz):6 (p.p.m.) =5.81 (d, J = 3.5Hz, 1H, 1-H"); 5.39
(@)

(s, 1H, 1-H); 5.20 (s, 1H, 1-H"); 4.44 (t, J55Hz, 1H, 3-
H"): 4.36 (m, 1H, 2-H"); 4.25 (m, 1H, 3-H"");22 (m, 1H, 4-H"), 4.10 (t, J = 6.5 Hz, 1H,
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5-H"); 4.04 (t, J = 7.8 Hz, 1H, 4-H); 3.97 — 3.88, 4H, 6-H’, 5-H,", 3-H", 5-H); 3.81-
3.75 (m, 3H, 6-, 5-H,", 5-H"); 3.73 - 3.67 (m, 2H, 4-H"", 6-H); 3.623:57 (m, 2H, 6-
Hs ", 3-H); 3.55 (m, 1H, 2-H"""); 3.51 (t, J = 9.3 HLH, 4-H); 3.43 (m, 1H, 2-H'); 3.42 (dd,
J=15Hz,J =6 Hz, 1H, 6,H"); 3.38 - 3.35 (m, 1H, 1-H); 2.51 (dt, J = 1¥5, J = 2.5 Hz,
1H, 2-Hy); 2.04 (s, 3H, Ch); 1.86 (dd, J = 12.5 Hz, 1H, 2t APT (D,0, 125.7 MHz):5
(p.p-m.) = 174.93 (CO}09.78 (C-17); 95.98 (C-17); 95.56 (C-1""); 84.1-5); 81.53 (C-
47): 77.23 (C-4); 75.53 (C-3”); 73.73 (C-5); 48.(C-2""); 72.51 (C-5""); 72.16 (C-6);
69.08 (C-4°); 68.63 (C-3); 67.56 (C-3""); 66.134 ""); 60.11 (C-6", C-5); 53.161 (C-2');
50.88 (C-2°"); 49.48 (C-1); 48.63 (C-3): 39.38 §C%); 27.87 (C-2); 21.71 (C¥L found
658.31311 [M+H], 680.29468 [M+Na&] calculated 658.31414 [M+H] 680.29609
[M+Na]".
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2.4.4 NMR-Spectra of Antibiotics & Synthesized Antitic Derivatives
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Figure 2.7a: "H-NMR (500 MHz, D,0) spectrum of neomycin B x 6 HFBA 1.
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Figure 2.7b: HSQC (500 MHz, D,0) spectrum of neomycin B x 6 HFBA 1.
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Figure 2.8a: 'H-NMR (500 MHz, D,0) spectrum of paromomycin x 5 HFBA 2.
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Figure 2.8b: HSQC (500 MHz, D,0) spectrum of paromomycin x 5 HFBA 2.
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Figure 2.9a: "H-NMR (500 MHz, D,O) spectrum of 6""-N-acetyl paromomycin x 4 HFBA 7.
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Figure 2.9b: "H-NMR (500 MHz, D,0) spectrum of 6”""-N-acetyl paromomycin x 4 HFBA 7.
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2.4.5 Comparison of 2D-NMR & Attached Proton T&s®T)
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Figure 2.10: HSQC (500 MHz, D,0O) spectra of the isomeric mixture of mono-acetylated neomycin B
derivatives obtained without APG (a) and of 6""-N-acetyl neomycin B x 5 HFBA 4a produced in the
presence of APG aptl (b). Duplication of signals proves the formation of mainly two mono-acetylated
neomycin B isomers, i.e. the 6”""-N-acetyl neomycin B 4a and 6 -N-acetyl nheomycin B 4b, when no
APG was employed. In contrast, utilization of aptl as APG resulted in only one detectable regioisomer
4a.
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Figure 2.11: Attached Proton Tests (APT, 500 MHz, D,0O) of mono-acetylated derivatives after
transformation of neomycin B (1) in presence of aptl (a) and in absence of APG (b) using NHS ester
3a. APT of Neomycin B (c). Spectrum a) proves regioselective transformation of the amino group in
C6 position at ring IV of neomycin B 1 resulting in derivative 4a, while the spectrum b) shows the
presence of two mono-acetylated Neomycin B derivatives, 6" -N-acetyl neomycin B 4a and 6"-N-

acetyl neomycin B 4b.
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2.4.6 HPLC Analysis of Regioselective Acylation B&an of Antibiotics
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Figure 2.12: HPLC elugrams of reaction mixture after transformation of neomycin B (1, NeoB) using

30 equiv. of activated ester 3a in presence of 1.5 equiv. APG aptl (a), apt2 (b) and apt3 (c) (i-ii =

number of reacted amino groups of 1). APGs aptl and apt2 were precipitated, while apt3 was

hydrolyzed.
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Figure 2.13: HPLC elugram of reaction mixture after transformation of paromomycin (2, Paro) using

30 equiv. of activated ester 3a in presence of 1.5 equiv. APG aptl (i = one amino group is acetylated).
Hydrolysis of the RNA was employed.

2.4.7 Conventional Synthesis of Neomycin B Modifeding IV

The synthesis of neomycin B derivatized at ring (8cheme 2.2-2.6) was performed by
P. B. Alper et al. and D. Semeria et al.:>?°

NH>

Q
Hﬂ&ﬁ . &ﬁ
oo 557 dgmin

OH

Scheme 2.2: Synthesis of building block |

HO, BnO BnO

Q a S b °
H —> —>
65 % 80 %
Oﬁ/ Oi‘/ ° Oﬁ/

jq OpNBz
79 % 68 %

R'O OR? over 2 steps O OpNBz

R! =H, R? = acetonitril | /

97%d

R! = allyl, R? = acetonitril |

Rt=allyl, R?=H

Scheme 2.3: Synthesis of building block 11

84%e
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Scheme 2.4: Connection of building block | and II
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Scheme 2.6: Connection of building blocks I+l and IlI

57| Page



Chapter 2

2.5 References

10

11

12

13

14

15

16

17

18

Koehn, F. E., Carter, G. T. The evolving rolenafural products in drug discoveyature 4, 206-220
(2005).

Jesse, W.-H., Vederas, J. C. Drug discovery atdral products: End of an era or an endless &onti
Science 325, 161-165 (2009).

Alper, P. B., Hendrix, M., Sears, P. & Wong, C.Rtobing the specificity of aminoglycoside ribosdm
RNA interactions with designed synthetic analag&m. Chem. Soc. 120, 1965-1978 (1998).

Usui, T. & Umezawa, S. Total synthesis of neomygiCarbohydr. Res. 174, 133-143 (1988).

Hanessian, S., Szychowski, J., Pineda, N., Fufo& Keillor, J. W. 6-Hydroxy to 6"'-amino tethed
ring-to-ring macrocyclic aminoglycosides as probasAPH(3')-llla kinase Bioorg. Med. Chem. Lett.
17, 3221-3225 (2007).

Stoltenburg, R., Reinemann, C., Strehlitz, B. BEA (r)evoluntionary method to generate
high-affinity nucleic acid ligand®iomol. Eng. 24, 381-403 (2007).

Gold, L., Polisky, B., Uhlbeck, O., Yarus, M. [@isty of oligonucleotide functionsAnnu. Rev.
Biochem. 64, 763-797 (1995).

Ellington, A. D., Szostak, J. Wh vitro selection of RNA molecules that bind specific ligariNature
346, 818-822 (1990).

Wallis, M. G., von Ahsen, U., Schroeder, R., FaokuM. A novel RNA motif for neomycin
recognition.Chem. Bial. 2, 543-552 (1995).

Famulok, M. & Szostak, J. W. Stereospecific gggtion of tryptophan agarose by vitro selected
RNA. J. Am. Chem. Soc. 114, 3990-3991 (1992).

Famulok, M. Molecular recognistion of amino-aclsy RNA-apatmers - an L-citrulline binding RNA
motif and its evolution into an L-arginine bindérAm. Chem. Soc. 116, 1698-1706 (1994).

Sassanfar, M. & Szostak, J. W. An RNA motif thiids ATP Nature 364, 550-553 (1993).

Li, Y. F., Geyer, C. R. & Sen, D. Recognitionasfionic porphyrins by DNA aptameiBiochemistry
35, 6911-6922 (1996).

Wang, K. Y., McCurdy, S., Shea, R. G., Swamiaails. & Bolton, P. H. A DNA aptamer which binds
to and inhibits thrombin exhibits a new structuratif for DNA. Biochemistry 32, 1899-1904 (1993).

Betat, Het al. Aptamers that recognize the lipid moiety of théitaatic moenomycin ABiol. Chem.
384, 1497-1500 (2003).

Jiang, L. Cet al. Saccharide-RNA recognition in a complex formediagein neomycin B and an RNA
aptamerStruct. Fold. Des. 7, 817-827 (1999).

Cowan, J. A., Ohyama, T., Wang, D. Q. & Natarajd. Recognition of a cognate RNA aptamer by
neomycin B: Quantitative evaluation of hydrogendiog and electrostatic interactioméucleic. Acids.
Res. 28, 2935-2942 (2000).

Purohit, P. & Stern, S. Interactions of small&RNith antibiotic and RNA ligands of the 30S subtuni
Nature 370, 659-662 (1994).

58| Page



19

20

21

22

23

24

25

26

27

28

29

Aptameric Protective Groups for One-Step Modification of Aminoglycoside Antibiotics

Moazed, D. & Noller, H. F. Interaction of antbts with functional sites in 16S ribosomal-RNA.
Nature 327, 389-394 (1987).

Francois, Bet al. Crystal structures of complexes between aminogiges and decoding A site
oligonucleotides: Role of the number of rings amsifive charges in the specific binding leading to
miscoding.Nucleic. Acids. Res. 33, 5677-5690 (2005).

Zhou, J., Wang, G., Zhang, L. H. & Ye, X. S. Mmdtions of aminoglycoside antibiotics targeting
RNA. Med. Res. Rev. 27, 279-316 (2007).

Zhang, J. XEt al. Surprising alteration of antibacterial activity®fmodified neomycin against resistant
bacteria.J. Med. Chem. 51, 7563-7573 (2008).

Stampfl, S., Lempradl, A., Koehler, G. & SchreedR. Monovalent ion dependence of neomycin B
binding to an RNA aptamer characterized by spectiois methodsChem. Bio. Chem. 8, 1137-1145
(2007).

Coquiére, D., de la Lande, A., Parisél, O., BeéanT. & Reinaud, O. Directional control and
supramolecular protection allowing the chemo- amediaselective transformation of a triamine.
Chem.-Eur. J. 15, 11912-11917 (2009).

Cafeo, G., Kohnke, F. H. & Valenti, L. Regiostiee O-alkylations and acylations of polyphenolic
substrates using a calix[4]pyrrole derivatiVetrahedron Letters 50, 4138-4140 (2009).

Grapsas, |., Massova, M., Mobasheryt*$NMR analysis of copper-aminoglycoside complexes i
solution and its implication for regioselective nifaghtion of multifunctional aminoglycoside
antibiotics.Tetrahedron 54, 7705-7720 (1998).

Jacobson, K. A, Kirk, K. L., Padgett, W. Daly, J. W. Functionalized congeners of adenosine:
Preparation of analogs with high affinity for A@lenosine receptord. Med. Chem. 28, 1346-1350
(1985).

Calvet, G., Blanchard, N. & Kouklovsky, C. Domimetathesis of 3,6-dihydro-1,2-oxazine: Access to
isoxazolo[2,3a]pyridin-7-onesOrg. Lett. 9, 1485-1488 (2007).

Semeria, D., Philippe, M., Delaumeny, J. M., 8ere, A. M. & Gero, S. D. A general-synthesis of
cyclitols and aminocyclitols from carbohydrat&gnthesis, 710-713 (1983).

59 | Page






Chapteri

Elucidation of the Mode of Action of Aptameric
Protective Groups

In the previous chapter, aptameric protective groug (APGs) have been utilized for
regioselective derivatization of natural products.The application of different RNA

sequences as APGs was proven to be highly efficieimt regioselective one-step-
modifications of the multifunctional aminoglycoside antibiotics neomycin B and
paromomycin carrying several chemically equivalentamino- and hydroxy groups.
However, since RNA aptamers are known to have morhan one binding site for these
antibiotics, the mode of action needs to be elucitkd in more detail. Herein, a model was
developed that explains the regioselective outcomef these transformations. In
particular we demonstrate that some aptamers bindHe antibiotics in such a way that
different protection modes are realized. With the lelp of our studies the reaction
conditions can be adjusted to obtain antibiotic ddwatives with maximum

regioselectivities.



Chapter 3

1. Introduction

In 2009 supramolecular protective groups (SPGsg¢das macrocycles were applied for the
regioselective derivatization of small molecutésNon-covalent interactions between the
SPG (host) and the guest molecule exhibiting nuitictional groups allowed the protection
of several of these, while functionalities not iontact with the host could be transformed
regioselectively. However, SPGs based on macrosyetaibit serious limitations. The small
cavity size for the host allows so far only compitan of small,di- or tri-functional
molecules, such as 7-hydroxy naphthohnd N-(2-aminoethyl)propane-1,3-diamife.
Furthermore, these SPGs require elaborate desitsyamhesis for each guest molectidlo
overcome these limitations, in the first chapter have introduced a novel class of non-
covalent protective groups based on RNA sequerstesalledaptamericprotective groups
(APGSs), allowing highly regioselective derivatizatiof the structurally complex antibiotics
neomycin B1 and paromomycir? (Fig. 3.1a). APGs were successfully applied to gubt
several functional groups within guest moleculeend?2 allowing chemo- and regioselective
transformations of antibiotic’s ring IV. RNA moldes are well suited as APGs as they can
be generated via the well establisleditro evolution process SELEXSystematicEvolution

of Ligands byEXponential Enrichment). Moreover, RNA aptamers hé&een selected
against a broad range of multiply functionalize@sfumolecules, such as carbohydratex®
unpolar lipids’ enzyme$, amino acids;*****?steroids:* and aromatic molecules, such as
catecholamine¥’ machalit green and tetramethylrosamineTheir specific host-guest
recognition abilites were already successfully dusiea bioanalytic'® diagnostic and

t/1819gpplications. However, in contrast to SPGs basechacrocycles?? APGs

therapeuti
can exhibit more than one recognition site for guewlecules, as demonstrated for
aminoglycoside$’?"?* As a result, different protection modes for guesilecule can be
expected resulting in a mixture of regioisomergraftansformation. During the last years the
recognition mode between a 23mer RNA aptaaq@l (5-GGA CUG GGC GAG AAG
UUU UGA CC-3") and neomycin B were investigatedietail. After the structure of the-
aptl complex (Fig. 3.1b) was solved by NMR spectros¢btampflet al. demonstrated that
the sequence @ptl exhibits three binding pockets faéy of which two exhibit high affinity
to neomycin B Despite the presence of several binding sitesh hégioselectivities in
derivatization of the amino group in C6 positiorrioiy IV of 1 and2 were achieved usiny-
hydroxysuccinimide (NHS) esters (chapter 2). Howgetlee formation of other regioisomers

under certain reaction conditions could not be @adilimiting the regioselectivity of the
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modification. Therefore, the mode of action of AP&dibiting more than one recognition

site forl needed to be elucidated.

a b

1neomycinB R =NH,
2 paromomycin R = OH

Figure 3.1: a, Structure of representative aminoglycoside antibiotics. b, APG aptl selectively
protecting neomycin B* (Color coding: white — hydrogen, green — carbon, red — oxygen, blue —

nitrogen). Blue arrow indicates the amino group accessible for regioselective acylation (chapter 2).

3.2 Results & Discussion

3.2.1 RNA Aptamers as APGs & Their Binding Sites.

In this study we applied the RNA sequenaptl (23mer),apt2 (21mer) andpt3 (36mer) as
APGs for neomycin B (Fig. 3.2). All these sequeneese selected by SELEX Wallis and

coworkers®® It has to be mentioned that during the selectioh tioe aptamers
aminoglycosidel was randomly immobilized on solid support usirggamino groups in C6
position at ring Il and I\?2 Therefore, at least two interaction modes wereeetqal between
the antibioticl and chosen RNA sequences: In one binding mode dingsand Il are

shielded allowing reactions on ring IV while in tlether mode rings I, lll and IV are

protected facilitating modifications on ring 1.

10 5 10
. 5 ~GGC CA 5 10GU 15
5 -GGACUG Ca 5-CUG GUCCGAA 5 -CAAGUUUCGU GGGCGCA
. " 3’-UAGUUCAGCG UUUG
5 ccch;({AUUUG A3 GZ,%\C CGG1§AA Al AGCG UUUGACy,
15

aptl apt2 apt3
Figure 3.2: Stem-loop structures and sequences of applied APGs aptl, apt2 and apt3.23
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To determine number and affinities of binding sitesantibiotic1 of sequenceaptl, apt2
and apt3 Isothermal Titration Calorimetry (ITC) experiments were performed (see
experimental part 3.5.6). These, ITC experimentgcated the presence of two binding sites
within all sequences exhibiting high affinity foeamycin B (see additional experimental part
Table 3.4). The results show that the affinity elifnce between the two present binding sites
within aptl (K1 = 1.542x18M™, Kap = 3.3x16M™) and apt2 (Ka1 = 2.33x16 M Kan =
1.9x1¢ M™) is more than two orders of magnitude. In confrést difference of affinity for
the antibiotic 1 within apt3 is only one order of magnitude {K = 62x16 M™,
Kaz= 1.2x1M™) assuming that this sequence also exhibits twh-&fijnity binding sites.
However, from these ITC measurements it can beleded that two antibiotic molecules can
bind to a single aptameayftl, apt2 andapt3) with high affinities.

3.2.2 Dependence of Regioselectivity on APG/Antibi®atio

After proving the presence of two binding sites fi@omycin B within sequenceptl, apt2
andapt3, the protection mode df by these APGs was investigated. Therefore, ariibio
was complexed with sequencagtl, apt2 andapt3 and reacted subsequently with a large
excess of NHS estéd (10-30 equiv.) to indentify reactive, unprotectedige groups ofl
(Scheme 3.1). After transformation the resultingdoicts were purified bidigh Performance
Liquid Chromatography (HPLC) and characterized using maextometry and NMR
spectroscopy. As shown in Scheme 3.1, in presehtieecaptamers the transformation lof
with acetyl activated esté resulted in the formation of mainiyono-acylated neomycin B
derivatives4a, 4b and diacetylated antibioti6. In absence of APGs aminoglycositlas
transformed intdetra- up tohexa-acetylated neomycin B derivatives (chapter 2, Eig). Its
needs to be noted that besidesdhacetyl neomycin B other regioisomers exhibiting two
acetyl groups were formed in minor amounts (seesex@ntal part Fig. 3.8). Moreover,
based on the result obtained in chapter 2 andthgifollowing experiments it is assumed that
exclusivelymono- anddi-acetylated derivatives are formed in presencenddRG. However,
due to the fact thada (acetylation product at ring 1V, desired produat}d 4b (acetylation
product at ring Il) cannot be separated by HPLE, ritios ofmono-acetylated regioisomers
4a and 4b were determined by NMR spectroscopy. From the NMpecsa the

regioselectivities of the formation d& were calculated.
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Scheme 3.1: Transformation of neomycin B in presence of APG (aptl, apt2 and apt3) applying an

excess of NHS ester 3 in 10mM sodium phosphate buffer solution (pH = 7) at room temperature.

To investigate the influence of the different bimgli sites ofaptl and apt2 on the
regioselectivity different APQ/ ratios were applied for the transformation usimgjvated
ester3, i.e. 0.5, 1.0 and 1.5. Applying a ratio of 1.5 one casuae that neomycin B is
exclusively present within the binding site witlgher affinity whereas at a ratio of 0.5 both
binding sites are occupied by the antibidtidn Figure 3.3 sections of tHel-NMR spectra of

the isolatedmono-acetylated products for these reactions are gizemn these spectra the
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corresponding regioselectivities for the transfarores were calculated. As shown in Figure
3.3, with increasing APG/neomycin B ratios the tmec seemed to proceed with higher
regioselectivities (foaptl: from 88 % to 96 % and fapt2: from 88 % to 93 %). This also
means, that when both binding sitesaptl andapt2 are occupied, (APG/ratio = 0.5) more
side productd4b is formed. Moreover, with lower amounts of APG thenversion of
neomycin B to diacetylated antibioticincreased from 5 % to 28 %, using 1.5 and 0.5wequi
aptl, respectively (Table 3.1). Similar results weretaoted applyingapt2 as APG
(Table 3.1). This is a strong hint tiditacetylation of neomycin B resulting in formation5of
is happening predominantly in the low affinity bing site whereagla originates from
transformation ofl in the high affinity binding site. The fact thabth aptamersaptl and
apt2, show a similar behavior can be explained by sinprotection of neomycin B by these
two sequences, which is supported by comparabbirgraffinities as determined by the ITC

measurements (paragraph 3.2.1) and NMR studies3RYy

a 1-H 4a 1-H"" 4a b 1-H 4a
i
T
o ) 1-H 4b
0.5 equiv. aptl 88 % 0.5 equiv. apt2 88 %
1.0 equiv. aptl 9509, 1.0equiv. apt2 89 %
1.5 equiv. aptl 96 % 1.5 equiv. apt2 93 %
a B
R - I _ rIs.
6.1 6.0 5.9 58 57 5.6 5.5 54 53 5.2 6.05 6.00 595 5.90 585 5.80
ppm ppm

Figure 3.3: Section of "H-NMR (500 MHz, D,0) spectra of mono-acetylated isomer mixtures (4a, 4b)
in dependence of the APG/1 ratio (aptl (a) and apt2 (b)). The NMR signal of the anomeric proton of
ring IV of regioisomer 4a is splitting into two (5.20 ppm, B-anomer; 5.30 ppm, a-anomer) due to
anomerisation. Regioselectivities (r.s.) were calculated from the integrals of the anomeric protons of

ring Il of the regioisomers 4a and 4b.

In contrast, the transformation dfin presence o&pt3 results mainly in a mixture cfa, 4b
and5 in similar amounts (Table 3.1). This result swgigehat both binding sites exhibiting
similar affinities have a different protection mae neomycin B, or antibiotid@ can interact
differently with each binding site. However, it seethat lower affinity differences between
the binding sites (K1 and K, within one RNA aptamer cause lower ratios of qeel
regioisomersta and4b during acetylation. This gave rise to lower regilestivities in order
to form4a (Table 3.1).
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Table 3.1: Dependence of the formation of 4a, 4b an d 5 on the APG/neomycin B ratio.

APG equiv. APG 1™ (%) 4a* (%) 4b* (%) 5" (%)
aptl** 0.5 25 41 6 28
aptl 1.0 39 51 3 7
aptl** 1.5 44 48 3 5
apt2** 0.5 27 33 5 35
apt2 1.0 53 36 4 7
apt2** 1.5 49 42 3 6
apt3** 1.5 9 29 37 25

Reactions were performed according to the general procedure using 30 equiv. activated ester 3
(experimental part 3.5.2). » Conversions of 1 to di-acetyl neomycin B 5 and the unconverted amounts
of 1 were determined by analytical HPLC (see experimental part Fig. 3.11). * Conversions of 1 to 4a
and 4b were calculated from the mixture of mono-acetyl derivatives (4a and 4b) applying integrals of
HPLC and corresponding *H-NMR peaks (Fig. 3.3). ** Experiments were repeated up to five times and
an error of the conversion was calculated to be of up to 6 %; it is assumed that only mono- and di-

acetylated derivatives were formed and the error of all experiments are in the same range.

3.2.3 Dependence of Regioselectivity on ReactioneTi

To get a better understanding of the protection enofdthe individual binding sites within
aptl and apt2, the evolution of formation ofta, 4b and5 was investigated over time in
presence of 0.5 equivalents of APG. As shown inlef&h2, regioisomerga and 4b are
formed immediately after one minute reaction timile the formation of theli-acetyl
neomycin B5 is considerably slower. Furthermore, with longexcten time the formation of
the mono-acetyl regioisomerda and thedi-acetyl derivative5 was increased, while the
amount of isome#b was reduced significantly (Table 3.2). As dematstt in Figure 3.4, the
'H-NMR spectra show a significant increase of thgicisomer4a/4b ratio with increased
reaction time. It has to be mentioned that a #Hijgreduced amount of derivative was
observed foapt2 after long reaction time (24 hours). This can bglaned by the formation
of higher acetylated products usiagt2 as APG (see experimental part Fig. 3.10). However,
from these observations two conclusions can be mrély During the reaction a significant
amount of4b is formed (see short reaction times); (2) a maart of mono-acetylated
neomycin B4b is further converted to antibiotic derivatieexhibiting two acetyl groups.
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Taking into account thatais mainly formed in the high affinity binding sifede supra) one
can conclude thatb predominantly originates from the low affinity bing site ofaptl and
apt2. These conclusions are also supported by thetnefdrted in Table 3.1. The higher the
APG/antibiotic1 ratio is, the less of is present in the low affinity binding site resudf in

minimized formation oftb and5 during modification of neomycin B.

Table 3.2: Dependence of the formation of 4a, 4b and 5 on the  reaction time.

APG equiv. APG 1IN (%) 4a* (%) 4b* (%) 57 (%)
aptl 1 min 69 15 10 6
aptl 20 min 38 29 10 23
aptl 2h 30 37 7 26
aptl 24 h 23 45 4 28
apt2 1 min 44 22 19 15
apt2 20 min 24 25 13 38
apt2 2h 21 30 8 41
apt2 24 h 24 35 4 37

Reactions were performed according the general procedure using 10 equiv. activated ester 4 (see
experimental part 3.5.2).  Conversions of 1 to di-acetyl neomycin B 5 and the unconverted amounts
of 1 were determined by analytical HPLC (see experimental part Fig. 3.12). * Conversions of 1 to 4a
and 4b were calculated from the mixture of mono-acetyl derivatives (4a and 4b) applying integrals of
HPLC and corresponding *H-NMR peaks (Fig. 3.4). It is assumed that only mono- and di-acetylated
derivatives were formed and the conversion error is expected to be in the range of 6 % (based on
similarity to the results shown in Table 3.1). For each aptamer one reaction was carried out, from
which aliquots were taken after 1min, 20 min, 2 h and 24 h for HPLC- and 'H-NMR studies.
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a 1-H" 4a 1-H" 4b b 1-H' 4a 1-H" 4b
1 min 1 min
58 % . 54 %
20 min 20 min
75 % 65 %

2h 2h

79 %
24 h 24 h

89 %
T T T - - - r.s. S Y S S S I.s.
510 600 590  5.80 6.05 6.00 5.95 590 5.85 5.8C
ppm ppm

Figure 3.4: Section of "H-NMR (500 MHz, D,0) spectra of mono-acetylated isomer mixtures (4a, 4b)
dependent on reaction times using aptl (a) and apt2 (b) as APG. Regioselectivities (r.s.) were

calculated from *H-NMR peak integrals of regioisomers 4a and 4b.

3.2.4 Dependence of Regioselectivity on Salt Cotmagan & Temperature

Finally, it needs to be investigated whly and5 are formed even when an excess of APG is
employed. Therefore, we studied whether the ammemin C6 position of ring Il is also
reactive in the high affinity binding site as inglied by the low amounts db and5 formed

at a high APG ratio (Table 3.1). Thaptl-antibiotic 1 complex (ratio APG = 1.5) was
formed as for the reactions above at a sodium emecentration of 10 mM. Since the complex
stability is reduced with the increase of saliffityconcentrated aqueous NaCl solution
(231 mM and 578 mM) was added subsequently to radumal sodium concentration of 30
and 60 mM. Then, the complex was again reacted 3dtequivalent of activated esteand
the regioselectivities of the monoacetylation dfitsatic’s ring IV in presence of 10, 30 and
60 mM sodium concentration were calculated from Nidpectra (Fig. 3.5). Employing
'H-NMR spectroscopy the antibiotic derivativéa and 4b were the onlymono-acetylated
neomycin B regioisomers which were detected. Mogeothe spectra presented in Figure 3.5
show an increase of the portion4df with higher salt concentration resulting in a @éase of
regioselectivities to 85 % and 81 % for 30 mM ardn@ concentration, respectively (at
10 mM regioselectivity = 94 %). This result indieatthat the amino group in C6 position at
ring Il is also reactive in the high affinity bimdj site ofaptl resulting in4b as side product.
Therefore, it can be concluded that the minor re#gt of ring Il is limiting the
regioselectivity of the acetylation reaction ofgilv to 94 % at a salinity of 10 mM. This

result is also in agreement with previous finditigat the regioselectivity is dependent on the
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size of the residue introduced at the amine grdujng IV (chapter 2). It was observed that
sterically more demanding residues result in highgroselectivities (isopropyl and 3-butynyl
gave 97 % and 98 % regioselectivities, respectjvelyicating the minor reactivity of ring |l

in the high affinity binding site.

1-H" 4a
1-H" 4b
60 mM A
30 mM 81%
85 %
10 mM
94 %

[Na*] 6.10 6.05 6.00 5.95 590 585 5.80
ppm

Figure 3.5: Section of 'H-NMR (500 MHz, D,0) spectra of mono-acetylated isomer mixtures (4a, 4b)

r.s.

dependent on sodium concentration using aptl as APG. Regioselectivities (r.s.) were calculated from

the integrals of the anomeric protons of ring Il of the regioisomers 4a and 4b.

However, in contrast to mono-acetylated derivative 4b the formation of
di-acetyl neomycin B was not increasing significantly with higher sayn8 % at 60 mM
[Na]"). Therefore, to test whether derivatiyean also be formed in the high affinity binding
site the reaction was performed again using 1.%vatgnts of APGaptl but applying higher

reaction temperatures to destabilize more the cexnlable 3.3).

Table 3.3: Dependence of the formation of 4a, 4b an  d 5 on the reaction temperature.

temp. (T) 1" (%) 4a* (%) 4b* (%) 5" (%) r.s. (%)

20 59 35 2 3 94
40 43 42 5 10 90
50 24 55 5 16 92

Reactions were performed according the general procedure using 30 equiv. activated ester 3 (see
experimental part 3.5.2). * Conversions of 1 to di-acetyl neomycin B 5 and the unconverted amounts
of 1 were determined by analytical HPLC (see experimental part Fig. 3.13). * Conversions of 1 to 4a
and 4b were calculated from the mixture of mono-acetyl derivatives (4a and 4b) applying integrals of
HPLC and corresponding '"H-NMR peaks. It is assumed that only mono- and di- acetylated derivatives

were formed.
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As shown in Table 3.3, employing a reaction temoeeaof 40 °C and 50 °C the conversion
of neomycin B tadi-acetyl neomycin B is increasing to 10 % and 16 %, respectively. From
these observations we can concluded fhedn also be formed in minor amounts in the high

affinity binding site.

3.3 Mode of Action of Aptameric Protective Groups

Based on all presented results the suggested nicdion of APGs §ptl andapt2) can be
summarized as followed: As shown in Scheme 3.2myem B occupying the high affinity
binding site is transformed predominantly into %€ -N-acetyl neomycin B derivativéda,
while in the low affinity site thenono-acetylated derivativéb is mainly formed. During the
course of the reaction, derivati¥b is further converted to thdi-acetyl neomycin B while
regioisomerda shows no or very little reactivity in the high iaffy binding site. Therefore,
6"""-N-acetyl neomycin Blais formed as maimono-acetylated derivative applyirgptl and
apt2 as APGs. Moreover, our data suggest that highenitgffdifference between both

binding sites for neomycin B results in higher osgilectivities.

low affinity
binding site

high affinity
binding site

Scheme 3.2: Suggested mode of action of RNA aptamers aptl and apt2 as APG exhibiting two

binding sites for aminoglycoside neomycin B.
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3.4 Conclusion

In this work, a model for the mode of action of AGas been developed inducing high
regioselectivities for the acylation of nheomycin Biis was of particular importance since
these APGs exhibit two binding sites for the amwtiloi Our studies demonstrated that
different binding sites in these aptamers give mgedifferent protection modes of the

aminoglycoside that result in two differembno-acylated neomycin B derivatives. Based on
these findings the reaction conditions especidiby dptamer/antibiotic ratio and the reaction
time can be adjusted in order to obtain one ofd@hieemers in excellent regioselectivity.
Finally, our studies demonstrated that ITC measergnis a useful tool to estimate the
applicability of RNA aptamers as APGs. This holdpezxially true when in the future SELEX
will be employed for APG generation to new targetsn which the structure of the RNA-

target complex is unknown.

3.5 Experimental Section

3.5.1 Materials & Methods

NMR spectra were recorded on a Varian Unity Inowish Unity Inova (500 MHz fotH-
NMR and HSQC, 125 MHz for APT) NMR spectromete2&t°C using 3 mm NMR tubes
(Sigma-Aldrich). High resolution mass spectrometdfRMS) was carried out on a LTQ
ORBITRAP XL instrument (Thermo scientific) emplogirelectron impact ionization in
positive ion mode (El+). Chromatographic separaiwere carried out on a Shimadzu VP
series HPLC modular system (DGU-14A3 Online Vacubegasser, two LC-20 AT pumps,
SIL-20A auto sampler, CTP-20 A column oven, RID-fractive detector, FRC-10 A
fraction collector and Shimadzu LCsolution softwareHigh performance liquid
chromatography (HPLC) purification was carried outh a Waters Spherisorb ODS-2C
analytical column (250 x 4.6 mm, spherical partictf 5 um and 80 A pore size) using
isocratic elution at 40 °C. A pH-meter (Hanna lastents pH 209) equipped with a glass
combination electrode was used for pH adjustmeintiseoreaction buffers. All chemicals and
reagents were purchased from commercial suppliedsused without further purification,
unless otherwise noted. Neomycin B trisulfate x rhye (VETRANAL®),
N-hydroxysuccinimide (NHS, 98 %), trifluoroacetic hgalride (99 %), dichloromethane
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(DCM, 99.5 %), tetrahydrofurane (THF, 99.9 %), pyme (99 %), acetic acid (99 %),
isobutyric acid (99 %) and toluene (99.8 %) werechased from Sigma Aldrich and used as
received. For HPLC purification heptafluorobutyacid (HFBA) (Fluka, puriss. p.a., for ion
chromatography), acetone (Sigma-Aldrich, HPLC gyadere used. Ultrapure water (specific
resistance > 18.4 § cm) was obtained by Milli-Q water purification $gm (Sartoriu$).
RNA aptamers (82 — 91 % of purity) were purchasedhfBioSoring (Frankfurt am Main,
Germany) and riboxx GmbH (Radebeul, Germany). Aceicid N-hydroxysuccinimide
ester3 was prepared according to standard literaturegohaeé®. For the preparation of the
sodium phosphate buffer (10 mM, pH 6.8 and 7.4)IliNjl water was treated with
diethylpyrocarbonate (DEPC) and sterilized usinguatoclave (121 °C, 20 min).

3.5.2 General Procedures for Regioselective Aaytadf Neomycin B

NH, | NH,
1.) 1.5 equiv. APG (apt1-3)
0 2.) 10-30 equiv. ester 3 o]
o " o) d'q hosph o bl
HO._ H,N NH 10 mM sodium phosphate HO_ H.N \wNH
o OW 2 puffer (pH = 6.9), RT, 24 h 5. 0L 2
HO > HO
1 o o

N2 5 om >— NM2 3 OH
v [0 N_G Yo
NH, NH
o)

OH

1 neomycin B 3 4a

Scheme 3.3: Regioselective transformation of neomycin B 1

a) Procedure using 0.5, 1 and 1.5 equiv. RNA aptame

A volume of 272 pL of a 6.1 mM (1.66 pmol, 1.5 equi4.07 mM (1.10 pmol, 1.0 equiv.) or
2.03 mM (0.55 umol, 0.5 equiv.) RNA solution in & sodium phosphate buffer (pH 6.8)
was heated to 85 °C for 10 min and afterwards dtdoe 15 min at room temperature.
228 L of a 4.8 mM solution of neomycin B sulfate09 pmol) in 10 mM sodium phosphate
buffer (pH 7.4) were added and the mixture waswalb to stand for 30 min at room
temperature. Then 30 equiv. activated ef¢ef32.4 umol) dissolved in 500 pL sodium
phosphate buffer (pH 7.4) were added and the maatixture was allowed to react 24 hours

at room temperature. After addition of 60 pL of avii % ethylamine water solution and
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further incubation for 30 min at room temperature trude mixture was heated to 99 °C for
10 min. To the hot solution 1 mL of a 53 mM aquesakition of diG:DAB was added to
precipitate the RNA. After incubation for 15 minrabm temperature and centrifugation for
30 min at 6 °C (14k rpm) the supernatant was freima. To obtain a sufficient amount of
antibiotic derivative for NMR studies, this entipgocedure was repeated twice and the
resulting freeze dried samples were dissolved begaeh 400 puL water. Each 30 pL fraction
was purified by HPLC using a Waters Spherisorb QIQgs analytic column (water/acetone
1:0.9 containing 12.1 mM HFBA) and a flow rate ofnil/min at 40 °C to determine the
conversion of neomycin B tonono- and di-acetylated neomycin B derivatives and for

investigation of the regioselectivity of the monegtation by NMR studies.
b) Procedure using 0.5 equiv. RNA and different rection time.

A volume of 3.26 mL of a 6.1 mM (19.9 umol, 1.5 equRNA solution in 10 mM sodium
phosphate buffer (pH 6.8) was heated to 85 °C fomin and afterwards stored for 15 min at
room temperature. Then 2.74 mL of a 4.8 mM sotlutbneomycin B sulfate (13.2 pmol) in
10 mM sodium phosphate buffer (pH 7.4) were addetithe mixture was allowed to stand
for 30 min at room temperature before 10 equivivatdéd ester3 (132 pmol) dissolved in
6.0 mL sodium phosphate buffer (pH 7.4) were adédékr 1 min, 20 min, 2 h and 24 h an
aliquot of 3 mL was taken out of the reaction migtand incubated with 180 pL of a 7 wt. %
ethylamine water solution for 30 min at room tenapere. The purification, analysis and

characterization was performed according to proce(a).
c¢) Procedure using a 10, 30 and 60 mM sodium ion rcentration.

A volume of 300 pL of a 5.54 mM (1.66 pmol, 1.5 eguRNA solution in 10 mM sodium
phosphate buffer (pH 6.8) was heated to 85 °C @omin and afterwards stored for 15 min at
room temperature. Then a volume of 228 uL of amM3 solution of neomycin B sulfate
(2.09 pmol) in 10 mM sodium phosphate buffer (pH) #vas added and the mixture was
allowed to stand for 30 min at room temperaturedifidnally, a volume of 50 uL of 10, 231
or 578 mM sodium chloride solution was added tahea final salinity of 10, 30 or 60 mM
Na" concentration, respectively. To each reaction mm&t30 equiv. of NHS esteB
(32.8 umol) dissolved in 36 DMF were added. Aftereaction time of 24 h at room
temperature a volume of 60 puL of 7 wt. % ethylamimater solution was added and
incubated for 30 min at room temperature. Findl@) pL of ag. 2 M NaOH solution were

added and heated to 85 °C for 30 min and coolechdowoom temperature. Each 50 pL
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fraction was purified by HPLC using a Waters Spmth ODS-2@ analytic column
(water/acetone 1.0:0.81 containing 16.9 mM HFBAJ anflow rate of 1 ml/min at 40 °C to
determine the conversion of neomycin Bntono- anddi-acetylated neomycin B derivatives

and for investigation of the regioselectivity oétmonoacetylation by NMR studies.
d) Procedure using different reaction temperature.

A volume of 300 pL of a 6.1 mM (1.66 pmol, 1.5 equiRNA solution in 10 mM sodium
phosphate buffer (pH 6.8) was heated to 85 °C @omin and afterwards stored for 15 min at
room temperature. Then 228 pL of a 4.8 mM soluabmeomycin B sulfate (1.09 pumol) in
10 mM sodium phosphate buffer (pH 7.4) were addetithe mixture was allowed to stand
for 30 min at room temperature before 30 equivivatgd ester3 (32.8 umol) dissolved in
500 pL sodium phosphate buffer (pH 7.4) were addéeé. reaction mixture was allowed to
incubate for 24 h at 20, 40 or 50 °C and the amtiibiderivatives were purified according to
procedure (b) using 93 pL ag. 2M NaOH solutiontha hydrolysis of RNA.

3.5.3 Characterization of Synthesized Neomycin Bvadive

6"""-N-acetyl neomycin B x 5 HFBA (4a).The title compound was prepared according to

NH, the general procedure described above using NHE&r &st
H &O 0 " Derivative4a was obtained as a white solid. For the measurement
HOL_HoN owNHZ of regioselectivity and the characterization of tbempound
°N wd 'H-NMR, HSQC as well as APT spectra were recorded an
Nng d L, sxHeea electrospray ionization (ESI)-MS was employed. Hied was
—£p0 . calculated fromtH-NMR- and HPLC peak integrals by; R 7.5
OH O}/— min, 45 % vyield (aptl). TLC (Chloroform/MeOH/17 %g.a

NH4OH 2:1:1 viviv) R=0.52.'H-NMR (D,O, 500 MHz) &
(p.p.m.) 6.06 (d, J = 4 Hz, 1H, 1-H"), 5.44 (d, 4 Hz, 1H, 1-H""), 5.20 (d, J = 1.5 Hz, 1H, 1-
H""), 4.44 (t, J = 5.75 Hz, 1H, 3-H""), 4.39 (di= 5 Hz, J = 2 Hz, 1H, 2-H"), 4.26 (t, J = 3
Hz, 1H, 3-H "), 4.24 (m, 1H, 4-H""), 4.09 (t, B75 Hz, 1H, 5-H""), 4.07 (m, 1H, 4-H),
4.01 (t, J = 10 Hz, 1H, 5-H"), 3.98 — 3.92 (m, B+, 5-H, 3-H"), 3.76 (dd, 1H, J = 12.5
Hz, J = 5.5 Hz, 5-K'), 3.72- 3.68 (m, 2H, 4-H""", 6-H), 3.60 (dd, 14 Hz, J = 7.5 Hz, 1H,
6-H, "), 3.56 (M, 2H, 3-H, 2-H""), 3.53-3.41 (m, ABtH,, 2-H", 6-H"", 4-H), 3.38 (m,
1H, 1-H), 3.32 (dd] = 14 Hz, J = 6 Hz, 1H, 649, 2.51 (dt, J = 12.5 Hz; J = 3.8 Hz, 1H, 2-
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Heo), 2.04 (s, 3H, Ch), 1.89 (dd, J = 12.7 Hz, 1H, 2t APT (D,0O, 125.7 MHz)S (p.p.m.)
174.49 (Carbonyl-C), 110.00 (C-1"), 95.51 (C-1'95.49 (C-1'), 84.62 (C-5), 81.66 (C-4""),
75.39 (C-37), 75.29 (C-4), 73.58 (C-27"), 72.455C), 72.42 (C-6), 70.35 (C-4), 69.22 (C-
3'), 67.88 (C-5°), 67.56 (C-3"), 66.10 (C-4760.00 (C-5"), 53.15 (C-2'), 50.90 (C-2""),
49.65 (C-1), 48.16 (C-3), 39.85 (C-6'), 39.33 (C)%'27.88 (C-2), 21.74 (CiL MS (EI+)
(m/2): found 657.33008 [M+H] 679.31226 [M+N4d] calculated 657.33013 [M+H]
679.31207 [M+Nal.

3.5.4 NMR-Spectra of Synthesized Neomycin B Denest

i,
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Figure 3.6a: "H-NMR (500 MHz, D,O) spectrum of 6""-N-acetyl neomycin B x 5 HFBA 4a.
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Figure 3.6b: HSQC (500 MHz, D,0) spectrum of 6""-N-acetyl neomycin B x 5 HFBA 4a.
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Figure 3.7a: 'H-NMR (500 MHz, D,0) spectrum of 1:1 mixture of acetyl neomycin B x 5 HFBA 4a and
4b. The mixture was synthesized applying the general procedure (3.5.2 a) but in absence of APG and

using only 1 equiv. of activated ester 3.

20

6" ""-N-acetyl neomycin B 4a
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Figure 3.7b: HSQC (500 MHz, D,0O) spectrum of a 1:1 mixture of acetyl neomycin B x 5 HFBA 4a and
4b. The mixture was synthesized applying the general procedure (3.5.2 a) but without APG using only

1 equiv. of activated ester 3.
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Figure 3.8: 'H-NMR (500 MHz, D,O) spectrum of 6°,6""-N-diacetyl neomycin B x 4 HFBA 5

synthesized without APG using 2 equiv. of activated ester 3 (a) and synthesized in presence of APGs

aptl (b) and apt2 (c) using 30 equiv. NHS ester 3.
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Figure 3.9: HSQC (500 MHz, D,0) spectrum of 6°,6"""-N-diacetyl neomycin B x 4 HFBA 5. Arrows
indicate the chemical shift of J(C6-H)- (red), J(C5-H)- (blue) and J(C1-H) coupling (black) of ring Il and

V.
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Chromatography Analyses
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Figure 3.10: ESI-MS spectra of reaction mixture of neomycin B 1 (NeoB) reacted with 10 equiv.

NHS ester 3 in presence of 1.5 equiv. APG aptl (a) and apt2 (b) (i-vi = number of reacted amino

groups of 1).
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Figure 3.11: HPLC elugrams after transformation of neomycin B 1 (NeoB) with 30 equiv. of NHS

ester 3 in presence of 0.5 equiv. (1), 1.0 equiv. (2) and 1.5 equiv. (3) APG aptl (a) and apt2 (b)

(i-ii = number of reacted amino groups of 1).
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Figure 3.12: HPLC elugrams of neomycin B 1 (NeoB) reacted with 10 equiv. of NHS ester 3 in
presence of 0.5 equiv APGs aptl (a) and apt2 (b) applying different reaction times (i-ii = number of

reacted amino groups of 1).
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Figure 3.13: HPLC elugram of neomycin B 1 (NeoB) reacted with 30 equiv. of NHS ester 3 in
presence of 1.5 equiv. APGs aptl at 20 € (1), 40 € (2) and 50 T (3) (i-ii = numb er of reacted amino

groups of 1).

3.5.6 Isothermal Titration Calorimetry

ITC was employed to determine the binding consthateseen neomycin B and the aptameric
APG aptl, apt2 andapt3. Microcalorimetric titrations of antibiotit to RNA aptamers were
performed by using a MicroCal ITC 200 MicrocalortereNorthampton, MA). A 200 uM
neomycin B solution was injected from a gD rotating syringe into an isothermal sample

chamber containing 200L of 7 uM aptamer solution. A 10 mM sodium phosphate buffer
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(pH 6.8) was used to prepare both solutions, as aglto load the reference cell. The
experiments were carried out at 25 °C and withigirgy speed of 1000 rpm. Typically,
injections of 1.2uL of titrant were added into the cell with a delagtween injections of 100
seconds, up to a aptamer/antibidticatio of 1:5. The effective heat of the antibictiptamer
interaction upon each titration step was correébedlilution effect by subtracting the values
obtained in the titration of into buffer solution. Each injection generatedoanpfor point
heat curve (microcalories per second vs. time) wknvas conveniently integrated in order to
obtain the heats of the bimolecular interactionsoasited with those injections. Then the
normalized heat signals were analyzed by usingTt@enon-linear curve fitting functions for
two binding sites fromMicroCal Origin 7.0 software NlicroCal, Inc.; Northampton, MA).
The satisfactorily fitted curve was used to deteemihe molar enthalpy change for binding
(AH°) and the corresponding binding constaf).( Fundamental thermodynamic equations
were used to determine the molar free energy aibiiAG®°, and the molar entropy change
(AS’). Each neomycin B-aptamer titration was repeaéedeast three times in order to
increase the accuracy of the thermodynamic parasete

Figure 3.14 (paragraph 3.2.1) on top shows thesheadulting from each injection of
neomycin B into one of the aptamer solutions sulidign the bottom are the integrated heats
after correcting for the heat of dilution, as wals, the best-fitted function. All the
thermodynamic parameters were summarized in théeTal. An inspection of the Figure
3.14 or the data in Table 3.4 reveals that ea@rantion betweef with the APG §ptl, apt2
and apt3) was enthalpy driven and resulted in exothermictiens confirming that the
specific RNA-aptamer interaction contributes stigrig the high complex stability. Although
the three aptamers show the spontaneous formatioaneplexes, the natures of these were
different. The titrations ofl into aptl andapt2 solutions showed similar profiles with two
apparent phases, suggestive of two distinct binditegs (Fig.3.14a and Fig. 3.14b). In both
aptamer-neomycin B complexes, the steepness ofidteof the two phases resulted in
association constanks, ; higher than 1dM™, indicating a tight binding interaction betwekn
and the aptamergptl andapt2. In contrast, the titration df into solution ofapt3 showed
different profile. However, in agreement with theMR results obtained in our studies
applying all three aptamers, it is assumed thatag$3 exhibits two different binding sites. In
fact the profile can be fit to two-sites model wgimilar association constants (Fig. 3.14c).
This model explains the creation & and 4b at approximately equimolar ratio as main
products fromapt3, as compared withptl andapt2. Thus, ITC results confirm the presence
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of two binding sites of different affinity withiaptl andapt2, and similar affinity withinapt3
for neomycin B.
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Figure 3.14 : ITC profiles (top) and corresponding integrated injection heats (bottom) at 25.0 C for the
titration of 7 yM RNA aptamer solution (aptl (a), apt2 (b) and apt3 (c)) with 200 yM neomycin B
solution (Neomycin B/RNA aptamer molar ratio). The integrated injection heats were corrected with
the heat of dilution (derived from control titrations of aminoglycoside 1 into buffer alone), and then
fitted by using a two binding site model (solid line). Applied buffer: 10 mM sodium phosphate, pH =
6.8. The blue arrows indicate the high affinity binding site and the red arrows the low affinity binding

site.

Table 3.4: Association constants ( K,), molar entropy ( AH9 and molar enthalpy ( AS9 for

complexation of neomycin B with RNA aptamers apt1, apt2 and apt3.
binding 6 1 4 4 4
RNA " Ka/10°M AH? / kcal mol AS° [/ cal mol ™ deg
site
aptl 1 1542 -14.9 -7.9
2 3.3 -5.7 10.7
apt2 1 233 -18.6 -24.1
2 1.9 -7.2 4.6
apt3 1 62 -9.1 5.1
2 1.2 -6.4 6.3
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Chapter 4
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Aptameric Protective Groups Enable Various
Transformations in Different Positions of Neamine

Antibiotics

(Part of this chapter is published online:
A. A. Bastian, A. Marcozzi, A. Herrmann. Nature Chemistry 4, 1-5 (2012))

(Based on this chapter a European patent is filed: A. Bastian, A. Marcozzi, A. Herrmann 2011)

In the first chapter, RNA sequences have been intduced as efficient non-covalent
protective groups for the regioselective modificatin of structurally complex natural

products. Their application as aptameric protective groups (APGs) allowed the
transformation of a single functional group out ofseveral present in neamine antibiotics,
namely neomycin B and paromomycin, with high regioslectivities. So far, modifications
were introduced successfully usingN-hydroxysuccinimide esters as acyl-transfer reagent
resulting in novel antibiotic derivatives. Here, ve demonstrate that APGs allow the
application of different reactions and conditions ér regioselective modifications of
neamine antibiotics. Furthermore, we prove that theapplication of same RNA sequences
as APG enables the synthesis of a broad spectrum aiminoglycosides derivatives
modified at different positions with excellent regoselectivities of >99 %. The
introduction of new functional groups in neamine atibiotics will accelerate the

synthesis of new promising antibiotic derivativesMoreover, this work emphasized the
applicability of oligonucleotides as APGs allowingacile access to novel derivatives of

structurally complex natural products.



Chapter 4

4.1 Introduction

The application of non-covalent protective groupssdadl on host-guest interactions has
recently emerged as a promising and simpler altee¢o standard covalent protection and
deprotection protocols in derivatization of multifttionalized compounds® Reinaud et al.
applied a zinc(ll)-complex based on a functionalizealix[6]arene assupramolecular
protective group (SPG) for the chemo- and regioselective cadydation of the
unsymmetrical triamineN-(2-aminoethyl)propane-1,3-diamifeSimilarly, Kohnke et al.
utilized a calix[4]pyrrole derivative as SPG in tkelective O-alkylation of 6-hydroxy-1-
naphthoF However, these host systems exhibit serious ltinita as non-covalent protective
groups. Due to the small cavity size their appiwwatas SPG is limited to small guest
molecules. Moreover, the generalization of the ephon the basis of macrocyclic cavities is
prohibitively difficult due to the painstaking dgsiand synthesis of the host system required
for the guest molecule.

To overcome these limitations, ribonucleic acidsevmtroduced asptameric protective
groups (APGSs) for the regioselective derivatizatddrmore complex structures (chapter 2). It
is well known that strong binders consisting of RiMAd DNA aptamers can be evolved
through the straightforwar@ystematicEvolution of Ligands byEXponential Enrichment
(SELEX) procesé:* The resulting sequences can be produced by awtdresginthesis in large
scale and they can act as ligands for a wide yaoielow molecular weight compountfs’#°

as well as biomacromolecules, especially prot&iis!?

Facing these advantages, the applicability of ARGsthe regioselective modification of
neamine antibiotics neomycin Band paromomycir2 (Fig. 4.1a) were investigated. It was
demonstrated that the APEpt1 protects non-covalently ring I, Il and 1l of apiotic 1, while
ring IV is available for chemical transformationdF4.1b). Moreover, in our previous study
two more aptameric sequences, apt2 andapt3 (Fig. 4.1c), that were chosen randomly
from a pool of published RNA sequencésyere applied successfully as APGs (chapter 2).
Furthermore, it was demonstrated that the utiliratof these aptamers as non-covalent
protective group for antibiotit and2 enabled regioselective acylation of the amino group
C6 position at ring IV of antibiotic and2.
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1neomycinB R =NH,
2 paromomycin R = OH

5
P A 5-CUG GUCCGA 5- UGUAGGGCGA
e [ A N '\ R A

GCg CA 1
5 G G 10
A 3'- GAC CGGG \A 3'- ACAUUUUG 5 A
20 15 20 15

aptl apt2 apt3
Figure 4.1: a, Aminoglycoside antibiotics used for regioselective modification protected by APGs.
b, Neomycin B 1 — aptl complex;** color code: white — hydrogen, green — carbon, blue — nitrogen, red
— oxygen, grey — APG aptl. Arrows indicate the amino groups in C2 position (red) and C6 position

(blue) at ring IV of antibiotic 1. ¢, RNA sequences applied as APGs for neamine antibiotics 1 and 2.

However, the APG strategy is limited so far to chemical transformation. Neomycing®d
paromomycinwere so far only acylated usimMthydroxysuccinimide (NHS) esters as shown
in Scheme 4.1 for acetyl-NHS es&rurthermore, the modification of neamine antiic®1
and2 is restricted to the transformation of the aminougrin C6 position at ring IV applying
APGs (blue arrow in Fig. 4.1a and b). To estabiieh APG technology as a general tool in
organic synthesis its scope needs to be extended.tHat reason, in this chapter we
demonstrate that APGs enable also modificatioremimther position than the 6C position of
antibiotic’s ring IV (red arrow in Fig. 4.1a and. b particular, we applied successfully
diverse reagents enabling modifications, namelylagioyn, azide introduction and urea
derivative formation, at the C6 and C2 positionriag IV of aminoglycosidesl and 2
(Scheme 4.1).
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Scheme 4.1: Reactions for the regioselective transformations of amino groups at the neamine

antibiotic’s ring IV in presence of APGs: acylation (1), thiolation (2), urea bond formation (3) and azide

introduction (4).
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4.2 Results & Discussion

4.2.1 Regioselective Modification of Antibiotic’srfg IV in C6 Position

4.2.1.1 Modification Using Neqatively Charged Actigd Ester

Since the transformation of the neamine antibidtiesd 2 protected by APG takes place in
an aqueous buffer solution, the introduction ofropdhobic residues via acylation reaction is
limited by the low solubility of NHS-esters in wat& herefore, negatively charged activated
esters, sulfdN-hydroxysuccinimide (sulfo-NHS) estérand 4sulfo-tetra-fluorophenyl (STP)
esterb, were employed as acyl-transfer reagemthis study (Fig. 4.2). Due to their negative
charge at the sulfo group these activated estev sigher solubility in aqueous solution and
therefore, they have been already applied sucdbssis acyl-transfer reagents under such

conditions'>1®

To test the applicability of negatively chargediaated NHS ested for modification of the
amino group in C6 position at ring Idf antibiotic 1 we used the 23mer RNA aptanaptl

as APG. Theaaptl-aminoglycosidel complex was reacted with 10 equivalents of sulféS\
ester4 (Fig. 4.2a). To determine the reactivity of esterith neomycin B protected bgptl
High PerformanceLiquid Chromatography (HPLC) analysis was performed. Asashn
Figure 4.2b, after a reaction time of 24 hours aveosion of 7% of 1 to moncacetylated
neomycin B derivatives was determined. In contrasing a non-charged NHS ester a
conversion of the neomycin B up to 71 % was dete@thapter 2). The low reactivity can be
explained by repulsion of negative charges locatetie APG and reage#t Since the RNA
sequencaptl exhibits a negatively charged phosphate backboreassume that the attack

of esterd at ring IV of neomycin B is hindered by the APG.

However, to test whether a different negative cedrgcetyl-transfer reagent can be applied
for the transformation, we utilized acyl-transfeagent5 which also carries a sulfo group
(Fig 4.2a). In contrast to the NHS es4elSTP esteb was reactive under same conditions. As
shown in Figure 4.2c, neomycin B was converted tpaim moncacetylated products with
conversions of 31 % and a yield of approx. 30 %jeni-acetylated derivatives were formed
reaching a conversion of only 4 %. Performing tbaction at higher temperature (40 °C) to

increase the conversion gave the same result.
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Figure 4.2: a, Regioselective transformation of antibiotic 1 (NeoB) using 15 equiv. of activated esters
4 and 5 in presence of 1.5 equiv. of aptl. Reactions were performed in 10 mM sodium phosphate
buffer (pH = 7) at room temperature and 24 hours reaction time. b, HPLC elugram of reaction mixture
after transformation of 1 employing sulfo-NHS ester 4. ¢, HPLC elugram of reaction mixture after
transformation of 1 using STP-ester 5 (i-ii = number of reacted amino groups of 1). Conversions of 1 to

mono- and di-substituted derivatives are given below the corresponding peaks. It is assumed that only

mono- and di-acetylated derivatives were formed.

However, SPT esteb showed increased reactivity compared to activatstére. This
behavior can be explained by their different molacstructures. As shown in Figure 4.3,
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computer models of both compounds suggest thasutie-NHS estert exhibits a sterically
more demanding structure due to the presence’dfydpidized carbon atoms. In comparison,
activated este’5 has predominantly $gybridized carbon atoms resulting in a planar
structure. Due to the fact that the sulfo groulpcsited in thepara-position to the ester group,
we assume that the flat structure of the aromaliP &ster5 enables a reaction with the
protected antibiotid despite the negative charge. Another possible agfitan for the higher
reactivity of5 is the occurrence of-n-interactions ob with the aromatic nucleobases of the

APG compensating the electrostatic repulsion.

i L I )

4

)]

Figure 4.3: Simulated 3D-structures (ChemDraw) of activated esters 4 and 5. Color code: white —
hydrogen, grey — carbon, blue — nitrogen, red — oxygen, orange — sulfur, yellow — fluorine. The black

arrows indicate the electrophiles for a nucleophilic attack.

To determine the regioselectivity of the transfotiora using STP-esteb, the fraction of
monoacetylated neomycin B derivatives was purified #1eNMR- and HSQC spectra were
recorded (see experimental part Fig. 4.11a andb..1This analysis showed thdt was
acetylated at the amino group in C6 position ofyri¥ resulting in antibiotic derivativé0
with a regioselectivity of 83 %. However, the reggtectivity is considerable lower in
comparison to the utilization of acetyl NHS-esBrwhich reached a selectivity of 95 %
(chapter 2). This difference can be explained by itcreased salt concentration in the
reaction mixture. Due to the fact that the actigdagster5 is applied as sodium salt, a final salt
concentration of approx. 26 mM is reached in thectien mixture. In chapter 3.2.4 it was
demonstrated that the regioselectivity of the dagbn reaction is decreasing with higher
salinity due to the destabilization of tagtl-aminoglycosidel complex!’ Therefore, with
the increase of sodium concentration the aminegynoC6 position of ring Il of neomycin B
becomes also available for transformations resuliim lower regioselectivities for the

acylation reaction.
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4.2.1.2 Introduction of a Sulfhydryl Group Usimgaut’ sReagent

After we demonstrated that the negatively chargedent, STP-est& can be applied in the
regioselective transformation of neomycin B, wessivgated whether an APG also allows the
application of positively charged reagents. As aaightforward proof we applied
2-iminothiolane hydrochloridé (Scheme 4.2) as an acyl-transfer reagent. Nanted ié$
inventor Traut’s reagent6 is fully water soluble, stable and reacts prefgrabith primary
amino groups® Moreover, after transformation with, a sulfhydryl group is available for
further coupling reactions (Scheme 4.2). Due tosttegpe of further derivatization this cyclic
imidothioester6 has been successfully applied for thiolation afnecromolecules such as
proteins and enzym&s*® and oligosaccharidéd? As shown in Scheme 4.2, in an additional
synthetic step the thiolated product can undergo an oxidative dimerization resulting in
product 12 or be coupled in the same manner to differentldled substrates giving

asymmetric product$3,

RL-NH,
Q % 1’HW H%@ 1/HW
R SH R SH
SN @ el o (4)
NH; CI NH CI 0
6 (2) 11 (3) 14
-+
y ClI NH, H
Ri-N s° T RI7 s S R?
H + -
+NH2 CI— NH2 Cl
12 13

Scheme 4.2: Possible scenario for the downstream reactions after thiolation of an amino group of
antibiotic 1 with Traut’s reagent: Thiolation of an amine with 2-iminothiolane 6 (1), oxidative
dimerization (2), conjugation of iminium chloride 11 (3) and acidic hydrolysis of 11 to acylated product
14 (4).

However, the formed iminium iohl is not stable against hydrolysis under acidic comats
(pH < 3) (Scheme 4.2} Due to the fact that the synthesized antibioticva¢ives were
purified by HPLC using an acidic eluent (pH 2), tmgdrolyzed producti4 was obtained.
Nevertheless, applying excess Bfaut’s reagent6é and aptl as APG neomycin B was
modified regioselectively in C6 position at ring Pésulting in thiolated derivativé4 (Fig.
4.4a).This was proven employing 2D-NMR spectroscopic measents as demonstrated in
Figure 4.4b.
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Figure 4.4: a, Regioselective thiolation of heomycin B in presence of 1.5 equiv. APG aptl using

Traut’s reagent 6. Reaction was performed in 10 mM sodium phosphate buffer (pH = 7) at room
temperature and 24 hours reaction time. b, HSQC-section of antibiotic derivative 14. Chemical shifts of
the J(C6"""-H) couplings (red arrows) and the J(C5""-H) coupling (blue arrow) indicate regioselective

acylation of the amino group in C6 position at ring IV.

Furthermore, using an excess of 30 equivalentgajent6 resulted in a regioselectivity of
only 74 % in order to form thiolated derivatité as calculated fromH-NMR data (Table
4.1, see experimental part Fig. 4.12a). Howeveangu30 equivalents ofraut’sreagent the
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monaothiolated derivatives were obtained with a yield 5¥ %, while the utilization of
reduced amounts @ gave lower yields reaching 43 % and 40 % usingrid 5 equivalents,
respectively (Table 4.1). As demonstrated by HPIb@lysis, in all cases neomycin B was
mainly converted to mono-acylated derivatives udingut’s reagent (see experimental part
Fig. 4.23). In contrast to the decreasing yieltis, tegioselectivity of the acylation reaction

increased up to 91 % using reduced amoungs(dable 4.1).

Table 4.1: Yields and regioselectivities of the tra  nsformation of neomycin B using different

amounts of Traut’s reagent (6).

Compound eg;ng/. yield "(%)  r.5.%(%)
14 30 57 74
14 15 43 89
14 5 40 91

All reactions were carried out according to the general procedure (see experimental part 4.4.2.3.1).
" |solated yields of mono-thiolated derivative 14 (isomer mixture). Yields were determined by HPLC.

* Regioselectivities (r.s.) were calculated using "H-NMR spectroscopy.

The low regioselectivity and enhanced formationmafre side products using 30 equivalents
of 6 can be explained by destabilization of #ptl-aminoglycosidel complex by the excess
of the charged reage6t As demonstrated in previous studies, the comgiekility is mainly
determined by the charge-charge interactions ofmyetn B and the aptameaptl.'’
Furthermore, it was shown that the complex stgbilas reduced with the increase of
positively charged counter ions (chapter 3). Theesfwe assume that the positively charged
iminium group of theTraut’sreagentt weakens thaptl-antibiotic 1 interaction leading to
side reactions. Therefore, optimization of stoicmédric ratio of reageré and APG protected
neomycin B was necessary to reduce the formatiorsidé products and obtain high
regioselectivity (91 %).

This result demonstrates that the APG methodoldigwa not only the application of neutral
NHS esters and negatively charged STP esters, Ibatthe utilization of the positively
charged acyl-transfer reagent 2-iminothiolane hghiaride 6. A further advantage of the
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presented thiolation strategy is that neomyciteB be conjugated to other entities in only one
additional synthetic step without the use of APTss gives a facile access to a broad range
of antibiotic derivatives modified at ring 1V.

4.2.2 Regioselective Modification of Antibiotic’sirlg IV in C2 Position
Employing Urea Bond Formation.

So far, we successfully demonstrated that the AfP&egy facilitates regioselective
transformation of two neamine antibiotics, namedpmycin B1 and paromomycir2, using
various types of acylation reagents. For this apgmothree different aptameric sequences
were successfully utilized as APGs (chapter 2). elmv, these aptamers enabled so far the
modification of the amino group in C6 position atgr IV of these aminoglycosides. In
contrast, here we present the application of thmesaPGs enabling chemoselective
transformations of the amino group in C2 positibmirgg IV reaching high regioselectivities.
For this approach urea bond formation was appledransformation of antibiotics and2

usingaptl andapt2 as APGs.

For the straightforward proof of the chemo- andaosglective transformation, neomycin B
was reacted with 15 equivalents of p-methoxyphésgdyanate/a in absence and presence
of aptl and the reaction mixtures were analyzed usingh ResolutionMassSpectrometry
(HRMS) and HPLC. As demonstrated by mass spectraraaid HPLC analyses, in absence
of aptl antibioticl was transformed to an inseparable mixture of déikies exhibiting up to
four urea groups (Fig. 4.5a and Fig. 4.5¢), whemegsesence a@ptl only one amino group
was transformed (Fig. 4.5b and 4.5d). Also the iappbn of APGapt2 resulted only in the
formation of a single urea derivative as demonstidty HPLC analysis (see experimental
part Fig. 4.24).
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Figure 4.5 HRMS spectra of reaction mixture after transformation of neomycin B 1 using 15
equivalents of p-methoxyphenyl isocyanate 7a in absence (a) and presence (b) of 1.5 equivalent APG
aptl. HPLC elugram of reaction mixture after transformation of 1 in absence (c) and presence (d) of

aptl. (i-iv = number of reacted amino groups of 1).

Further characterization of theoncurea derivative by NMR experiments proved that
antibiotic 1 was transformed exclusively at a single positiopriesence of APGs resulting in
aminoglycoside derivativé5a (Fig. 4.6a, Table 4.2). As demonstrated in Figu@b4the
HSQC spectrum proves the regioselective transfoomaif the amino group in C2 position at
ring IV resulting in antibiotic derivativel5a Moreover, 'H-NMR spectroscopic
measurements (see experimental part Fig. 4.13ayveshcexclusively the presence of
regioisomerl5a when employingaptl andapt2 as APG (Table 4.2). Furthermore, similar
results were achieved using isocyanaiesand7c as reagents (Fig. 4.6a). As shown in Table
4.2, the transformation of antibioticusing7b resulted also exclusively in regioisoniesb,
while the utilization of isocyanate/c yielded derivative 15¢ with slightly lower
regioselectivity. Furthermore, all reactions showoderate conversions (Table 4.2) of
neomycin B and resulting theonourea derivatives were isolated by HPLC reachireidg

of up to 51 % using urea bond formation (Fig. 4.6a)
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Figure 4.6: a, Regioselective transformation of the amino group in C2 position at ring 1V of antibiotic 1
and 2 in presence of 1.5 equivalents APG aptl or apt2 using 15 equivalents of aromatic isocyanates
7a-c. Reactions were performed in 10 mM sodium phosphate buffer (pH = 7) containing 6.4 volume %
DMF at room temperature and 24 hours reaction time. Yields of mono-urea derivatives (isomer
mixture) were determined by HPLC. b, HSQC spectrum of neomycin B derivative 15a. Chemical shifts
of the J(C1"""-H) coupling (black arrow), J(C2"""-H) coupling (red arrow) and J(C3"""-H) coupling (blue

arrow) indicate the regioselective urea bond formation in C2 position at ring V.
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Furthermore, we demonstrated that the urea gronpeaalso introduced regioselectively in
related antibiotic paromomycidin presence of APGaptl andapt2. Thus, antibioti@ was
transformed successfully with isocyanata to the corresponding urea derivatilé in
presence of an APQGFig. 4.6a, Table 4.2). It was found thatwas also preferably
transformed at the C2 position of ring IV with goodnversions of 53 % and 52 % and
excellent regioselectivities of 97 % and 92 % apyaptl and apt2, respectively (Table
4.2).

Table 4.2: Conversions and regioselectivities of ur  ea bond formation in C2 position of

antibiotic’s ring IV.

Compound APG R . R, conv. (%) r.s.*(%)
15a** aptl NH, OMe 49 >99
15a** apt2 NH; OMe 44 >99
15b** aptl NH, H 44 >99
15b apt2 NH; H 37 >99
15¢c** aptl NH,  N(Me), 51 92
15¢c apt2 NH,  N(Me), 57 93
16** aptl OH OMe 53 97
16 apt2 OH OMe 52 92

All reactions were carried out according to the general procedure using 15 equiv. of aromatic
isocyanates 7a-c (see experimental part 4.4.2.3.2). » Conversions of neomycin B to corresponding
derivatives were calculated from HPLC- and 'H-NMR peak integrals. * Regioselectivities (r.s.) were
calculated using *H-NMR spectroscopy. ** Reaction was performed up to four times and average of

conversion and regioselectivity is given. An error of the conversion is calculated to be up to 6 %.

The preferential modification of two different amiigroup at ring 1V using urea formation
and acylation reaction can be explained as a catibm of two factors: as shown in Figure
4.7, the aromatic isocyanat@&a exhibits a planar structure, while acetyl NHS eStés a
more sterically hindered molecule due to the preseof sp-hydridized carbon atoms.
Furthermore, in comparison to es&the reactive unit of the isocyanatés is smaller and
additionally, not sterically hindered by a methybgp as it is the case f8r This enables the
attack of the amino group in C2 position of ringpxotected partly by the APG. Additionally,
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it seems that in aqueous medium isocyanates exXitfier reactivity towards amines with

lower pK; value, i.e. amino groups attached to secondabocastoms in neomycin B.

! Y ,
{}Q{\; TR e g 8

3 7a

Figure 4.7: Simulated 3D-structures (ChemDraw) of acetyl NHS ester 3 and p-methoxyphenyl
isocyanate 7a. Color code: white — hydrogen, grey — carbon, blue — nitrogen, red — oxygen. Black

arrows indicate the electrophiles for a nucleophilic attack.

This result showed that a detailed understandinthefinteraction between APG and guest
molecule together with careful choice of reagend aonditions enables a modification at

different amino groups of antibioticand2 using the same APG sequence.

4.2.3 Regioselectivelono & Di-Functionalization of Neomycin B

After we applied successfully different reactiores énable region- and chemoselective
modifications of two different positions at ring I6f neomycin B1 and paromomycir2 in
presence of APGs, we investigate the selectioeac anddi-functionalization of antibiotid

in presence of APGptl. Therefore, we used a diazo-transfer rea@etd perform azide
introduction and aliphatic isocyanat®s-c to enable urea formation at two amino groups of
antibiotic’s ring IV.

4.2.3.1 Reqgioselective Azide Introduction at Anttis’s Ring IV

To introduce an azide group at ring 1V of neomyBinve utilized imidazole-1-sulfonyl azide
hydrochloride8 as diazo-transfer reagent (Fig. 4.8). “Diazo dbr®rwas introduced by
Goddard-Borgerand Stick in 2007 as an efficient, shelf-stable and watéulde reagent?
Moreover, investigation d showed its convenient applicability in aqueous raeding mild
conditions and without the use of transition methlysts, such as copper(ll), nickel(ll), and
zinc(11).2° Furthermore, reager® was applied successfully for the regioselectividez
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introduction in structurally complex natural protsic namely peptidéd and neamine
antibiotics (chapter 5), in aqueous solutibtere, we demonstrate a regioselective azide
introduction in neomycin B employing in presence of theAPG@Gptl. We performed the
transformation applying basic conditions (pH 8)pper(ll) sulfate as catalyst and eight
equivalents of reage®tin presence and absenceaptl. Under these conditions the reaction
of neomycin B in presence aptl resulted in a mixture of antibiotic derivativeshéiting
one and two azide groups (see experimental part4R$), while in absence of the APG
mainly hexa-azido derivatives were detected (spem@xental part Fig. 4.19). Thmone and
di-functionalized antibiotic derivatives formed in peace of the APG could be separated by
HPLC purification and were obtained with a yield 48 % and 16 %, respectively. Their
characterization by NMR spectroscopic measuremahiswed that reagen8 reacted
exclusively with the amino groups at ring IV of thatibiotic 1 resulting inmoncazide 17
anddi-azidel8 (Fig. 4.8).

|
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Figure 4.8: a, Regioselective azide introduction in neomycin B in presence of 1.5 equivalents APG
aptl using 8 equiv. of diazo-transfer reagent 8. Reaction was performed in 10 mM sodium phosphate
buffer (pH = 8) at room temperature and 24 hours reaction time. b, HSQC-section of mono-azido
neomycin B derivative 17. Chemical shifts of the J(C6""-H) couplings (black arrows) indicate the
regioselective azide introduction in C6 position at ring IV. ¢, HSQC-section of di-azido neomycin B
derivative 18. Chemical shifts of the J(C6"""-H) couplings (black arrows) and J(C2"""-H) coupling (red
arrow) indicate the regioselective azide introduction in C6 and C2 position at ring 1V, respectively.
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As proven by 2D-NMR spectramoncazido derivativel7 exhibits the azide group in C6
position and theli-azido derivativel8 in C2 and C6 position of ring IV (Fig. 4.8b an@ée).
Employing 1D-NMR spectroscopy, regioselectivitigs to 93 % were determined for the

azide introduction (see experimental part Fig. 4.48d 4.16a).

However, neomycin B was transformed to derivatiVésnd18 with conversions of approx.
48 % and 17 %, respectively. From this result we canclude that the amino group in C6
position is more reactive than the one in C2 pasiof ring IV, since the amine in C6 position
of 1 is transformed in both antibiotic derivatives toazide. The additional minor conversion
of the amino group in C2 position resultingdinazido derivativel8 can be explained in two
ways. On the one hand, the reactive azide funaifahe reagen8 is not sterically hindered,
enabling an attack of the amine in C2 position iofyrlV, as described previously for
isocyanates (paragraph 4.2.2). On the other haedsddium concentration was increased to
approx. 21 mM as an effect of pH adjustment usodjusn hydroxide and sodium carbonate.
Since the binding constant between aptaapet and antibioticl is lower with the increase of
salinity (chapter 33 it can be assumed that the destabilization of tmaptex enables also

the transformation of the amino group in C2 poaitio

It can be summarized that, despite of basic camthii presence of copper(ll) as catalyst and
increased sodium concentration, excellent regioteiges were achieved employing
imidazole-1-sulfonyl azide hydrochlorideas diazo-transfer reagent. This result demonstrate
the robustness of the RNA aptamers as APGs forntbdification of aminoglycoside
antibiotics. Furthermore, the regioselective intrciibn of azide groups has several
advantages. On the one hand, an azide group capgied as a protective group enabling
selective modification of other amino groups of mgain B. On the other hand, azides can be
further transformed in a single step into 1,2,3zolesvia “click-chemistry” employing
Huisgenreactior’® and into amides and carbamates ushtgudingerreactiol’ that could

result in a broad spectrum of new antibiotic denxes.

4.2.3.2 Reqgioselective Urea Bond Formation at Aotib' s Ring 1V

In the previous paragraph, we described a sucdesgfioselective azide introduction in C2-
and C6 position at ring IV of neomycin B in presemé APGaptl. Our studies demonstrated
that at first place the amino group in C6 positicas transformed regioselectively resulting in

6" "-azido neomycin BL7, while in further course of the reaction the amgroup in C2
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rrs rrs

position of17 was transformed yielding 6", 2"""-diazido neonmyBi18. In contrast, here we
present a different reaction sequence of both araneing IV of the antibiotid in presence
of aptl. For this purpose we utilized the introductionwé&a groups employing aliphatic
isocyanate®a-c As shown in Figure 4.9a, neomycinvias reacted with 30 equivalents of
propyl isocyanate®a in presence of APGptl. With HPLC analysis (experimental part
Fig. 4.27) of the reaction mixture it was demortstlathat the transformation dafresulted
mainly inmonc anddi-substituted derivatives reaching yields of 21 % ahd&b, respectively
(Table 4.3). After separation of neomycin B deliived exhibiting one and two urea groups
by HPLC purification, the obtained derivatives wetgaracterized by NMR spectrometric
measurements. As show in Figure 4.9a, neomycin B transformed to thenoncurea
derivativel9aanddi-urea derivativ0a
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Figure 4.9: a, Regioselective transformation of neomycin B in presence of 1.5 equivalents aptl using
30 equiv. of aliphatic isocyanates 9a-c. Reactions were performed in 10 mM sodium phosphate buffer
(pH = 7) containing 6.4 volume % DMF at room temperature and 24 hours reaction time. b, HSQC-
section of neomycin B derivative 19a. Chemical shifts of the J(C2"""-H)- and J(C3"""-H) coupling (black
arrows) indicate the selective reaction of the amino group in C2 position at ring IV. ¢, HSQC-section of
neomycin B derivative 20a. Chemical shifts of the J(C2"""-H)- and J(C3"""-H) coupling (black arrows)
and of the J(C5"""-H)- and J(C6"""-H) coupling (red arrows) indicate the transformation of amines in C2

and C6 position at ring IV, respectively.
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Employing 2D-NMR spectroscopy it was proven that tlerivativel9a exhibits the urea
group in C2 position at ring IV (Fig. 4.9b), whiteerivative20a has two urea functionalities
in C2- and C6 position at ring IV (Fig. 4.9c). Aalculated fromtH-NMR spectra, thenono
functionalization andli-functionalization of antibiotid reached excellent regioselectivities of
90 % and >99 % fot9a and20a, respectively (Table 4.3, experimental part Fig.74 and
Fig. 4.18a).

In comparison to the azide introduction (reactionG6 position, then in C2 position),
applying aliphatic isocyanates an opposite ordereattion of amino groups at antibiotic’s
ring IV was determined (first C2 position, then @dsition). This difference can be explained
as follows. On the one hand, isocyanates reaceaiglfy with amino groups located at the
secondary carbon atoms (C2 position) under theiepponditions, as demonstrated in
paragraph 4.2.2 for aromatic isocyanates. Thusngeim B is first converted tononcurea

derivative19a (Fig. 4.9a).0n the other hand, aliphatic isocyanates show ixeyctvith all

amines of antibiotid resulting in derivatives containing five and shea group in absence of
APG (see experimental part Fig. 4.20, 4.21 and)4.228 a consequence, the additional
reactivity of the amino group in C6 position atgiiv leads finally to the regioselective

formation ofdi-urea derivativ@0ain presence odptl (Fig. 4.9a).

To test whether sterically more demanding aliphetiicyanates are applicable, antibidtic
was reacted with isopropyl9l§) andtert-butyl- (9¢) isocyanate (Fig. 4.9a). The application of
30 equivalents of reagen®b resulted in the correspondimgoncurea regioisomet9b and
di-urea derivative20b, while employing9c the transformation occurred only in a single
position at the antibiotid resulting in derivativel9c (Fig. 4.9a, Table 4.3). Furthermore, it
turned out that the conversion of neomycin Blitoirea derivativ0b was decreased to 21 %
employing isocyanate8b in comparison with the less sterically demandingcysnate9a
reaching 35 % for derivativeOa (Table 4.3). In contrast, the conversions of neam to

the monourea regioisomer$9b and 19c increased to 35 % and 42 % using sterically more
demanding isocyanate@b and 9c, respectively. The reduced formation aifsubstituted
isomers20b and absence ofli-urea derivative20c applying more sterically demanding
isocyanates can be explained by the size of tihedated residues at the amine in C2 position
in the first place. After transformation of the amiin C2 position the introduced urea group
is hindering the reaction of the amino group in @d@sition, resulting in decreased or

prevented formation adi-substituted derivatives. However, all derivativesrevformed with
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extremely high regioselectivities ranging from 90t8095 % employing isocyanat&p and
9c (Table 4.3).

Table 4.3: Conversions and regioselectivities of mono- and di-functionalization of neomycin B.

Product R conv. (%) vyield*(%) r.s.**(%)
19a propyl 24 21 91
19b isopropyl 35 32 20
19c tert-butyl 42 38 95
20a propyl 35 31 >99
20b isopropyl 21 17 95
20b™ isopropyl n.d. - -

All reactions were carried out according to the general procedure using 30 equiv. of aliphatic
isocyanates 9a-c in presence of 1.5 equiv. aptl (see experimental part 4.4.2.3.2). ~ Conversions of 1
to antibiotic derivatives were calculated from HPLC- and *H-NMR peak integrals. ~ Derivative was not
detectable (n.d.) by HPLC analysis. * Yields of mono- and di-urea derivatives (isomer mixture) were

determined by HPLC. ** Regioselectivities (r.s.) were calculated using 'H-NMR spectroscopy.

Summarized, this result demonstrates that the mtdeansformation of the amino groups at
ring IV of neomycin B is determined by the choidecbhemical transformation. Employing
urea bond formation, the amine in C2 position weected first and then the creatrdno
urea derivativeg9a-cwere transformed tdi-urea derivative20a-h. Reaction of neomycin B
with diazo-transfer reager® resulted first in the antibiotic derivativé7 modified in

C6 position and then idi-azido derivativel8 transformed in C6 and C2 position (paragraph
4.2.3.1).
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4.3 Conclusion

In this chapter, we investigated six different matg and four different reactions regarding
their applicability for the modification of two ahiotics, namely neomycin B and
paromomycin, in presence of two different APGs. Wlecessfully employed acylation,
thiolation, urea bond formation and azide introgacias reactions in presence of ARGl
reaching moderate yields and excellent regiosei@ies. At this point it has to be emphasized
that the APG-technology allows not only the applaa of neutral reagents but also
positively and negatively charged ones for modif@a Moreover, it was shown that the
application of the same RNA aptamers as APGs alltves transformation of different
positions at ring IV of the aminoglycosides. Usiagtl as APG the amino group in C6
position at ring IV of neomycin B was acylated gsia STP ester and 2-iminothiolane
hydrochloride with regioselectivities of 83 % antl @, respectively. In the same position an
azide group was introduced regioselectively apglyinmidazole-1-sulfonyl azide
hydrochloride reaching a regioselectivity of 93 #contrast, the amino group in C2 position
at ring IV of neomycin B and paromomycin was comegrto urea groups using aliphatic and
aromatic isocyanates in presence of ARGH. andapt2 reaching regioselectivities up to >99
%. Furthermore, it was successfully demonstratadl by choosing reagents and conditions
properly, azide- and urea groups could be introduegioselectively in both positions at ring
IV of neomycin B resulting imi-azido- anddi-urea antibiotic derivatives using imidazole-1-
sulfonyl azide hydrochloride and aliphatic isocy@saas reagents, respectively. Summarized,
these results show the wide applicability of AP@swang a broad range of chemo- and
regioselective modifications of aminoglycoside biatiics. Employing various reactions for
the transformation in different positions, thisdtuhelps to accelerate the search for new
active compounds based on neamine antibiotics uSihgA aptamers as APGs. The
aminoglycoside derivatives described in this chapte particularly suited as starting point
for the generation of libraries of this class ofilaiotics, because they can be reacted further

by a large variety of organic reactions.
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4.4 Experimental Section

4.4.1 Materials & Methods

'H-NMR-, heteronuclear single-quantum correlatiorSQC) spectra andttachedProton
Test (ATP) were recorded on a Varian Unity Inovad(B0Hz for *H-NMR and HSQC, 125
MHz for APT and**C-NMR), Oxford AS400 (400 MHz fofH-NMR and 100.6 MHz for
APT and™C-NMR) and Oxford 600 (600 MHz fdH-NMR and HSQC) NMR spectrometer
at 25 °C. High resolution mass spectrometry (HRM8&3 carried out on a LTQ ORBITRAP
XL instrument Thermo Scientificemploying electron impact ionization in positie® mode
(El+). Chromatographic separations were carried ont a ShimadzuVP series high
performance liquid chromatography (HPLC) modulastegn (DGU-14A3 Online Vacuum-
Degasser, two LC-20 AT pumps, SIL-20A auto sampl&ErP-20 A column oven, RID-10
refractive detector, FRC-10 A fraction collectordaé®himadzu_Csolution software). HPLC
purification was performed with WatersSpherisorb ODS-2 {g analytical column (250 x 4.6
mm, spherical particles of 5 um and 80 A pore sim#)g isocratic elution at 40 °C. A pH-
meter Hanna InstrumentpH 209) equipped with a glass combination ele&nods used for
pH adjustments of the reaction buffers. All chersicand reagents were purchased from
commercial suppliers and used without further peatfon, unless otherwise noted.
Neomycin B trisulfate x hydrate (VETRANAL), paromomycin sulfate salt (98 %),N-
dimethylformamide (DMF, 99 %)N-hydroxysuccinimide (NHS, 98 %), trifluoroaceticicc
anhydride (99 %), dichloromethane (DCM, 99.5 %@trahydrofurane (THF, 99.9 %),
pyridine (99 %), 4-pentynoic acid (95 %), acetiada®9 %), 4-methoxyophenyl isocyanate
(99 %), phenyl isocyanate (98 %), 4-(dimethylamipbgnyl isocyanate (97 %), propyl
isocyanate (99 %), isopropyl isocyanates (98 %grt-butyl isocyanate (97 %),
2-iminothiolane hydrochloride (98 %), and tolue@8.8 %), sulfuryl chloride (97 %), sodium
azide (95 %), acetonitril (99.8 %), imodazole (99, ¥hethanolic 3N HCI solution, sulfuric
acid (30 % SG@) anddi-cyclohexylcarbodiimde (99 %) were purchased frSigma Aldrich
and used as received. 2,3,56a-fluoro phenol (98 %) was purchased fréxoros Organics
For HPLC purification heptafluorobutyric acid (HFBA(Fluka, puriss. p.a., for ion
chromatography) and aceton8igma-Aldrich HPLC grade) were used. Ultrapure water
(specific resistance > 18.4 ®Mcm) was obtained by Milli-Q water purification $gs
(Sartoriu$’). RNA aptamers (82 — 91 % purity) were purchasethfBioSpring (Frankfurt

am Main, Germany) andiboxx GmbH (Radebeul, Germanyfor the regioselective
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transformation Milli-Q water was treated with digliyrocarbonate (DEPC) and sterilized

using an autoclave (121 °C, 20 min).

4.4.2 General Procedures

4.4.2.1 Synthesis & and Characterization of ReagemtAntibiotic Modifications

Synthesis of Diazo-Transfer Reagent Imidazole-1-sfainyl Azide Hydrochloride (8)**

N=\
|§/N "—Ns jce-cooled suspension of 1.3 g sodium azide (20 lnmd0 mL acetonitril
(0]

0 A volume of 1.6 mL of sulfuryl chloride (20 mmol)as added drop wise to an
—S

XHCI and the mixture was stirred overnight at room temajpee. Then 2.6 g of
imidazole (38 mmol) were added portion-wise to tte-cooled mixture and the resulting
slurry was stirred for additional 3h at room tengpere. The reaction mixture was diluted
with ethyl acetate 40 mL, washed twice with 40 matev and then twice with 40 mL sat. aq.
NaHCG; solution, dried over MgS£and filtered. The filtrate was cooled in an icéebaand
a 10 mL of a 3M HCI methanolic solution were addiedp wise to precipitate the product.
Finally, the filter cake was washed three timeshwiD mL ethyl acetate to obtainh as
colorless hydrochloride salt. Yield: 1.9 g (9.1 nim#5% vyield).'H-NMR (DO, 400 MHz)
8 (p.p.m.) 9.53 (s, 1H, H-2), 8.07 (s, 1H, H-5), 7.6, 1H, H-4).*C-NMR (D;O, 100.6
MHz) & (p.p.m.) 137.6, 122.6, 120.18. HRMS (ElH)/¢) found 174.0078 [M-CI], calc.
174.0080 [M-CIT.

Synthesis of Acetyl Sulfo-Succinimde Ester (%)

Ng;-o\ L 0 Q A volume of 136 pL (2.31 mmol) acetic acid and 59§ (2.56 mmol)
o’/s \[iéN_o sulfo-N-hydroxysuccinimide were dissolved into 6.25 ml DMFo
this solution 600 mg (2.8 mmol) of 1deyclohexykarbodiimide
° (DCC) were added and the solution was stirred #rhaurs. This
solution was cooled to 4 °C and the precipitatedyis filtered. To this filtrate were added
200 ml of a ethyl acetate — hexane (1:1) mixture @uns mixture was stirred for 30 min and
stored at 4 — 8 °C over weekend. The precipitatoilected though filtration and then dried
in a desiccators to obtathas a white solid. Yield: 353 mg (1.36 mmol, 59%)-NMR (D0,

400 MHZ)$ (p.p.m.) 4.53 (d, 1H, J = 7.2, CH-S); 3.43 (dd, I+ 18.8, J = 8.8, GB); 3.24
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(dd, 1H, J = 19.2 Hz, J = 3.2 Hz, &) 2.45 (s, 3H, CECO).*C-NMR (D:0, 100.6 MHz):
5 (p.p.m.) = 170.11, 168.90, 167.40 (3C, CO):; 5628, C-SQ); 29.50 (1C, Ch); 16.85
(1C, CH-CO).

Synthesis of Sodium 4-(acetoxy)-2,3,516tra-fluorobenzenesulfonate (5

F A amount of 10.1 g of 2,3,5,6-tetrafluorophenol .6inmol) were

F Om/ taken up in 22 mL fuming sulphuric acid (30 % sp@nd stirred at

- O(i\\s\\ ¢ © ambient temperature for 18 hours before pouringntiteture into
O F 200 mL iced brine. The product was precipitatedadging 6 g of

NaCl and stirred until no further precipitate wasnied. This mixture was filtered through a
sintered glass disc and the collected solids wakert up in 330 mL boiling acetonitril,
fillered while hot, and allowed to cool slowly tanbient temperature. The colourless
crystalline product was collected by filtration added in vacuum vyielding 5.42 g (20.2
mmol, 33 % yield) of 4-sulfo-tetrafluorophenol soah salt. 270 mg of this salt (1.0 mmol)
and 53.8 pL of acetic acid (0.94 mmol) were dissdlin 30 mL acetone. After 230 mg DCC
(2.1 mmol) were added, the mixture was stirred catnr temperature for 20 hour. The
resulting precipitate was removed by filtration dhd filtrate was concentrated under reduced
pressure. The crude mixture was purified by coluetromatography using a 4:1
acetone/chloroform mixture to yieldl as a white solid: Yield 163 mg (0.53 mmol, 56 %
yield). R (acetone/chloroform 4:1) = 0.584-NMR (D0, 400 MHz)5 (p.p.m.) 2.46 (s, 3H,
CHs-CO). *C-NMR (D0, 50.43 MHz):$ (p.p.m.) = 170.07 (1C, CO); 147.01 (dq), 144.09
(ddd) (2C, 3-C-Ar, 5-C-Ar); 145.03 (dq), 142.10 dq2C, 2-C-Ar, 6-C-Ar), 131.14 (1C, C-
SOy); 127.61 (1C, C-CO-C¥); 22.82 (1C, CHCO).
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4.4.2.2 Reqgioselective Transformation of Antibiagi®ing 1V

4.4.2.2.1 Acylation in C6 Position of Neomycin B

NH, I NH,
HQ, ° | 1.) 1.5 equiv. APG aptl HQ, %
0 NH, : o NH,
HO_ HoN 2.) 15 equiv. ester 4 or 5 Y
2% 00 NH, or 5 equiv. 6 2700 NH,
o o
HO > HO
1l 10 mM sodium phosphate
NH, buffer (pH = 7), RT, 24 h NH,
H O OH H O OH
\V/ O\AO O\LO
NH, NH
OH OH }*R
o}
1 neomycin B 10 R = methyl

14 R = 2-sulfhydryl propyl

Scheme 4.3: Regioselective transformation of amino group in C6 position of ring 1V.

A volume of 300 pL of a 5.54 mM RNA aptamer solati(l.66 pmol) in 10 mM sodium
phosphate buffer (pH 6.8) was heated to 85 °C @omin and was afterwards kept at room
temperature for 15 min. Then, 228 pL of a 4.8 mMutson of neomycin B sulphate
(2.09 pmol) in 10 mM sodium phosphate buffer (pH) Avere added and the mixture was
allowed to stand for 30 min at room temperatureeriflHL5 equiv. of activated ester, acetyl
sulfo-NHS esterdt or STP-esteb (16.4 pmol) in 500 pl of 10 mM sodium phosphatefdauf
(pH 7.4), or 5 equiv. of 2-iminothiolane hydrochtte (16.4 pmol) dissolved in 42 pL of
10 mM sodium phosphate buffer (pH 7.4) were addetithe reaction mixture was allowed
to react for 24 hours at room temperature. Aftatittmh of 60 UL of aq. 7 wt. % ethylamine
solution and further incubation for 30 min at rodemperature, 162 pl (acylation with
activated ester) or 90 pul (thiolation with 2-imihatlane HCI) of 2M NaOH solution were
added, heated to 85 °C for 30 min and cooled tonréemperature. To obtain sufficient
amount of aminoglycoside derivatives, this entirecedure was repeated twice and the three
resulting reaction mixtures were combined beforeheéz0 uL fraction was purified by HPLC
using aWatersSpherisorb ODS-2fg analytic column (water/acetone 1:0.81 containi6@®1
mM HFBA) at a flow rate of 1 ml/min at 40 °C to affl the antibiotic derivatives0 and14.
After evaporation of acetone and freeze drying ofiected fractions the product was
dissolved in 150 pL of gD for NMR studies.
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4.4.2.2.2 Urea Bond Formation in C2 & C6 PositibotNeomycin B

HO .
nel owNHz 1) 1.5 equiv. APG

2.) 15 equiv. isocyanate 7a-

g

Hﬁa&ﬁ
HoN

W

NH, 10 mM sodium phosphate
O OH ~ 0
" Ot'LO buffer (pH = 7), RT, 24 h OELO
NH,
2
Q
o
1 neomycin B R!=NH, 7a R?=0OMe 15a R! = NH,, R? = OMe

2 paromomycin R = OH

1.) 1.5 equiv. APG
2.) 30 equiv.

7b R2=H
7¢ R?=N(Me),

10 mM sodium
phosphate buffer

15b R! = NH,, R = H
15¢ R! = NH,, R = N(Me),
16 R!=OH, R?=0OMe

isocyanate 9a-c (pH = 7),
RT, 24 h

(0]
4 o) 0
H H
RS—N// QIO 9|O NH,

9a RS = propyl
9b R3 =isopropyl
9c RS = tert-butyl

O\HLOO OEZOO OH
NH

OH NH

0 R?

19a R! = NH,, R3 = propyl
19b R! = NH,, R® = isopropy!
19c R! = NH,, R? = tert-butyl

20a R! = NH,, R3 = propyl
20b R! = NH,, R® = isopropy!

Scheme 4.4: Mono- and di-functionalization at ring IV of antibiotics 1 and 2.

A volume of 300 pL of a 5.54 mM RNA aptamer solati(1.66 pmol) in 10 mM sodium

phosphate buffer (pH 6.8) was heated to 85 °C fomin and was afterwards kept at room
temperature for 15 min. Then, 228 pL of a 4.8 ndWitson of the aminoglycoside antibiotic

(2.09 pmol) in 10 mM sodium phosphate buffer (pH) Zvere added and the mixture was
allowed to stand for 30 min at room temperaturetefards, 15 equiv. (16.4 pmol) of
aromatic isocyanatéa-c or 30 equiv. (49.2 umol) of aliphatic isocyana®asc dissolved in

36 uL DMF were added and the reaction mixture wiasvad to react for 24 hours at room
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temperature. After addition of 60 pL of ag. 7 wt. éthylamine solution and further
incubation for 30 min at room temperature, 93 pagf 2 M NaOH solution were added and
the crude mixture was heated to 85 °C for 30 muh @oled to room temperature. To obtain
sufficient amount of aminoglycoside derivativesstprocedure was repeated twice and the
three resulting reaction mixtures were combineaitgetach 50 pL fraction was purified by
HPLC using aWaters Spherisorb ODS-2( analytic column (water/acetone 1.0:0.81
containing 16.9 mM HFBA) at a flow rate of 1 ml/mat 40 °C to afford the antibiotic
derivativesl5a-G 16, 19a-c and 20a-b. After evaporation of acetone and freeze drying th

product was dissolved in 150 pL of@for NMR studies.

4.4.2.2.3 Azide Introduction in C2 and C6 PositidiNeomycinB

NH2 NH2

1l 1.) 1.5 equiv. APG (aptl)
0 2.) 8. equiv. 8 in water (pH = 8) ¢} 0
H I H H
fo NH, 3.) CuSO,, Na,CO, fo NH, Ro NH,

HoN OwNHQ HOTHzN ow"m "o THzN ow’%
o} ; ¢} (o}
; ; HO 10 mM sodium phosphate HO + HO

I buffer (pH = 8), RT, 24 h

OH O OH 0 OH O OH OH O OH
\Vi L0 N=\ | L0 L0
N—S—N3
NH, N N N
OH xtel © OH OH
1 neomycin B 8 17 18

Scheme 4.5: Regioselective transformation of amino group in C2 and C6 position of ring IV.

A volume of 300 pL of a 5.54 mM RNA aptamer solati(1.66 pmol) in 10 mM sodium
phosphate buffer (pH 6.8) was heated to 85 °C fomin and was afterwards kept at room
temperature for 15 min. Then, 228 pL of a 4.8 nVugon of neomycin B sulphate (1.09
pmol) in 10 mM sodium phosphate buffer (pH 7.4) evadded and the mixture was allowed
to stand for 30 min at room temperature. Afterwald® L of an agueous solution of diazo-
transfer reager® (10 mg/mL, adjusted to pH 8 by adding of approx..25aq. 2 M NaOH
solution), were added into the solution of the apgacomplex solution. Finally, a volume of
59 pL of an aqueous solution of sodium carbona@eniy/mL) and 50 pL of an aqueous
solution of copper sulfate (2 mg/mL) were added goredmixture was allowed to react for 24
hours at room temperature. After addition of 60 @flaq. 7 wt. % ethylamine solution and
further incubation for 30 min at room temperatu25 pl of ag. 2 M NaOH solution were
added and the crude mixture was heated to 85 °G0fanin and cooled to room tempertaure.
To obtain sufficient amount of aminoglycoside datives, this entire procedure was repeated

twice and the three resulting reaction mixturesen@mbined before each 50 pL fraction was
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purified by HPLC using aVNaters Spherisorb ODS-2fg analytic column (water/acetone
1.0:0.81 containing 16.9 mM HFBA) at a flow rate bfml/min at 40 °C to afford the
antibiotic derivativesl7 and 18. After evaporation of acetone and freeze dryingalfected
fractions the product was dissolved in 150 pL eg®Dor NMR studies.

4.4.3 Characterization of Synthesized Antibiotiaiatives

6"""-N-acetyl neomycin B x 5 HFBA (10)The title compound was prepared according to the

NH, general procedure described above. Derivédtlye/as obtained as

HOZ o) " a white solid. For the measurement of regioselggtiand the
HO_ H,N OWNHZ characterization of the compourtl-NMR, HSQC as well as
b HO APT spectra were recorded and electro spray idnizdESI) MS

NH, sxHea  was employed. The yield was calculated frdMNMR- and
OEAOO HPLC peak integrals: {R= 7.5 min, 30 % vyield (aptl). TLC

OH N);— (CHCIMeOH/17% NHOH 2:1:1 viviv) R = 0.52.'H-NMR

(DO, 500 MHz)é (p.p.m.) 6.06 p.p.m. (d, J = 4 Hz, 1H, 1-H"),
5.44 (d,J=2Hz, 1H, 1-H""), 5.20 (d, J = 1.5 #iA, 1-H"""), 4.44 (t, J =5.75 Hz, 1H, 3-H"),
4.39 (dd, J =5 Hz, J = 2 Hz, 1H, 2-H""), 4.26J(t 3 Hz, 1H, 3-H"""), 4.24 (m, 1H, 4-H"),
4.09 (t, J = 6.75 Hz, 1H, 5-H"""), 4.07 (m, 1H, 3-H.01 (t, J = 10 Hz, 1H, 5-H"), 3.98 — 3.92
(m, 3H, 5-H’", 5-H, 3-H"), 3.76 (dd, 1H, J =12.5 Hz, J = BlB, 5-H,”"), 3.72- 3.68 (M, 2H,
4-H"", 6-H), 3.60 (dd, J = 14 Hz, J = 7.5 Hz, B4, "), 3.56 (m, 2H, 3-H, 2-H"""), 3.53-
3.41 (m, 4H, 6-H, 2-H", 6-H,"", 4-H"), 3.38 (m, 1H, 1-H), 3.32 (ddl= 14 Hz, J = 6 Hz,
1H, 6-H,), 2.51 (dt, J = 12.5 Hz; J = 3.8 Hz, 1H, 2¢12.04 (s, 3H, Ch), 1.89 (dd, J = 12.7
Hz, 1H, 2-Hy). APT (DO, 125.7 MHz)é (p.p.m.) 174.49 (Carbonyl-C), 110.00 (C-17),
95.51 (C-1"""), 95.49 (C-1"), 84.62 (C-5), 81.664C), 75.39 (C-37), 75.29 (C-4), 73.58 (C-
277), 72.45 (C-57), 72.42 (C-6), 70.35 (C-4"),.B® (C-3), 67.88 (C-57), 67.56 (C-37),
66.10 (C-4"""), 60.00 (C-57"), 53.15 (C-2), 50.4D-2"""), 49.65 (C-1), 48.16 (C-3), 39.85
(C-67), 39.33 (C-6"""), 27.88 (C-2), 21.74 (HMS (El+) (n/z) found 657.33008 [M+H]
679.31226 [M+Nal, calculated 657.33013 [M+H]679.31207 [M+Nal]
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6"""-N-y-sulfhydryl-propionyl neomycin B x 5 HFBA (14). The title compound was

NH, prepared according to the general procedure destcrdbove.
H%&% " Derivative14 was obtained as a white solid. For the measurement
HO_HaN WNW of regioselectivity and the characterization of twenpound*H-
\w HO NMR and HSQC spectra were recorded and electroyspra
NH, 5xHFBA jonization (ESI)-MS was employed. The yield wascuakdted
Po SH from *H-NMR- and HPLC peak integrals;; R 16.3 min, 30 %
OH N;—/_/ yield (aptl).'H-NMR (DO, 500 MHz) (p.p.m.) 6.03 (s, 1H, 1-

H), 5.42 (s, 1H, 1-H™), 5.18 (s, 1H, 1-H"""), 4:4.35 (m, 2H, 3-
H", 2-H""), 4.26-4.12 (m, 2H, 3-H""", 4-H™), 44104 (m, 2H, 4-H, 5-H"""), 4.00 (t, J = 10.3
Hz, 1H, 3-H"), 3.96-3.89 (m, 3H, 5-H, 5-H", &F, 3.77-3.67 (m, 3H, 51, 6-H, 4-H" "),
3.58-3.43 (m, 7H, 3-H, 2-H"", 6:H", 6-H, ", 6-Hy, 4-H", 2-H"), 3.37 (dt, J = 10.5 Hz, J =
4.5 Hz, 1H, 1-H), 3.28 (dd, J = 14 Hz, J = 6 Hz, B-Hy), 2.75 (g, J = 7 Hz, 2H-CHy),
2.50 (dt, J = 12.5 Hz, J = 3.5 Hz, 1H, 2)42.38 (t, J = 7.3 Hz, 2H;-CH;), 2.02-1.87 (m,
3H, B-CH,, 2-Hay). *C-signals based on HSQC AD, 500 MHz)& (p.p.m.) 110.3 (C-17),
95.9 (C-1"""), 95.6 (C-1"), 84.9 (C-5), 81.8 (C)476.1 (C-37), 75.4 (C-4), 74.1 (C-2), 72.8
(C-5""), 72.5 (C-6), 70.8 (C-4"), 69.5 (C-3"), B§C-5"), 67.7 (C-3""), 66.4 (C-4""), 60.5
(C-57), 53.6 (C-2), 51.1 (C-2"""), 49.9 (C-1),.B§C-3), 40.2 (C-67), 39.5 (C-6"""), 374 (
CHy), 34.2 (-CH,), 28.0 (C-2), 24.6-CH,). MS (El+) (n/z) found 717.32732 [M+H]
739.30863 [M+Nal]; calculated 717.33350 [M+F]739.31544 [M+N4]

2””"-N-[(4-methoxyphenyl)amino]carbonyl neomycin B x 5 HFBA (15a). The title

NH, compound was prepared according to the general
|o Hﬂoé 7:o " procedure described above. Derivatidba was
HO_H,N onNHz obtained as a white solid. For the measurement of
NH °J ko regioselectivity and the characterization of the
0% > NH 5 x HFBA compounle-NMR and HSQC spectra were recorded
&jﬂ\m and ESI-MS was employed. The yield was calculated
OH ’ from *H-NMR- and HPLC peak integrals;; R 15.0

min, 44 % vield (aptl). TLC (CH@MeOH/17% NHOH 2:1:1 v/viv) R = 0.45.*H-NMR
(D,0, 500 MHz)$ (p.p.m.) 7.23 (d, J = 9 Hz, 2H, Ar-H3, Ar-H5), 8.0d, J = 9 Hz, 2H,
Ar-H2, Ar-H6), 6.05 (d, J = 3.5 Hz, 1H, 1-H’), 8.4d, J = 1.5 Hz, 1H, 1-H"), 5.11 (s, 1H,
1-H"), 4.43 (t, J = 5.25 Hz, 1H, 3-H""), 4.33 (1, 2-H"), 4.26-4.19 (m, 2H, 5-H" ",
4-H"), 4.12-4.07 (M, 2H, 4-H, 2-H"), 4.04 (m, 18+H""), 4.00 (t, J = 14.5 Hz, 1H, 5-H),
3.95 — 3.88 (m, 3H, 5-f, 5-H, 3-H'), 3.83 (s, 3H, OCH{ 3.76-3.67 (m, 3H, 5-K, 6-H,
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4-H""), 3.55 (dt, J = 3 Hz, J = 9.5 Hz, 1H, 3-18)51-3.41 (m, 3H, 2-H", 4-H’, 6:,
3.38-3.28 (M, 4H, 1-H, 6-H", 6-H,", 6-H,), 2.50 (dt, J = 11.5 Hz; J = 3 Hz, 1H, 2H
1.90 (dd, J = 12.7 Hz, 1H, 248 APT (DO, 125.7 MH2)5 (p.p.m.) 158.47 (Carbonyl-C),
156.10 (Ar-C4), 130.32 (Ar-C1), 125.11 (2C, Ar-CB)C114.93 (2C, Ar-C3,C5), 110.12
(C-17), 98.72 (C-1""), 95.64 (C-1), 84.75 (C-BR.05 (C-4""), 75.82 (C-37), 74.95 (C-4),
74.31 (C-2), 72.79 (C-6), 70.61 (C-4), 70.18KC?, 69.78 (C-3"), 69.41 (C-3"), 68.07
(C-4"""), 67.93 (C-5"), 60.00 (C-5), 55.58 (§H53.36 (C-2°), 51.13 (C-2"""), 49.75 (C-1),
48.42 (C-3), 40.61 (C-6""), 39.95 (C-6"), 27.932C MS (El+) fn/z) found 764.36742
[M+H] ", 786.34508 [M+Na] calculated 764.36724 [M+F{]786.34918 [M+Nd]

2””"-N-(phenylamino)carbonyl neomycin B x 5 HFBA (15b).The title compound was

NH, prepared according to the general procedure destrib

o
"Pio NH, : .
@\ HO HN wNHz the measurement of regioselectivity and the
NH koj HO characterization of the compouﬁHl-NMR and HSQC

o)\NH spectra were recorded and ESI-MS was employed. The
OEAOO OH  5xHFBA )
yield was calculated fromtH-NMR- and HPLC peak

NH,
OH integrals: R = 18.2 min, 51 % vyield (aptl). TLC

(CHCl/MeOH/17% NHOH 2:1:1 viviv) R = 0.48. *H-NMR (DO, 500 MHz)'H-NMR
(D20, 500 MHz)3 (p.p.m.) 7.38 (t, J = 7.75 Hz, 2H, Ar-H3, Ar-H%)30 (d, J = 8.0 Hz, 2H,
Ar-H2, Ar-H6), 7.18 (t, J = 7.25 Hz, 1H, Ar-H4),.08 (d, J = 3.5 Hz, 1H, 1-H"), 5.40 (s, 1H,
1-H"), 5.16 (s, 1H, 1-H "), 4.43 (t, J = 5.25 HA, 3-H""), 4.34 (m, 1H, 2-H"), 4.24 (4,
J=45Hz, 1H, 5-H"), 4.18 (m, 1H, 4-H""), 4.403 (m, 3H, 4-H, 2-H"", 3-H"""), 3.99 (t,
J =10.00 Hz, 1H, 5-H"), 3.95 — 3.85 (m, 3H, 5°H5-H, 3-H"), 3.72-3.67 (m, 3H, 5:H,
6-H, 4-H"""), 3.54 (dt, J = 10Hz, J = 3 Hz, 1H, 3-H3.49-3.39 (m, 3H, 2-H", 4-H", 62,
3.36-3.31 (m, 3H, 1-H,8H""", 6-H,""), 3.27 (dd, J = 14 Hz, J = 7 Hz, 1H, §-H2.49 (dt, J
=12 Hz; J = 4 Hz, 1H, 2-4), 1.90 (dd, J = 12.5 Hz, 1H, 24§t **C-signals based on HSQC
spectrum (RO, 500 MHz)6 (p.p.m.) 129.5 (2C, Ar-C3,C5), 124.7 (Ar-C4), 1212C, Ar-
C2,C6), 110.1 (C-17), 98.6 (C-1"""), 95.3 (C-184.9 (C-5), 81.8 (C-47"), 75.6 (C-37), 74.3
(C-4), 74.1 (C-27"), 72.4 (C-6), 70.8 (C-4"), 7Q&5"""), 70.0 (C-3""), 69.5 (C-3"), 68.2 (C-
477), 68.1 (C-57), 60.2 (C-57), 53.5 (C-27), 5q©-2""), 49.8 (C-1), 48.5 (C-3), 40.7 (C-
6°"), 40.2 (C-6"), 27.9 (C-2); signals of quateynearbons (CO, Ar-C1) are missing due to
the fact that they are not detectable by HSQC spemipy. MS (El+)1f/z) found 734.35551
[M+H]", 756.33745 [M+Nal calculated 734.35668 [M+H]756.33862 [M+Nal].

above. Derivativel5b was obtained as a white solid. For
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27"-N-[4-(N,N-dimethylamino)phenyl]carbonyl neomycin B x 6 HFBA (15c).The title
NH, compound was prepared according to the general
o procedure described above. Derivatit®c was

/i‘\©\ H,?g N ; fNHZZNHz obt(.alined als 'a white solid. For the r.neaTsurement of
NH °J g regioselectivity and the characterization of the
O)\NSH TL ehren compound *H-NMR and HSQC spectra were

éfloA recorded and ESI-MS was employed. The yield was

OH e calculated fromtH-NMR- and HPLC peak integrals:
R; = 16.9 min, 48 % vyield (aptl). TLC (CHZMeOH/17% NHOH 2:1:1 v/viv) R = 0.53.
'H-NMR (D0, 500 MHz)*H-NMR (D,0, 500 MHz)3 (p.p.m.) 7.50 (m, 4H, Ar-H2, Ar-H3,
Ar-H5, Ar-H6), 6.01 (d, J = 3.5 Hz, 1H, 1-H"), 8.%d, J = 2 Hz, 1H, 1-H"), 5.12 (d, J = 1.5
Hz, 1H, 1-H"""), 4.44 (t, J = 5.0 Hz, 1H, 3-H")38 (m, 1H, 2-H™"), 4.25 (t, J = 4.25 Hz, 1H,
5-H""), 4.14 (m, 1H, 4-H""), 4.11-4.08 (m, 3H, 4-H4H""", 3-H"""), 3.99 (m, 1H, 5-H"), 3.92
— 3.87 (m, 3H, 5-H", 5-H, 3-H"), 3.77 (s,br, 1H, 4-H""), 3.73-3.68), 2H, 5-H ", 6-H),
3.53 (td, J = 11.5 Hz, J = 3.5 Hz, 1H, 3-H), 3.4823(m, 3H, 2-H", 6-H, 4-H"), 3.41-3.31
(m, 3H, 6-H"", 6-H,"", 1-H), 3.27 (dd, J = 13.5 Hz, J = 6.5 Hz, 1H, I 3.24 (s, 6H,
N(CHs),), 2.48 (dt, J = 12.5 Hz; J = 2.5 Hz, 1H, 291.90 (dd, J = 12.5 Hz, 1H, 2.4t *°C-
signals based on HSQC spectrum@D500 MHz)é (p.p.m.) 121.1, 121.2 (4C, Ar-C2,Ar-C3,
Ar-C5,Ar-C6), 110.1 (C-17"), 98.3 (C-1"""), 95.4-(C), 84.7 (C-5), 81.3 (C-47"), 75.4 (C-37),
75.1 (C-4), 74.0 (C-27"), 72.3 (C-6), 70.4 (C-40.2 (C-57"), 69.7 (C-37"), 69.2 (C-3"), 68.0
(C-477),67.8(C-57),59.9 (C-57), 53.3 (C-2'D.6 (C-2""), 49.6 (C-1), 48.2 (C-3), 46.2 (2C,
N(CHz3),), 40.4 (C-6""), 39.9 (C-6"), 27.7 (C-2); signalsquaternary carbons (CO, Ar-C1,
Ar-C4) are missing due to the fact that they are detectable by HSQC spectroscopy. MS
(EI+) (m/z) found 777.39821 [M+H] 799.37998 [M+Na], calculated 777.39887 [M+H]
799.38082 [M+Nal].

27"-N-[(4-methoxyphenyl)amino]carbonyl paromomycin x 4 HFBA (16). The title

OH compound was prepared according to the general
| HoZ o " procedure described above. Derivativlss was
o\©\ HO %’jo \wij% obtained as a white solid. For the measurement of

NH °J ud regioselectivity and the characterization of the
oél\NH \w compoundH-NMR and HSQC spectra were recorded

oH O OH 4x HFBA .
@f& and ESI-MS was employed. The yield was calculated
NH»

O from 'H-NMR- and HPLC peak integrals:;R 7.4
min, 49 % vield (aptl) TLC (CH@MeOH/17% NHOH 2:1:1 v/v/iv) R= 0.65.'H-NMR
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(D20, 600 MHz)s (p.p.m.) 7.24 (d, J = 9 Hz, 2H, Ar-H2), 7.01 (d=® Hz, 2H, Ar-H3),
5.81 (d, J = 3.5 Hz, 1H, 1-H"), 5.37 (d, J = 1.5 #, 1-H""), 5.12 (s, 1H, 1-H""), 4.46 (t,
J=5.5 Hz, 1H, 3-H"), 4.33 (m, 1H, 2-H"), 4.23J = 5.5 Hz, 1H, 5-H"""), 4.18 (m, 1H,
4-H"), 4.09-4.01 (m, 3H, 4-H, 2-H""", 3-H"""), 38.85 (m, 4H, 5-H", 6-H,, 3-H", 5-H),
3.83 (s, 3H, OCH), 3.80-3.68 (m, 4H, 5-H", 54, 6-H,", 4-H"""), 3.71 (t, J = 9.5 Hz, 1H, 6-
H), 3.56 (t, J = 9.75 Hz, 1H, 3-H), 3.51 (t, J ¥¥Hz, 1H, 4-H"), 3.44 (dd, J=11.0Hz,J=
4.0 Hz, m, 1H, 2-H"), 3.38-3.30 (m, 3H, G-H, 6b-H,""", 1-H), 2.50 (dt, J = 13.0 Hz; J =
4.0 Hz, 1H, 2-H,), 1.86 (dd, J = 12.0 Hz, 1H, 2.l 3C-signals based on HSQC AD, 600
MHz) & (p.p.m.) 125.3 (2C, Ar-C2, C6), 114.9 (2C, Ar-@3), 110.1 (C-17), 98.7 (C-17),
96.2 (C-1"), 84.5 (C-5), 81.9 (C-47), 77.4 (C-45.7 (C-37), 74.2 (C-27"), 74.1 (C-5"), 72.4
(C-6), 70.5 (C-57"), 70.0 (C-37"), 69.4 (C-4'p.6 (C-3"), 68.3 (C-47"), 60.4, 60.3 (2C, C-
57, C-67), 55.8 (Ch), 53.9 (C-2), 51.1 (C-2"""), 49.8 (C-1), 49.1 B%-40.8 (C-6"""), 28.2
(C-2); signals of quaternary carbons (CO, Ar-C1,0G¥) are missing due to the fact that they
are not detectable by HSQC spectroscopy. MS (Fi/r) found 765.35071 [M+H]
787.33215 [M+Nad]; calculated 765.35126 [M+H]787.33320 [M+Na].

6" "-azido neomycin B x 5 HFBA (17)The title compound was prepared according to the
NH, general procedure described above. Derivdtikreas obtained as

Hﬁ/&% a white solid. For the measurement of regioselggtiand the
O NH
: characterization of the compourtti-NMR and HSQC spectra

HO_ H-N %

\@)OHO v were recorded and electros pray ionization (ESI)-M@&s
NH, employed. The vyield was calculated frdid-NMR- and HPLC

Oyoo peak integrals: R= 13.0 min, 46 % yield (apt1jH-NMR (D,O,
o 500 MHz)$ (p.p.m.) 6.00 (d, J = 3.5 Hz, 1H, 1-H"), 5.43X#,
1-H"), 5.26 (s, 1H, 1-H"""), 4.49 (dd, J = 7 Hz 5 Hz, 1H , 3-H""), 4.44 (d, J = 4.5 Hz, 1H,
2-H™"), 4.26-4.20 (m, 3H, 3-H"", 4-H", 5-H""),08 (t, J = 9.5 Hz, 1H, 4-H), 4.01-3.92 (m,
4H, 3-H’, 5-H", 5-H, 5-H"), 3.78-3.66 (m, 4H, 5:H, 6-H, ", 4-H""", 6-H), 3.52-3.36 (m,
2H, 2-H"", 3-H), 3.51-3.43 (m, 4H, 4-H", 6;H6-H,"", 2-H"), 3.37 (dt, J =11.8 Hz, J =45
Hz, 1H, 1-H), 3.30 (dd, J = 14 Hz, J = 6.5 Hz, &+ly), 2.50 (dt, J = 12.5 Hz, J = 4.3 Hz,
1H, 2-Hy), 1.90 (dd, J = 12.5 Hz, 1H, 24} *C-signals based on HSQC AD, 500 MHz)&
(p.p.m.) 110.2 (C-1"), 95.6 (C-1"), 95.2 (C-1"'8%.6 (C-5), 81.4 (C-47"), 75.3 (C-4), 75.1
(C-37), 73.7 (C-5"), 73.4 (C-2""), 72.5 (C-6).5 (C-4"), 69.3 (C-3"), 67.9 (C-5), 67.7 (C-
37), 66.5 (C-4"""), 60.2 (C-57), 53.4 (C-2),.9qC-6"""), 50.8 (C-2"""), 49.6 (C-1), 48.2 (C-
3), 39.9 (C-6"), 27.9 (C-2). MS (El+)n(z) found 641.30845 [M+H] 663.28839 [M+Na]}
calculated 641.31006 [M+F]663.29200 [M+Nal]
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377,6"""di-azido neomycin B x 4 HFBA (18)The title compound was prepared according to

NH, the general procedure described above. Derivafise was
Hﬁ&% obtained as a white solid. For the measuremereggbselectivity
NH
HO HaN & f\le and the characterization of the compouthNMR and HSQC
N o spectra were recorded and electro spray ionizg&&@i)-MS was
Ng employed. The vyield was calculated frdi-NMR- and HPLC
OH O OH  4xHFBA
M\N peak integrals: R= 8.9 min, 16 % vield (apt1fH-NMR (DO,
3
OH 500 MHz)6 (p.p.m.) 6.04 (d, J = 3 Hz, 1H, 1-H"), 5.47 (s,, 1IH

H),5.17 (d,J=1Hz,1H, 1-H"), 4.49 (dds 5.5 Hz, J =4 Hz, 1H, 3-H""), 4.45 (dd, J =4
Hz, J = 2 Hz, 1H, 2-H""), 4.28 (dt, J = 5.3 Hz, 2 Hz, 1H, 4-H""), 4.16-4.13 (m, 2H, 3-H""",
5-H"), 4.08 (t, J = 8.3 Hz, 1H, 4-H), 4.03-3.9%,(4H, 5-H", 3-H", 5-H", 5-H), 3.90 (m,
1H, 2-H"”"), 3.78 (dd, J = 10.5 Hz, J = 4.5 Hz, Bk, "), 3.72-3.67 (m, 2H, 6-H", 6-H),
3.62 (m, 1H, 4-H"""), 3.56 (dt, J = 9.3 Hz, J = Bi5, 1H, 3-H), 3.53-3.44 (m, 4H, 6;H 6-
Hy ", 2-H, 4-H"), 3.39 (dt, J = 9.5 Hz, J = 3.5 HH, 1-H), 3.32 (dd, J = 11.5 Hz, J = 5 Hz,
1H, 6-H,"), 2.52 (dt, J = 10.5 Hz, J = 3.5 Hz, 1H, 29H1.92 (dd, J = 10.5 Hz, 1H, 2§
3c-signals based on HSQC AD, 500 MHz)5 (p.p.m.) 110.2 (C-17), 98.1 (C-1"""), 95.7 (C-
17), 84.6 (C-5), 81.5 (C-4"7"), 75.3 (C-4), 74.7 3C}, 74.3 (C-5""), 73.2 (C-27"), 72.4 (C-6),
70.3 (C-4), 69.2 (C-377"), 69.0 (C-3"), 67.8 (O;%7.2 (C-4""), 60.3 (C-57), 59.6 (C-2"),
53.2 (C-27), 50.8 (C-6"""), 49.8 (C-1), 48.2 (C-3n.8 (C-6"), 28.1 (C-2). MS (El+(/z)
found 667.29664 [M+H] 689.27895 [M+Na] calculated 667.30056 [M+H] 689.28250
[M+Na]".

2”7"-N-(propylamino)carbonyl neomycin B x 5 HFBA (19a).The title compound was
NH, prepared according to the general procedure destrib
o ﬁ . above. Derivativel9a was obtained as a white solid.
HO_ HA wi\mz For the measurement of regioselectivity and the
o = HO characterization of the compoqu-NMR and HSQC
\/\H)J\NH \HH spectra were recorded and electros pray ionization

OH O 5 x HFBA

(ESI)-MS was employed. The yield was calculated
OH from 'H-NMR- and HPLC peak integrals;; R 11.6
min, 21 % yield (apt1)*H-NMR (DO, 500 MHz)8 (p.p.m.) 6.03 (d, J =4 Hz, 1H, 1-H"), 5.40
(s, 1H, 1-H"), 5.07 (s, 1H, 1-H"""), 4.40 (t, b5 Hz, 1H, 3-H""), 4.32 (dd, J =4 Hz, J =2
Hz, 1H, 2-H"), 4.22 (t, J = 4.3 Hz, 1H, 5-H"""),18 (dt, J = 6.8 Hz, J = 3 Hz, 1H, 4-H"),
4.08 (t, J = 9.8 Hz, 1H, 4-H), 4.01-3.97 (m, 3H;15-3-H""", 2-H"""), 3.95-3.88 (m, 3H, 3-H’,
5-H, 5-H,"), 3.74-3.67 (m, 3H, 4-H""", 54, 6-H), 3.54 (dt, J = 11 Hz, J = 3.5 Hz, 1H, 3-H)

NH,
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3.49-3.41 (m, 3H, 4-H", 6-H 2-H"), 3.39-3.22 (m, 3H, 6-H", 6-H,”"", 1-H), 3.29 (dd, J =
13.5 Hz, J = 6.5 Hz, 1H, 6+, 3.04 (g, J = 6.6 Hz, 2H-CH,), 2.49 (dt, J = 12.5 Hz, J = 3.8
Hz, 1H, 2-H), 1.89 (dd, J = 12.5 Hz, 1H, 2} 1.45 (g, J = 7.2 Hz, 2H5-CH,), 0.85 (t, J =
7.3 Hz, 3H, CH). **C-signals based on HSQC AD, 500 MHz)5 (p.p.m.) 110.0 (C-1""), 98.8
(C-177), 95.4 (C-1"), 84.8 (C-5), 81.7 (C-47"),.88C-37"), 75.1 (C-4), 74.1 (C-27), 72.5 (C-
6), 70.5 (C-4"), 70.3 (C-57"), 70.0 (C-37""), 69@-3"), 68.1 (C-4"), 68.0 (C-57), 60.1
(C-57), 53.4 (C-27), 50.9 (C-2""), 49.6 (C-1),.38C-3), 41.6 ¢-CH,), 40.5 (C-6"""), 39.9
(C-67), 27.9 (C-2), 22.43¢CH,), 10.3 (CH); signal of quaternary carbon (CO) is missing due
to the fact that it is not detectable by HSQC spscopy. MS (El+)rf/z) found 700.36911
[M+H] ", 722.34964 [M+Nal, calculated 700.37233 [M+H]722.35427 [M+Nad]

2"”"-N-(isopropylamino)carbonyl neomycin B x 5 HFBA (19b).The title compound was
NH, prepared according to the general procedure destcrib
HoS o) " above. Derivativel9b was obtained as a white solid. For
the measurement of regioselectivity and the

HO(HN o NH,
o koj HO characterization of the compourft-NMR and HSQC
)\NJ\NH spectra were recorded and electro spray ioniz&E&)-

H oH O OH 5 xHFBA
’bfﬁ\ MS was employed. The yield was calculated frih

NH;
OH ’ NMR- and HPLC peak integrals:;R 12.1 min, 32 %

yield (apt1)."H-NMR (D00, 500 MHz)$ (p.p.m.) 6.03 (d, J = 3.5 Hz, 1H, 1-H"), 5.401(l,
1-H"), 5.06 (s, 1H, 1-H"""), 4.41 (t, J = 5.3 HH 3-H""), 4.33 (dd, J = 5 Hz, J = 2.5 Hz, 1H,
2-H"), 4.22 (t, J =5.3 Hz, 1H, 5-H""), 4.15Jt= 5 Hz, 1H, 4-H""), 4.09 (t, J = 9.8 Hz, 1H,
4-H), 4.02-3.98 (m, 3H, 5-H", 3-H""", 2-H"""), 33589 (m, 3H, 3-H", 5-H, 5-}), 3.75-3.66
(m, 4H, 4-H""", 6-H, 5-i§ ", CH(CHj),), 3.55 (dt, J = 11.3 Hz, J = 4 Hz, 1H, 3-H), 3302
(m, 3H, 4-H’, 6-H, 2-H"), 3.37-3.33 (m, 3H, 6-H", 6-H,""", 1-H), 3.29 (dd, J = 13.5 Hz, J
= 6 Hz, 1H, 6-H'), 2.50 (dt, J = 12 Hz, J = 3.5 Hz, 1H, 2¢511.90 (dd, J = 12 Hz, 1H, 2-
Hay), 1.09 (d, J = 6.5 Hz, 6H, GH *C-signals based on HSQC AD, 500 MHz)$ (p.p.m.)
110.0 (C-17), 98.72 (C-1""), 95.4 (C-1), 84.9%); 81.8 (C-47"), 75.7 (C-37"), 75.1 (C-4),
74.2 (C-27), 72.4 (C-6), 70.6 (C-4"), 70.3 (C-5'70.0 (C-377), 69.4 (C-3"), 68.1 (C-4"""),
68.0 (C-57), 60.1 (C-57), 53.4 (C-2"), 50.9 (C-249.7 (C-1), 48.4 (C-3), 42.ZH(CHy),),
40.6 (C-6"7"), 40.0 (C-6"), 27.9 (C-2), 22.0 (2GH(CH3),); signal of quaternary carbon (CO)
is missing due to the fact that it is not deteaatny HSQC spectroscopy. MS (El+h/g)
found 700.36917 [M+H] 722.34977 [M+Na} calculated 700.37233 [M+H] 722.35427
[M+Na]".
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2"7"-N-(tert-butylamino)carbonyl neomycin B x 5 HFBA (19c).The title compound was
NH, prepared according to the general procedure destrib
H%oé < " above. Derivativel9c was obtained as a white solid. For
HO_ H,N oWNHz the measurement of regioselectivity and the
o \Q HO characterization of the compourti-NMR and HSQC
><H)J\N(H3H A S spectra were recorded and electro spray ionizdE&1)-
w MS was employed. The vyield was calculated frih
OH s NMR- and HPLC peak integrals:iR 13.2 min, 38 %
yield (apt1).*H-NMR (D20, 500 MHz)8 (p.p.m.) 5.98 (d, J = 4 Hz, 1H, 1-H"), 5.38 (s, 1H
H"), 4.91 (d, J = 2.5 Hz, 1H, 1-H"""), 4.35 (m, 2HH"", 3-H""), 4.22-4.16 (m, 2H, 4-H"", 5-
H"), 4.03 (t, J = 9.8 Hz, 1H, 4-H), 3.97-3.92 (8H, 5-H", 2-H""", 3-H"""), 3.92-3.87 (m,
3H, 3-H’, 5-H, 5-H"), 3.70-3.56 (m, 3H, 6-H, 54, 4-H"""), 3.53 (dt, J = 11.3 Hz, J = 4 Hz,
1H, 3-H), 3.47-3.37 (m, 3H, 4-H", 62H 2-H"), 3.35-3.30 (m, 3H, 6-H", 6-H,"", 1-H), 3.26
(dd, J = 15 Hz, J = 5.5 Hz, 1H, &) 2.48 (dt, J = 12.5 Hz, J = 3 Hz, 1H, 24411.88 (dd, J
= 11.5 Hz, 1H, 2-H), 1.16 (s, 9H, Ch). “*C-signals based on HSQC AD, 500 MHz)&
(p.p.m.) 110.9 (C-17"), 97.91 (C-1"""), 95.7 (C;185.0 (C-5), 81.4 (C-47"), 74.3 (C-37), 74.0
(C-4), 73.7 (2C,C-2"",C-5""), 72.4 (C-6), 70@&4"), 70.4 (C-377"), 69.4 (C-3"), 68.1 (C-5),
68.7 (C-4"""), 60.8 (C-57), 53.4 (C-2"), 51.4 (C-®, 49.7 (C-1), 48.4 (C-3), 40.4 (C-67), 40.0
(C-6"7), 27.9 (C-2), 24.3 (3C, GM signals of quaternary carbons (CC{CHz)3) are missing
due to the fact that they are not detectable by ESQectroscopy. MS (El+)1(/z) found
714.38522 [M+H], 736.36821 [M+Na] calculated 714.38798 [M+H] 736.36992
[M+Na]".

277,6"""-bisN-(propylamino)carbonyl neomycin B x 4 HFBA (20a).The title compound

NH, was prepared according to the general procedure
Ho ﬁ described above. Derivative0a was obtained as a
O
HOw Hopl " \white solid. For the measurement of regioselegtivit

T 2 OWNHZ
o SN and the characterization of the compodrhﬂNMR
NH

\/\NJ\ and HSQC spectra were recorded and electro spray
H OH O OH 4xHFBA | . | .
L0 ionization (ESI)-MS was employed. The yield was
NH
OH NH calculated from'H-NMR- and HPLC peak integrals:

° \_\ R = 9.6 min, 31 % vield (apt1}H-NMR (D.O, 500
MHz) & (p.p.m.) 6.05 (d, J = 4 Hz, 1H, 1-H"), 5.39 (s, IH""), 4.98 (s, 1H, 1-H "), 4.37-
4.32 (M, 2H, 3-H”, 2-H"), 4.16 (dt, J = 5.5 Hz= 2.5 Hz, 1H, 4-H""), 4.09 (t, J = 9.8 Hz,
1H, 4-H), 4.02-3.98 (m, 3H, 3-H""", 5-H", 5-H"3,96-3.89 (m, 4H, 2-H""", 5-H, 3-H’, 5-
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Ha"), 3.73-3.68 (M, 2H, 5-61, 6-H), 3.65 (m, 1H, 4-H"""), 3.56 (dt, J = 1H3, 3.5 Hz, 1H,
3-H), 3.50 (t, J = 9.5 Hz, 1H, 4-H"), 3.48-3.35 (&M, 6-H,, 2-H", 6-H, ", 6-H," ", 1-H),
3.31(dd, J =14 Hz, J = 6.5 Hz, 1H, §-53.06 (2xq, J = 6.5 Hz, 4H;CH,), 2.50 (dt, J = 12
Hz, J = 3.8 Hz, 1H, 2-§)), 1.90 (dd, J = 12.5 Hz, 1H, 24} 1.47 (2xq, J = 7 Hz, 4H-CHy),
0.87 (2xt, J = 7.5 Hz, 6H, Gj{**C-signals based on HSQCAD, 500 MHz)5 (p.p.m.) 110.2
(C-17),99.3 (C-17"), 95.8 (C-17), 85.0 (C-5),.82C-4""), 76.1 (C-3""), 75.4 (C-4), 74.4 (C-
27), 73.6 (C-57), 72.7 (C-6), 70.7 (C-4"), 743-3"""), 69.5 (C-3"), 68.2 (C-5"), 67.1 (C-
47"), 60.5 (C-5), 53.7 (C-2°), 51.4 (C-2"""),.BQC-1), 48.6 (C-3), 41.9 (2@;CH,), 40.2
(C-67), 40.0 (C-6""), 28.0 (C-2), 22.6 (2B5CH,), 10.6 (2C, CH); signals of quaternary
carbons (2x CO) are missing due to the fact thaty thre not detectable by HSQC
spectroscopy. MS (El+)n{/z) found 785.42184 [M+H] 807.40231 [M+Na] calculated
807.40703 [M+H], 679.31207 [M+Nd]

277 ,6"7"-bisN-(isopropylamino)carbonyl neomycin B x 4 HFBA (20b). The title
NH, compound was prepared according to the general

Hﬁ&% procedure described above. Derivat@> was obtained
o NH,

HO_HN & N, 352 white solid. For the measurement of regioseic
0 koj HO and the characterization of the compodsdNMR and
NH

HSQC spectra were recorded and electro spray itoiza
O\HAOO o axureA (ESI)-MS was employed. The yield was calculateanfro
OH Ng_NH 'H-NMR- and HPLC peak integrals; R 9.8 min, 17 %
° )* yield (aptl).*H-NMR (D,O, 500 MHz)5 (p.p.m.) 6.04
(d, =3 Hz, 1H, 1-H"), 5.39 (s, 1H, 1-H"), 4@81H, 1-H"""), 4.35 (t, J = 5 Hz, 1H, 3-H"),
4.33 (dd, J =4.5Hz,J =25Hz, 1H, 2-H"), 4d6 J = 5.5 Hz, J = 3 Hz, 1H, 4-H""), 4.08 (t,
J = 9.5 Hz, 1H, 4-H), 4.01-3.97 (m, 3H, 3-H""", 5:8-H"""), 3.95-3.89 (m, 4H, 2-H""", 3-H’,
5-H, 5-H,), 3.73-3.67 (m, 4H, B(CH3),, 5-H,”", 6-H), 3.64 (m, 1H, 4-H"""), 3.55 (dt, J =
11.5 Hz, J = 4 Hz, 1H, 3-H), 3.49 (t, J = 9.5 HH, B-H"), 3.47-3.43 (m, 2H, 6-H 2-H"),
3.40-3.34 (m, 3H, 6-K"", 6-H,"", 1-H), 3.30 (dd, J = 13.5 Hz, J = 6.5 Hz, 1K), 2.50
(dt, J = 12.5 Hz, J = 3.5 Hz, 1H, 244 1.90 (dd, J = 12.5 Hz, 1H, 2:8} 1.11 (2xd, J = 6.5
Hz, 12H, CH(®5),). **C-signals based on HSQC AD, 500 MHz)§ (p.p.m.) 109.9 (C-17),
98.8 (C-17"), 95.4 (C-1"), 84.6 (C-5), 81.8 (C¥475.7 (C-37), 75.0 (C-4), 74.0 (C-27"), 73.1
(C-57), 72.2 (C-6), 70.4 (C-4"), 69.9 (C-37"R.8 (C-3), 67.8 (C-5), 66.7 (C-4"7"), 60.1
(C-57), 53.3 (C-27), 51.0 (C-2"""), 49.6 (C-1),.28C-3), 42.0 (2CCH(CHzs),), 39.8 (C-6"),
39.5 (C-6"7), 27.9 (C-2), 21.9 (4C, CH({G),); signals of quaternary carbons (2x CO) are
missing due to the fact that they are not deteetbBplHSQC spectroscopy. MS (El+)/g)
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found 785.42180 [M+H] 807.40221 [M+Nal} calculated 807.40703 [M+H] 679.31207
[M+Na]".

4.4.4 NMR-Spectra of Neomycin B & Synthesized Artilc Derivatives

62 60 58 56 54 44 42 40 38 36 34 32 30 28 26 24 22 20
f1 (ppm)

Figure 4.10a: "H-NMR (500 MHz, D,0) spectrum of neomycin B x 6 HFBA 1.
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Figure 4.10b: HSQC (500 MHz, D,0) spectrum of neomycin B x 6 HFBA 1
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Figure 4.11a: "H-NMR (500 MHz, D,0) spectrum of 6" -N-acetyl neomycin B x 5 HFBA 10.
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Figure 4.11b: HSQC (500 MHz, D,0) spectrum of 6"""-N-acetyl neomycin B x 5 HFBA 10.
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Figure 4.12a: 'H-NMR (500 MHz, D,0) spectrum of 6 " "-N-y-sulfhydryl-propionyl neomycin B x 5
HFBA 14 using 30 (red), 15 (blue) and 5 (black) equiv. Traut’s reagent 6 for the transformation of

neomycin B.
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Figure 4.12b: HSQC (500 MHz, D,0) spectrum of 6""-N-y-sulfhydryl-propionyl neomycin B x 5 HFBA
14.
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Figure 4.13a: 'H-NMR (500 MHz, D,O) spectrum of 2 °"-N-[(4-methoxyphenyl)amino]carbonyl
neomycin B x 5 HFBA 15a.
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Figure 4.13b: HSQC (500 MHz, D,0) spectrum of 2°"-N-[(4-methoxyphenyl)amino]carbonyl
neomycin B x 5 HFBA 15a.
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Figure 4.14b: HSQC (600 MHz,

paromomycin x 4 HFBA 16.
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Figure 4.15a; "H-NMR (500 MHz, D,0) spectrum of 6""-azido neomycin B x 5 HFBA 17.
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Figure 4.15b: HSQC (500 MHz, D,0) spectrum of 6""-azido neomycin B x 5 HFBA 17.
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Figure 4.16a: HSQC (500 MHz, D,0) spectrum of 2", 6”""-di-azido neomycin B x 5 HFBA 18.
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Figure 4.16b: "H-NMR (500 MHz, D,0) spectrum of 2°"", 6"""-di-azido neomycin B x 5 HFBA 18.
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Figure 4.17a: 'H-NMR (500 MHz, D,0) spectrum of 2"""-N-(propylamino)carbonyl neomycin B x 5

HFBA 19a.
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Figure 4.17b: HSQC (500 MHz, D,O) spectrum of 2°7"-N-(propylamino)carbonyl neomycin B x 5
HFBA 19a.
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Figure 4.18a: 'H-NMR (500 MHz, D,0) spectrum of 6, 2" bis-N-(propylamino)carbonyl
neomycin B x 5 HFBA 20a.
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Figure 4.18h: HSQC (500 MHz, D,O) spectrum of 67, 2" bis-N-(propylamino)carbonyl
neomycin B x 5 HFBA 20a.
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4.4.5 High Resolution Mass Spectrometric Analysis
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Figure 4.19: ESI-MS spectrum after transformation of neomycin B with 8 equiv. diazo-transfer

reagent 8 in absence of APG (v-vi = number of introduced azide groups).
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Figure 4.20: ESI-MS spectrum after transformation of neomycin B with 30 equiv. propyl isocyanate 9a

in absence of APG (v-vi = number of introduced urea groups).
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Figure 4.21: ESI-MS spectrum after transformation of neomycin B with 30 equiv. isopropyl isocyanate

9b in absence of APG (v-vi = number of introduced urea groups).
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Figure 4.22: ESI-MS spectrum after transformation of neomycin B with 30 equiv. isopropyl isocyanate

9c in absence of APG (v-vi = number of introduced urea groups).
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4.4.6 High Performance Liquid Chromatography Anialys

n
o
el

—L NeoB

mV (1,000)
=
(6)]

=
o

(&)
@
3 /

o
o

0.0 1/

75 100 125 150 175 200 225 250

Figure 4.23: HPLC elugram after transformation of neomycin B (NeoB) with 30 (1), 15 (2) and 5 (3)

equiv. 2-iminothiolane hydrochloride 6 in presence of APG aptl (i-ii = number of acylated amino
groups).
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Figure 4.24: HPLC elugram after transformation of neomycin B (NeoB) with 15 equiv. p-methoxy

phenyl isocyanate 7a in presence of APG apt2 (i = one urea group was introduced).
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Figure 4.25: HPLC elugram after transformation of paromomycin with 15 equiv. p-methoxy phenyl

isocyanate 7a in presence of APG aptl (i = one urea group was introduced).
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Figure 4.26: HPLC elugram after transformation of neomycin B (NeoB) using 8 equiv. of diazo-
transfer reagent 8 in presence of APG aptl (i-ii = number of introduced azide groups).
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Figure 4.27: HPLC elugram after transformation of neomycin B (NeoB) with 30 equiv. propyl
isocyanate 9a in presence of APG aptl (i-ii = number of introduced urea groups).
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Chapter 5

h}

Regioselective One-Step Diazo-Transfer Reaction

in C3 Position of Neamine Antibiotics

(Based on this chapter a European patent application has been filed: A. Bastian, A. Herrmann 2012)

Since the mechanism of bacterial resistance against neamine antibiotics is well
understood, modification of aminoglycosides is becoming a promising tool to overcome
antibacterial resistance. However, regioselective derivatization of aminoglycoside
antibiotics requires extensive total synthetic pathways or enzymatic approaches.
Therefore, several methods were recently established allowing specific site modification
of aminoglycosides. However, derivatization of the C3 position of the
2-desoxystreptamine ring in neamine antibiotics is restricted to enzymatic
transfor mations. Here, we demonstr ate a regioselective azide introduction in C3 position
of diverse neamine antibiotics in a single step in aqueous buffer solution. In this study
we show that the high regioselectivity is driven by the difference of pK, value of the
amino groups within the aminoglycoside.
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5.1 Introduction

Aminoglycosides represent one of the largest ctasdeantibacterials with activity against
Gram negative and Gram positive bacteria. Thegbiaits exert their antibacterial activity
by binding to the decoding site (A-site) in prokatiy 16S ribosomal RNA2 However,
increased bacterial resistance against aminoglyeasitibioticd® forced activities to modify
these scaffolds to obtain new active compounBspecially the neaminmoiety 1 of these
antibiotics shown in Figure 5.1 attracted majoemtibn, since the bacterial resistance is
mainly based on the enzymatic modifications at fimgd Il. The introduction of negatively
charged phosphate groups at ring 1l by 3"-phosphégrase (APH-3") and erasing of positive
charges at ring Il and | by acetyltranferases (AC@sduces their biological activifyThus,
chemical derivatization of the hydroxy group at @& position of ring Il and transformations
at the amino group in the C1 position of ring | eerarried out to overcome bacterial
resistanc@'® For example, the acylation of the amino group it @osition of the
2-deoxystreptamine ring (2-DOS, ring 1) enabled the facitkevelopment of the
semi-synthetic antibiotic amikaci# (Fig. 5.1). However, due to the presence of mutipl
hydroxy- and amino groups with similar reactivityost regioselective modifications of
aminoglycoside antibiotics require multi-step sysis?***Therefore, several methods were
established enabling facile regioselective intrdiuc of functionalities in structurally
complex molecules. These methods are based onawateat protective group stratedie®

or enzymatic approaché%!’ Moreover, derivatization of the C3 position of BB ring is
still a challenge and was successfully realizedy daf neaminel by extensive synthetic
routes resulting in low overall yiefd:*® In this study, we describe a one-step modificatibn
the same position within structurally more comp&exrinoglycoside antibiotics without the
use of enzymes, covalent or non-covalent proteg@reeips. This synthetic shortcut is based
on regioselective azide introduction in C3 positairring | of neamine antibiotic3-6 (Fig.
5.1) in a single step employing a diazo-transfageat. This cost-efficient and highly scalable
method does not require any protection or depriotectteps and is performed in aqueous

solution.
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Figure 5.1: Chemical structure of neamine 1 and aminoglycoside antibiotics 2-6. The red structural unit

corresponds to 2-desoxystreptamine ring (2-DOS).

5.2 Result & Discussion

5.2.1 Identification of Reaction Conditions for Regpelective Azide

Introduction

To enable the regioselective azide introductiom@&amine antibiotics, imidazole-1-sulfonyl
azide7 was appliedas a diazo-transfer reagent (Scheme 5.1). Theddianor’7 has been
recently introduced as a shelf-stable, non-expéosivd water soluble reagéfitMoreover, it
has proven to be a straightforward tool to conwex¢ amines into azides via an aqueous
diazo-tranfer reaction (Scheme 5.1).

CuS0,, K,CO5

O
=\ 1
R—NH; 4 [ NN xHC > R=N;
S |c|> H,0

7.HCI

Scheme 5.1: Azide introduction applying imidazole-1-sulfonyl azide 7 as diazo-transfer reagent.
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The crystalline and more stable hydrochloride&’ efas applied to a wide range of molecules
resulting in excellent yields and reasonable readimes® Another advantage of this reagent
is a good functional group tolerance and high re#égteven in absence of metal catalyst,
such as copper(ll), nickel(I) or zinc(fly. In 2011, van Hest et al. applied imidazole-1-
sulfonyl azide hydrochlorid@HCI to introduce an azide in proteiffslt was shown that the
N-terminus could be selectively transformed, whilere basic amines of lysine residues were
not converted at lower pH values and in abseneeaaitalyst. Inspired by this work, we tested
the applicability of7.HCI for the regioselective azide introduction to neocmyB 3, which
has several amine groups with pkalues ranging from 5.7 to 8.8 (Fig 5?2)n particular, the

acidic amine group in C3 position of the 2-DOS rasgmed to be a valuable target.

NH, I

6
o é o | pK,, =8.04
. NH K,3 =5.74
HO H2N2 3 PR3

NH
oow 2 pK,y =7.55

HO 1
" pK, ¢ =8.60
\Vi 2,,,N32H O OH PKay = 7.60
L0 pK,¢= 8.80
&7 NH
OH
3

Figure 5.2: Chemical structure of neomycin B. The pK, values of the amino groups of neomyicin B

were determined by NMR spectroscopy by Botto and coworkers.?

Firstly, it was tested whether all amino groupsaaittibiotic 3 are reactive with7.HCI.
Transformation was carried out under basic conusitiand in presence of Cu(ll) sulfate as a
catalyst. After a reaction time of 18 hours the bemof reacted amino groups was
determined byElectraspray lonisation M ass Spectroscopy (ESI-MS). As shown in Figure
5.3a, applying eight equivalents @HCI all six amino groups of neomycin Bwere reactive

in presence Cu(ll) ions and of sodium carbonatpHai8. To decrease the activity of some
amino groups, antibioti® was reacted in absence of the catalyst (Fig. 5Atording to
mass spectrometric analysis, under these condibahsfour amino groups of neomycin B
were reactive. Similar results were obtained invimes studies when Lysozyme was

employed as a substrate foHCI.?°
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Figure 5.3: ESI-MS spectra of neomycin B (NeoB) after azide introduction using 8 equiv. of diazo-
transfer reagent 7.HCI at different pH values performed in presence and absence of Cu(ll) (i-vi =

number of introduced amino groups).

To investigate the influence of the pH value onreectivity of 7 with aminoglycosides, we
carried out the same set of reactions at sligladyel pH, i.e. pH = 7. As shown in Figure
5.3c, up to five amino groups of neomycin B ar# sactive in presence of Cu(ll), while in
the absence of the catalyst only one amine wasetted/ and traces of a second amine
reacted (Fig. 5.3d). Despite the utilization of heigequivalents of diazo-transfer reagent
7.HCI, five out of six amino groups seemed not to betrea Furthermore, we compared the
conversion of neomycin B witli.HCI| under the most and less reactive conditiongdigh
PerformanceLiquid Chromatography (HPLC) analysis. As shown in Figurdab the
transformation oB at pH 8 in presence of Cu(ll) results in a mixtafelerivatives exhibiting
three to six azide groups. Whereas, in absencau@df)@nd at neutral pH the transformation
of antibiotic 3 resulted mainly irmono-azido neomycin B derivativegaching a conversion

of 82 % (Fig. 5.4b).
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Figure 5.4: HPLC elugrams of neomycin B (NeoB) after transformation using eight equivalents of 7.HCI as

diazo-transfer reagent in presence of Cu(ll) at pH 8 (a) and in absence of Cu(ll) at pH 7 (b) (i-vi = number

of introduced amino groups).

Conclusively, we successfully indentified condisoto enable a transformation of a single
amino group of neomycin B aqueous solution. Thus, applying a buffer soluf pH 7 and
eight equivalents of diazo-transfer reagehtCl a single amine of antibioti® is transformed

to an azide without the use of metal catalysts.

142 | Page



Regioselective One-Step Diazo-Transfer Reaction in C3 Position of Neamine Antibiotics

5.2.2 ldentification of the Position of Diazotation

In the next step, the HPLC fraction containimpno-azido neomycin B derivatives was
purified and characterized by 1D- and 2D-NMR spestiopy to determine at which position
the azide was introduced. As shown in Figure 5.Bapmycin B was transformed

regioselectively at the 2-DOS ring resulting in aoglycoside derivativ8.

2 o NH
"L 2
8 equiv. —S—N3
~ o HPo 0
xHCI N,
HO._ H,N
7.HCl o QWNHZ
> HO
I 10 mM sodium phosphate
NH, buffer (pH 7), RT, 18 h NH,
v AP HSo
o NH NH,
OH OH
3 8
b c
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- =
(%) -60 @ .
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Figure 5.5: a, Regioselective azide introduction in C3 position of 2-DOS ring applying diazo-transfer
reagent 7.HCI. b, Section of HSQC (500 MHz, D,0) spectrum of neomycin B. ¢, Section of HSQC
(500 MHz, D,0) spectrum of antibiotic derivative 8. Arrow indicates the chemical shift of J(C3-H)

coupling.

The HSQC spectrum of derivati8gFig. 5.5¢) shows that the amino group in C3 positf
2-DOS ring reacted regioselectively. In comparismithe 2D-spectrum of neomycin B (Fig.
5.5b) theJ(C3-H) coupling shows a remarkable chemical stlufidwer field proving the
regioselective azide introduction at this positi&s. determined byH-NMR spectroscopy

(see experimental part Fig. 5.7a), the regiosef¢gtof the reaction is approx. 90 %. The
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selective transformation of the amino group in ©8ifion can be explained by differences of
the basicity of the amine. While five out of six iam groups have a pKvalue ranging from
7.55 to 8.8, the amine in C3 position of the 2-DAY) is acidic with a pKof 5.74 (Fig.
5.2F%. Therefore, only this amino group is mainly aciésssfor the reagen?.HCI under

applied conditions, while all other amines are pnated and inactive for transformation.

5.2.3 Regioselective Azide Introduction in OtheraNene Antibiotics

To test whether other antibiotics exhibiting thamée moiety can be transformed selectively
at the same position, we investigated the azidednttion using diazo-transfer reagent
7.HCI employing neamin&, amikacin2 paromomycir, ribostymacirb, and apramyci as
substrategScheme 5.2). Mass spectrometric analysis confirtinedesult previously obtained
for neomycin Bshowing high activity of mainly one amino group €sexperimental part
5.4.7). As shown in Scheme 5.2, all applied amiyoagidesl, 2, 3, 4, 5, 6 were transformed
at the C3 position of the 2-DOS ring resulting mimoglycoside derivative8-13 even when
applying an excess of 16 equivalents7dfiCIl. All substrates were successfully converted
with high regioselectivity ranging from 90 % to 98 and yields between 40 % and 62 %.
While for the transformation of antibioti and4 a regioselectivity of approx. 90 % was
measured, the modification of aminoglycosideg, 5 and6 proceeded with regioselectivities
higher than 95%.

The regioselective azide introduction at the 2-D@§ is a very useful modification, since
this functionality can be applied for further cheali diversifications, i.eSaudinger and
Huisgen reaction”®?* As shown in Scheme 5.3, the transformation of zideaallows the
introduction of carbamates, primary amine and asifdendcan be reacted with acetylenes
via “click reaction” resulting in 1,2,3-triazolé% Since these reactions can also be applied in
aqueous solution, the water soluble aminoglycosiervatives8-13 (Scheme 5.2) can be
directly transformed in an additional reaction stepa wide range of new promising

antibiotics without any protection and deprotectsbeps.
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Scheme 5.2: Yields and regioselectivities of transformation of neamine antibiotics using imidazole-1-
sulfonyl azide 7.HCI. Reactions were performed according the general procedure (see experimental
part 5.4.3) using 16 equiv. diazo-transfer reagent 7.HCl at room temperature and 18 hours reaction
time. Yields were calculated from HPLC- and ‘H-NMR peak integrals. Regioselectivities (r.s.) were
calculated using *H-NMR spectroscopy.
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a
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Scheme 5.3: Transformation of an azide group applying Staudinger (a) and Huisgen (b) reaction

5.3 Conclusion

In this chapter, imidazole-1-sulfonyl azide hydriocide 7.HCI was successfully applied as
diazo-transfer reagent for regioselective azideduction in neamine antibiotics without the
application of protective group chemistry. We destoated that the reactivity of amino
groups within aminoglycoside antibiotics can be toaled by addition of catalyst and
changing the pH value. It was demonstrated, thak#y to the regioselective transformation
of the amino group in C3 position of the 2-desopgiamine ring is its low pKvalue.
Therefore, high regioselectivities (up to 98%) wesached applying carefully chosen
conditions for the transformation of the antibisti@his facile one-step modification at the C3
position of neamine antibiotics will accelerate tevelopment of new promising antibiotics

overcoming antibacterial resistance.
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5.4 Experimental Section

5.4.1 Materials & Methods

'H-NMR- and heteronuclear single-quantum correla(td8QC) spectra andlttachedProton
Test (ATP) were recorded on a Varian Unity Inovad(B0Hz for *H-NMR and HSQC, 125
MHz for APT) and Oxford AS400 (400 MHz fdH-NMR and 100.6 MHz for APT antfC-
NMR) NMR spectrometer at 25 °C. High resolution mapectrometry (HRMS) was carried
out on a LTQ ORBITRAP XL instrument (Thermo Sciéinji employing electron impact
ionization in positive ion mode (El+). Chromatognap separations were carried out on a
Shimadzu VP series HPLC modular system (DGU-14A3 Online Wan-Degasser, two LC-
20 AT pumps, SIL-20A auto sampler, CTP-20 A coluawen, RID-10 refractive detector,
FRC-10 A fraction collector and Shimadzu LCsolutisoftware). HPLC purification was
performed with a Waters Spherisorb ODS-Zs @nalytical (250 x 4.6 mm) and semi-
preparative column (250 x 10mm) (spherical parsiaé 5 pm and 80 A pore size) using
isocratic elution at 40 °C. A pH-meter (Hanna lastents pH 209) equipped with a glass

combination electrode was used for pH adjustmeiiseoreaction buffers.

All chemicals and reagents were purchased from centiad suppliers and used without
further purification, unless otherwise noted. Neom\B trisulfate x hydrate (VETRANAD),
paromomycin sulfate salt (98 %), ribostamycin delfsalt, apramycin sulfate salt, amikacin
sulfate salt, sulfuryl chloride (97 %), sodium azi(®5 %), acetonitril (99.8 %), imidazole
(99 %) and methanolic 3N HCI solution were purchagem Sgma Aldrich and used as
received. For HPLC purificatioheptafluorobutyric acid (HFBA) Fluka, puriss. p.a., for ion
chromatography) and aceton&8gma-Aldrich, HPLC grade) were used. Ultrapure water
(specific resistance > 18.4 ®cm) was obtained by Milli-Q water purification $gm

(Sartorius®). Neamine hydrochloride was synthesized accorttifgnown procedur&
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5.4.2 Synthesis of Diazo-Transfer Reagent, Imidadsesulfonyl Azider
Hydrochloridé®

o) A volume of 1.6 mL of sulfuryl chloride (20 mmol)as added drop wise to an
|\/ |S Nsjce-cooled suspension of 1.3 g sodium azide (20 lnm@&0 mL acetonitrile
xHCl and the mixture was stirred overnight at room tempee. Then 2.6 g of
imidazole (38 mmol) were added portion-wise to ite-cooled mixture and the resulting
slurry was stirred for additional 3h at room tengtere. The reaction mixture was diluted
with 40 mL ethyl acetate, washed twice with 40 matev and then twice with 40 mL sat.
aqueous NaHCgX»solution, dried over MgS©and filtered. The filtrate was cooled in an ice-
batch and a 10 mL of a 3M HCI methanolic soluticgrevadded drop wise to precipitate the
product. Finally, the filter cake was washed thtieges with 10 mL EtOAc to obtaii as
colorless hydrochloride salt. Yield: 1.9 g (9.1 mm#5% vyield).'H-NMR (DO, 400 MHz)
§ (p.p.m.) 9.53 (s, 1H, H-2), 8.07 (s, 1H, H-5), 77.8, 1H, H-4).°C-NMR (D,O, 100.6
MHz) § (p.p.m.) 137.6, 122.6, 120.18. HRMS (El+\W%): found 174.0078 [M-CI], calc.
174.0080 [M-CIJ.

5.4.3 General Procedures for Regioselective Aatt@dluction

o)
N=\ I
16 equiv. |\/N S—

o
e 7 ch||40| N
RonNHR - RORWNHR
RO 10 mM sodium phosphate RO
R =H, alkyl buffer (pH 7), RT, 18 h

2-DOS
Scheme 5.4: Regioselective transformation in C3 position of 2-desoxystreptamine (2-DOS) ring in

neamine antibiotics.

Synthesis of Antibiotic Derivatives, 3-Azido Neonity@® 8 and 3-Azido Paromomycihl:

After 11 pmol aminoglycoside antibiotiwere dissolved in 7.5 mL of 10 mM sodium
phosphate buffer (pH 7.3), 3.7 mL of a 48 mM aquesalution of diazo-transfer reagent
7.HCI, which was adjusted to pH 8.0 by adding aq. 2 MDNasolution, were added into the
solution of the antibiotic and the reaction mixtuvas stirred for 18h at room temperature.

The reaction was quenched by adding 0.9 mL aquéows % ethylamine solution. After
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incubating at room temperature for 30 min the feacimixture was freeze dried. Then the
crude mixture was dissolved in 1.5 mL water anche® L fraction was purified by HPLC

using a Waters Spherisorb ODS,2@nalytic column (water/acetone 1:0.9 containingl12
mM HFBA) at a flow rate of 1 ml/min at 40°C to aftbthe antibiotic derivative8 and11.

Synthesis of Antibiotic Derivatives 3-Azido AmikaclO and 3-Azido Apramycii3:

After 11 pmol aminoglycoside antibiotiwere dissolved in 7.5 mL of 10 mM sodium
phosphate buffer (pH 7.3), 3.7 mL of a 48 mM aquesalution of diazo-transfer reagent
7.HCI, which was adjusted to pH 8.0 by adding 2 M NaQitutson, were added into the
solution of the antibiotic and the reaction mixturas stirred for 18h at room temperature. By
addition of 1 M aqueous HCI solution a pH value€aofas adjusted and each 100 pL fraction
was purified by HPLC using a Waters Spherisorb (IQgs analytic column (water/acetone
1:0.9 containing 12.1 mM HFBA) at a flow rate ofrl/min at 40°C to afford the antibiotic
derivativeslO and13.

Synthesis of Antibiotic Derivatives 3-Azido Neamidiand 3-Azido Ribostamycih2:

After 11 pmol aminoglycoside antibiotic were dissm in 7.5 mL of 10 mM sodium
phosphate buffer (pH 7.3), 3.7 mL of a 48 mM aqesaolution of diazo-transfer reagent
7.HCI, which was adjusted to pH 8.0 by adding 2 M NaQittson, were added into the
solution of the antibiotic and the reaction mixtwas stirredor 18hat room temperature. The
reaction was quenched by adding 0.9 mL aqueous ®owethylamine solution. After
incubating at room temperature for 30 min, the tieacmixture was freeze dried and the
crude mixture was purified by column chromatograpbiyng the upper layer of the two phase
system CHGIMeOH/17%NH 2:1:1 as eluent. After evaporation at reduced presand
freeze drying the antibiotic derivatives was digedlin 1.5 mL water. Each 30 pL fraction
was purified by HPLC using a Waters Spherisorb QIQgs analytic column (water/acetone
1:0.9 containing 12.1 mM HFBA) at a flow rate ofril/min at 40°C to afford the antibiotic
derivatives9, 12.
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5.4.4 Characterization of Synthesized Antibiotiaiizatives

C-3-azido neomycin B x 5 HFBA (8). The title compound was prepared according to the

NH; general procedure described above. Derivaliveas obtained as
HO o} a white solid. For the measurement of regioselggtiand the
o N3 - -
HO Hzcr)u onNHz characterization of the compourfti-NMR, HSQC and APT
HO spectra were recorded and electrospray ionizat®31){MS was
N, L o XHFBA employed. The yield was determined by HPLE=R'.7 min, 47
OH
M\NH % yield. TLC: R = 0.57 (CHCYMeOH/17%NH 2:1:1 v/viv).
2
OH 'H-NMR (D-0, 500 MHz)$ (p.p.m.) 5.72 (d, J = 4 Hz, 1H, 1-H"),

5.33 (d, J = 1.5 Hz, 1H, 1-H""), 5.26 (s, 1H, 1°)'4.40 (t, J = 5.5 Hz, 1H, 3-H""), 4.37 (dd,
J=45Hz,J=2Hz, 1H, 2-H"), 4.28 (t, J = 5 HiE, 5-H"), 4.27 (m, 1H, 5-H"), 4.21 (m,
2H, 3-H”", 4-H"), 3.91-3.85 (m, 2H, 554, 3-H’), 3.80-3.75 (m, 3H, 4-H~", 5-H, 3-H),
3.72-3.67 (M, 2H, 4-H, 543), 3.58 (t, J = 10 Hz, 1H, 6-H), 3.56 (s(br), 14H "), 3.47-
3.33 (m, 5H, 6-H, 6-Hy, ", 6-H,”"", 4-H", 2-H"), 3.26 (dt, J = 11.25 Hz, J = 3.5,HH, 1-H),
3.19 (dd, J =13.5 Hz, J = 8 Hz, 1H, §K2.47 (dt, J = 13 Hz, J =4 Hz, 1H, 2451 1.70
(dd, J = 12.3 Hz, 1H, 2-§). APT (D,O, 125.7 MHz)5 (p.p.m.) 109.84 (C-1"), 94.51
(C-17"), 94.30 (C-1°), 84.89 (C-5), 80.48 (C-475.26 (C-4), 74.86 (C-37), 72.84 (C-2""),
71.72 (C-6), 69.81 (C-4), 69.05 (C-5""), 68.003G, 67.68 (C-5), 66.77 (C-3""), 66.72
(C-4"""), 59.88 (C-5), 58.14 (C-3), 53.01 (C-BY.15 (C-2"""), 49.21 (C-1), 39.67 (C-6""),
39.55 (C-6"), 28.72 (C-2). M =H.NgOy5 HRMS (El+) (W2): found 641.30652 [M+H]
calc. 657.31006 [M+H]

C-3-azido paromomycin x 4 HFBA (11). The title compound was prepared according to the

OH general procedure described above. Derivdtiveras obtained as
HOS Q " a white solid. For the measurement of regioselggtiand the
HO_H,N ngm2 characterization of the compountH-NMR and HSQC and
\w HO spectra were recorded and electrospray ionizat®31){MS was
Nng do A HrBA employed. The yield was determined by HPLE=F5.9 min, 44
M\NHZ % yield. TLC: R = 0.64 (CHCYMeOH/17%NH 2:1:1 v/viv).
OH 'H-NMR (D-0, 500 MHz)$ (p.p.m.) 5.72 (d, J = 3 Hz, 1H, 1-H"),

5.33 (s, 1H, 1-H"), 5.26 (s, 1H, 1-H""), 4.48]t 5.5 Hz, 1H, 3-H""), 4.38 (d, J = 4 Hz, 1H,
2-H"), 4.28 (m, 1H, 5-H""), 4.22-4.16 (m, 2H, 3:‘H 4-H""), 4.02 (d, J = 9.5 Hz, 1H, 5-H"),
3.92-3.84 (M, 2H, 5-§', 3-H), 3.82-3.75 (m, 4H, 4-H", 6:H 6-Hy’, 5-H), 3.73-3.63 (m,

150 | Page



Regioselective One-Step Diazo-Transfer Reaction in C3 Position of Neamine Antibiotics

3H, 5-H,, 4-H, 3-H), 3.57 (t, J = 10 Hz, 1H, 6-H), 3.56HKr), 1H, 2-H"""), 3.50 (t, J = 9.75
Hz, 1H 4-H"), 3.44 (dd, J = 17.5 Hz, J = 9.5 Hz, B-H, "), 3.39-3.34 (m, 2H, 6-§1", 2-
H'), 3.25 (dt, J = 11.5 Hz, J = 3.5 Hz, 1H , 1-B}§4 (dt, J = 12.5 Hz, J = 4Hz, 1H, 24
1.67 (dd, J = 12.15 Hz, 1H, 21 *C-signals based on HSQC AD, 500 MHz)s (p.p.m.)
110.3 (C-17), 95.11 (C-17), 94.9 (C-1"""), 85.3%}; 80.67 (C-47"), 76.8 (C-4), 74.9 (C-37),
73.1 (C-27), 72.5 (C-5"), 72.2 (C-6), 69.9 (C-5 69.1 (C-3), 68.7 (C-4"), 67.3 (C-3"),
67.0 (C-4"""), 60.0 (C-5""), 59.6 (C-6"), 58.4 (§;-83.8 (C-27), 50.5 (C-2"""), 49.6 (C-1), 40.0
(C-6), 29.1 (C-2). GHiN/O; HRMS (El+) (W2): found 642.29346 [M+H] calc.
642.29408 [M+H].

C-3-azido ribostamycin x 3 HFBA (12). The title compound was prepared according to the
NH, general procedure described above. DerivdtR/as obtained as a
HO= Q . white solid. For the measurement of regioselegtivdéind the
HO._H,N onNHz characterization of the compourfth-NMR and HSQC spectra
N o were recorded and electrospray ionization (ESI)-M&as
3xHFBA employed. The yield was determined by HPLE=R.1 min, 48 %
e o yield. TLC: R = 0.73 (CHCIYMeOH/17%NH 2:1:1 viviv).
'H-NMR (D,0, 500 MHz)5 (p.p.m.) 5.77 (d, J = 3.5 Hz, 1H, 1-H"), 5.31Jds 1.5 Hz, 1H,
1-H"), 4.28 (dt, J = 9 Hz, J = 3 Hz, 1H, 5-H")24.(dd, J = 4.5 Hz, J = 3Hz, 1H, 2-H""), 4.15
(t, J=7.5Hz, J =45 Hz, 1H, 3-H"), 4.05 (d& 8.5 Hz, J = 2.5 Hz, 1H, 4-H""), 3.93-3.88
(m, 2H, 5-H"", 3-H"), 3.82-3.72 (m, 3H, 3-H, 5-H, 4-H), 3.68d( H = 12.5 Hz, J = 6.5 Hz,
1H, 5-H,”"), 3.60 (t, J = 9.8 Hz, 1H, 6-H), 3.48-3.43 (i, 2-H", 6-H,), 3.39 (dd, J = 10.5
Hz, J= 4.0 Hz, 1H, 2-H"), 3.29 (dt, J = 11.5 HZ 4.0 Hz, 1H, 1-H), 3.23 (dd, J = 13.5 Hz, J
= 7.5 Hz, 1H 6-i), 2.50 (dt, 12.5 Hz, J = 4.0 Hz, 1H, 2¢4 1.73 (dd, J = 12.5 Hz, 1H,
2-Hay). *C-signals based on HSQC AD, 500 MHz)& (p.p.m.) 110.6 (C-17), 95.0 (C-1),
85.5 (C-5), 82.1 (C-4"), 76.7 (C-4), 75.0 (C-272.3 (C-6), 70.3 (C-4"), 68.9 (C-37), 68.8
(C-3"), 68.3 (C-5"), 60.9 (C-57), 58.4 (C-3), 53G-2"), 49.5 (C-1), 39.9 (C-6"), 29.1 (C-2).
C17H32N6O10; HRMS (El+) (1W2): found 481.22470 [M+H] calc. 481.22470 [M+H]

151 | Page



Chapter 5

C-3-azido neamine x 3 HFBA (9). The title compound was prepared according to éreral

NH, procedure described above. Derivatyevas obtained as a white
HOG Q N solid. F?r .the measurement of regioselectivity artlde
HN, & NH, characterization of the compourfti-NMR and HSQC spectra
HO were recorded and electrospray ionization (ESI)-M@&s
3 X HFBA employed.The yield was determined by HPLC; R2.3 min, 60 %

yield. TLC: R = 0.71 (CHCYMeOH/17%NH 2:1:1 v/viv). *H-NMR (D,O, 500 MHz)5
(p.p.m.) 5.69 (d, J = 3.5 Hz, 1H, 1-H"), 4.23 (£ 9.0 Hz, 1H, 5-H"), 3.93 (t, J = 10.0 Hz, 1H,
3-H), 3.80 (dt, J = 10.8 Hz, J = 5.0 Hz, 1H, 3-B68 (t, J = 9.3 Hz, 1H, 5-H), 3.63 (t, J =
9.0 Hz, 1H, 4-H), 3.53 (t, J = 9.8 Hz, 1H, 6-H)53-3.46 (m, 2H, 4-H", 6-§), 3.43 (dd, J =
11.0 Hz, J = 3.5 Hz, 1H, 2-H"), 3.32-3.24 (dt, 24, 6-H,), 2.51 (dt, J = 13.0 Hz, J = 4.5
Hz, 1H, 2-Hy), 1.77 (dd, J = 12.5 Hz, 1H, 24t *C-signals based on HSQC AD, 500
MHz) & (p.p.m.) 95.4 (C-17), 78.8 (C-5), 74.8 (C-4), 7&26), 70.3 (C-4"), 68.6 (C-3"), 68.2
(C-57), 58.2 (C-3), 53.3 (C-2°), 49.4 (C-1), 39C0-6"), 29.1 (C-2). &H24NgOs; HRMS (EI+)
(mV2): found 349.18066 [M+H] calc. 349.18301 [M+H]

C-3-azido amikacin x 4 HFBA (10). The title compound was prepared according to the
NH, general procedure described above. Derivafi@ewas
H%Oé 7:0 N o\\l/voi/\NHz obtained as a white solid. For the measurement of
HON 2 regioselectivity and the characterization of thempound

o 4xHFBA 1 NMR and HSQC spectra were recorded and

OH o electrospray ionization (ESI)-MS was employed. The

yield was determined by HPLC:{R 3.7 min, 65 %
yield. TLC: R = 0.34 (CHCYMeOH/17%NH 2:1:1 v/viv). '*H-NMR (D,O, 500 MHz)$
(p.p.m.) 5.50 (d, J = 4 Hz, 1H, 1-H"), 5.14 (d, 3.5 Hz, 1H, 1-H""), 4.26 (dd, J =9 Hz, J =
3.5 Hz, 1H,0-Hy), 4.17 (dt, J = 8.8 Hz, J = 3 Hz, 1H, 5-H"), 4494 (m, 2H, 1-H, 3-H"),
3.80 (s, 2H, 6-H7, 6-H™}), 3.78-3.71 (m, 4H, 6-H, 5-H, 5-H"", 2-H""), 3.8%66 (m, 2H, 4-
H’, 3-H), 3.62-3.55 (m, 2H, 2-H", 4-H), 3.44-3.38,(3H, 6-H,, 3-H"", 4-H™"), 3.23-3.16 (M,
3H, 6-H,, y-Ha, v-Hp), 2.22-2.13 (m, 2H, 2-K, p-Ha), 1.95 (m, 1HB-Hy), 1.66 (dd, J = 12.7
Hz, 1H, 2-H,). **C-signals based on HSQC AD, 500 MHz)5 (p.p.m.) 98.1 (C-17), 97.2 (C-
1”'), 80.5 (C-4), 78.9 (C-6), 74.4 (C-5), 71.7 (C)571.1 (C-3"), 70.6 (C-2°), 70.1 (C-4"),
68.9 (Ce), 67.5 (C-57), 67.5 (C-27), 64.7 (C-4""), 59.0-6C), 58.6 (C-3), 54.6 (C-37"), 48.2
(C-1), 39.7 (C-6), 36.2 (@), 31.1 (C-2), 30.1 (@); signal of quaternary carbon (CO) is
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missing due to the fact that it is not detectableHSQC spectroscopy. M =,@141N7O3;
HRMS (El+) (W2): found 612.27999 [M+H] calc. 612.28351 [M+H]

C-3-azido apramycin x 4 HFBA (13). The title compound was prepared according to the

OH general procedure described above. Derivafi8e
HZN& 7,_0 | was obtained as a white solid. For the measurement
HO OH
ho L AN of regioselectivity and the characterization of the
© Q
0

Ny compound H-NMR and HSQC spectra were

Hz'ﬁow'\“z recorded and electrospray ionization (ESI)-MS was

4 x HFBA HO
employed. The yield was determined by HPLC:

R:=5.8 min, 47 % vyield. TLC: R= 0.89 (CHCYMeOH/17%NH 2:1:1 v/v/v). 'H-NMR
(D20, 500 MHz)$ (p.p.m.) 5.52 (d, J = 4 Hz, 1H, 1-H"), 5.51 (& 4 Hz, 1H, 1-H"), 5.25
(d, J=8.5Hz, 1H, 8-H"), 4.54 (s, 1H, 6-H"), 3.BL3 (M, 4H, 3-H"", 5-H"", 4-H", 5-H"), 3.87
(dd, J = 12.5 Hz, J = 3 Hz, 1H, 6, 3.81 (dd, J = 12.5 Hz, J = 4.5 Hz, 1H, §-} 3.73
(dd, J = 10 Hz, J = 4 Hz, 1H, 2-H""), 3.68-3.62 @H, 4-H, 3-H, 2-H"), 3.60 (t, J = 9 Hz, 1H,
5-H), 3.51 (t, J = 9.8 Hz, 1H, 6-H), 3.40 (dd, 85 Hz, J = 2.5 Hz, 1H, 7-H"), 3.82 (t, J =
10.3 Hz, 1H, 4-H""), 3.26 (dt, J = 11.5 Hz, J =4 HH, 1-H), 2.82 (s, 3H, G} 2.48 (dt, J =
13 Hz, J = 4.3 Hz, 1H, 249, 2.39 (dt, J =11 Hz, J = 4.3 Hz, 1H, 3} 2.04 (dd, J = 12
Hz, 1H, 3-Hy), 1.73 (dd, J = 12.3 Hz, 1H, 2.1 *C-signals based on HSQC AD, 500
MHz) 6 (p.p.m.) 98.8 (C-17), 97.6 (C-17"), 95.8 (C-8'B.8 (C-4), 77.9 (C-5), 75.1 (C-6),
73.0 (C-27), 72.1 (C-57), 71.9 (C-37), 70.9 (C)5'68.6 (C-4"), 65.5 (C-67), 62.8 (C-67"),
62.3 (C-7), 61.1 (C-3), 54.6 (C-4"), 52.4 (C-4.6 (C-2), 32.4 (N-CH}, 32.1 (C-2), 29.2
(C-3). M = GuH3oN;O13; HRMS (El+) (W2): found 566.27484 [M+H] calc. 566.27803
[M+H] ™.
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5.4.5 NMR-Spectra of Neomycin B & Synthesized Amwiiz Derivatives
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Figure 5.6a: 'H-NMR (500 MHz, D,0) spectrum of neomycin B x 6 HFBA 3.
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Figure 5.6b: HSQC (500 MHz, D,0) spectrum of neomycin B x 6 HFBA 3.
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Figure 5.7a: 'H-NMR (500 MHz, D,0) spectrum of 3-C-azido neomycin B x 5 HFBA 8.
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Figure 5.7b: HSQC (500 MHz, D,0) spectrum of 3-C-azido neomycin B x 5 HFBA 8.
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Figure 5.8a: 'H-NMR (500 MHz, D,0) spectrum of 3-C-azido paromomycin x 4 HFBA 11.

-25
30
-35

® 545
-55

.
@ -60

~65

0
7]
(]

f1 (ppm)

-70
g -75

-90

~100
-105
o -110

5.8 5.4 5.0 4.6 4.2 3.8 3.4 3.0 2.6 2.2 1.8
2 (ppm)

Figure 5.8b: HSQC (500 MHz, D,0) spectrum of 3-C-azido paromomycin x 4 HFBA 11.
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Figure 5.9a; "H-NMR (500 MHz, D,0) spectrum of 3-C-azido ribostamycin x 3 HFBA 12.
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Figure 5.9b: '"H-NMR (500 MHz, D,0) spectrum of 3-C-azido ribostamycin x 3 HFBA 12.
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Figure 5.10a: 'H-NMR (500 MHz, D,0) spectrum of 3-C-azido neamine x 3 HFBA 9.

-25

[ * g

35

® © 40
45

3 5o
-55

-60

65

@ 9 70
o0 75
0 50

-85

90

0 95
100
56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18

f2 (ppm)

Figure 5.10b: '"H-NMR (500 MHz, D,0) spectrum of 3-C-azido neamine x 3 HFBA 9.
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Figure 5.11a: *H-NMR (500 MHz, D,0) spectrum of 3-C-azido amikacin x 4 HFBA 10.
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Figure 5.11b: '"H-NMR (500 MHz, D,0) spectrum of 3-C-azido amikacin x 4 HFBA 10.
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Figure 5.12a: 'H-NMR (500 MHz, D,0) spectrum of 3-C-azido apramycin x 4 HFBA 13.
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Figure 5.12b: HSQC (500 MHz, D,0) spectrum of 3-C-azido apramycin x 4 HFBA 13.
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5.4.6 High Resolution Mass Spectrometric Analysis
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Figure 5.13: ESI-MS spectrum of reaction mixture of paromomycin (Paro) with 16 equiv. diazo-

transfer reagent 7.HCI after incubation for 18 hours at room temperature (i-ii = number of introduced

azide groups).
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Figure 5.14: ESI-MS spectrum of reaction mixture of ribostamycin (Ribo) with 16 equiv. diazo-transfer

reagent 7.HCI after incubation for 18 hours at room (i-ii = number of introduced azide groups).

161 |Page



Chapter 5

[M+H] *

349.18045

2 o N
g & 3 &

a
&

I
&

N
&
ol T e T T T T e Tl Tl T T

Relative Abundance
@
S}

neam
[M+H]*

ii
323.19357 37116714

[M+H]*

75.17474

@
&

@
8

N
&

331.20880
336.25134

N
S

318.24100

-
o

402.16751 413.26462

397.15497
34517551 36626062) | 37891763 39128250
407.23279
M\\

42815387
‘ 35769751 ‘38286700 ‘
MH‘M‘\ ‘ \‘H‘“th [ i u‘

I T

421.15842

Ll ‘ ! 1 | L
P L I AR S e I ST S e e
20 330 340 350 360 370 380 390 400 410 420 4
miz

-
o

436.87354

@

I 44936078
g L
LA
130 440 450

1 \\“

T
10

=

I
3

@

Figure 5.15: ESI-MS spectrum of reaction mixture of neamine (neam) with 16 equiv. diazo-transfer

reagent 7.HCI after incubation for 18 hours at room temperature (i-ii = number of introduced azide

groups).
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Chapter 6

6.1 Summary

Since the mechanism of bacterial resistance agagetine antibiotics is well understood,
modification of aminoglycosides is becoming a preing tool to overcome antibacterial
resistance.However, these natural products are structurallijnpex and exhibit several
chemical equivalent groups with similar reactivitfyherefore, modification of a single
position in these molecules is difficult or notlreable at all. Thus, the transformation of such
natural products often results in a mixture of pes@able derivatives. To obtain a structurally
complex natural compound modified at a single pmsjtcumbersome and time-consuming
part- or total synthesis is required, including tiroduction and removal of covalent
protective groups. Especially, the selective madifion of antibiotics based on
aminoglycoside can require more than 20 synthédipssemploying conventional synthesis.
To overcome these difficulties and facilitate tleelopment of new antibiotics, in this thesis
two conceptually new methods were presented erpbiagioselective modifications of

neamine antibiotics in a single step.

The first strategy (chapters one, three and fauf)aised on the application of non-covalent
protective groups, so calleaptamericprotective groups (APGs), which are based on short
RNA sequences. In contrast to covalent protectiveugs, APGs can shield several
functionalities of a structurally complex compoumd the same time by non-covalent
interactions, while chemically equivalent groups mocontact with the APG can be reacted
regioselectively (Scheme 6.1). ¢hapter 2 the efficient use of RNA sequences as APGs was
presented for the highly regioselective derivaiorabf complex neamine antibiotics bearing
several functional groups with similar reactiviffhis was successfully demonstrated for
aminoglycoside antibiotics neomycin B and paromamywith three different RNA
sequences. These aminoglycosides were modified ogimgl acylation reaction using
different N-hydroxysuccinimide esters proceeding with exceli@gioselectivities up to 98
%. With these results it was proven for the firste that RNA sequences can be applied as
non-covalent protective groups. Another importasuit in the first chapter was the finding
that the same RNA aptamers can be applied as ABGdmpounds with a similar
pharmacophore. Thus, RNA sequences selected forattidbiotic neomycin B were
successfully applied as non-covalent protective ugso for the structurally related

aminoglycoside paromomycin.
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multifunctional
compound > 4
BN EN
regioselectively
modified compound

. = functional group APG = =modifying reagent

Scheme 6.1: Site-specific modification of a multifunctionalized compound employing non-covalent
aptameric protective groups: Introduction of protective group (1), regioselective transformation (2),

removal of protective group (3).

However, considering that RNA sequences can exBiieral binding site with different
protection modes for the antibiotic, acetylatiommebmycin B using NHS esters can result in
a mixture of regioisomers and thereby limiting tlegioselectivity. Therefore, the mode of
action of RNA sequences acting as APGs needed wungdated. The study presented in
chapter 3 demonstrated that the applied APGs exhibit twdedght binding sites with
different protection modes for neomycin B resulting two different monoacetylated
antibiotic derivatives after tranfromation. Howeyvedue to the fact that both binding site have
different affinities to the aminoglycoside, the c¢Ban conditions especially the
aptamer/antibiotic ratio and the reaction time warecessfully adjusted in order to obtain one
of these isomers in excellent regioselectivity. Bwer, our investigations showed that
Isothermal Titration Calorimetry (ITC) measurements are a useful toolesdimate the
applicability of RNA aptamers as APGs. This holdpezxially true when SELEX experiments
will be employed in the future for generation of @ for new compounds to be modified
from which the structure of the RNA-compound comgke unknown. Finally, it was shown
that regioselective derivatization of neomycin Bpmesence of APGs can also be performed
at higher temperature (up to 50 °C) demonstratiegstability of these protective groups.

To further establish APGs as a general tool in migaynthesis, it was proven that APGs
tolerate a wide range of modifications includingnisformations at different positions of
neamine antibiotics neomycin B and paromomycinch@apter 4, several reactions were
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tested regarding their applicability in the contektAPGs. Four different reactions, namely
acylation, thiolation, urea bond formation and azittroduction were successfully applied for
the transformation of the antibiotics in presenteABG using 4sulfo-tetra-phenyl (STP)
ester, 2-iminothiolane, diverse isocyanates anddamole-1-sulfonyl azide, respectively.
Additionally, it was demonstrated that APGs allote tapplication of positively and
negatively charged reagents for the modificatiome&dmycin B and that transformations can
also be performed under basic conditions reacheglkent regioselectivities. Finally, is was
presented that the application of the same APGwallaegio- and chemoselective
monofunctionalization of two different amino grougrsd difunctionalization in both positions
of the antibiotics employing different reagentscéiaing to the results presented in chapters
2, 3 and 4, APGs merit consideration as a new béueoncept in organic synthesis as they
can be evolved for a large variety of target mdiesibearing different structural features and
their generation relies on a well-establishegitro evolution process. Moreover, APGs based
on RNA molecules will become an indispensable dfettve tool for the derivatization of

complex natural products and vastly simplify dreayelopment.

Besides using APGs to obtain selectively modifiedural products, other methods were
explored for the efficient derivatization of complmolecules. Irchapter 5, a regioselective
one-step modification of a specific amino grouphivitneamine antibiotics was developed
avoiding any protective group chemistry. The mergob functional group is located at the
core structure of neamine antibiotics, i.e. theptmine scaffold, which is a target for several
enzymes in resistant bacteria erasing the antibaktactivity of these therapeutics. The
modification of such positions is still a challereygd requires multi-step synthesis. Therefore,
a new method was developed to transform this anmre single step on the level of the
natural compounds using the diazo-transfer reagadazole-1-sulfonyl azide hydrochloride.
Thus, an azide was introduced in C3 position ofZftesoxystreptamine ring in six different
neamine antibiotics bearing four to six amines meayg regioselectivities up to >99 %. It was
demonstrated that the reactivity of the amino gsoujfithin these aminoglycosides can be
controlled by addition of catalyst and altering fit¢. Furthermore, it was elucidated that the
key to this specific transformation of the mentidraenine is its low pKvalue.

Figure 6.1 summarizes the antibiotics that were ratidified in as single chemical
transformation and the relevant modification sis indicated. All the different strategies
and reactions described in this thesis have in comthat they keep the synthetic efforts for

the selective modification of natural products atiaimum. They even force this effort to the
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extreme of a single-step modification. The resaltained in this thesis will help to build
libraries of very complex molecules for drug sciagnMoreover, this work will enable more
efficient synthesis of natural product derivativeasd will allow the development of new

promising antibiotics overcoming antibacterial ségnce.
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Figure 6.1: Molecular structures of neamine antibiotics modified regioselectively in a single synthetic
step. Arrows indicate the modification sites of these aminoglycosides transformed using APG-strategy
(blue) and selective azide introduction (red). Numbers indicate the performed transformations in

presence of APGs: acylation (1), thiolation (2), urea formation (3), azide introduction (4).
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6.2 Samenvatting

Omdat het mechanisme voor de resistentie van lactergen neamines bekend is wordt het
modificeren van aminoglycosiden een veelbelovendeghade voor de bestrijding van
bacteriéle resistentie. Echter, deze natuurlijkedpcten hebben een complexe structuur en
hebben verschillende chemisch equivalente groepeh gelijke reactiviteit. Daarom is
modificatie van een enkele positie moeilijk of nietliseerbaar. Zodoende resulteren deze
transformaties vaak in een mengsel van onscheidienigaten. Om een complex product
zoals deze te verkrijgen is een tijd en arbeidsnsieve deel of totaal synthese nodig met
introductie en verwijdering van covalente bescheomagen. Vooral de selectieve modificatie
van antibiotica gebaseerd op aminoglycosiden Zoeisommerciele antibioticum neomycin
B vereist meer dan 20 synthetische stappen warmmearconventionele methoden toepast.
Om deze problemen het hoofd te bieden en om deikk#lng van nieuwe antibiotica te
vergemakkelijken worden in dit proefschrift tweeeunive strategieén gepresenteerd die de

regioselectieve modificatie van neamine antibiotieagelijk maken in een enkele stap.

De eerste methode (Hoofdstuk 2,3 en 4) is gebasgertet gebruik van niet covalente
beschermgroepen bestaande uit RNA, zogenoaptnericprotective groups (APGS). In
tegenstelling tot covalente beschermgroepen kuii¥as verschillende functionele groepen
van een complexe structuur tegelijkertijd afschernterwijl chemisch equivalente groepen
die niet in contact komen met het aptameer regosief gereageerd kunnen worden
(Schema. 6.1). lhoofdstuk 2 word het gebruik van RNA als APGs gedemonstreeat de
regiospecifieke modificatie van complexe neamingébastica. Deze mehode is succesvol
toegepast voor zowel nemycin B alswel parmomyciaanwij gebruik gemaakt is van drie
verschillende strengen RNA. Beide aminoglycosidgngemodificeerd door middel van een
acylatie reactie met verschillentiehydroxysuccinimide (NHS) esters en vertonen excellente
regioselectiviteit tot 97%. Hiermee is voor hetstdrewezen dat RNA gebruikt kan worden
als beschermgroep. Verder is ook gebleken dat fiiezBINA aptameer gebruikt kan worden
voor verschillende moleculen met eenzelfde pharpiacee.
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Schema 6.1: Locatiespecifieke modificatie van complexe verbindingen met gebruik van niet covalente
beschermgroepen: Introductie van beschermende groep (1), regiospecifieke transformatie (2),

verwijdering van de beschermende groep (3).

Echter, wanneer rekening gehouden wordt met het @it RNA verschillende

bindingsplaatsen heeft en op verschillende manikenbeschermen, kan het gebruik van
NHS ester resulteren in een mengsel van regioisermevat de regioselectiviteit beperkt.
Daarom moet de rol van het RNA als APG beter verklavorden. Het onderzoek

gepresenteerd imoofdstuk 3 demonstreert dat de gebruikte APGs twee versoldidle

bindingsplaatsen hebben met verschilllende beschiemmaties, wat resulteerd in twee
verschillende mono-geacyleerde neomycin B derivalahter, omdat de bindingsplaatsen
verschillende affiniteit hebben voor de aminoglydes, kunnen de reactie condities zo
gekozen worden dat een van beide isomeren alsnageere excellente regioselectiviteit
verkregen word. Verder heeft ons onderzoek aangdtdat isothermal titration calorimetry
metingen goed gebruikt kunnen worden om toepasbmhian een RNA aptameer als APG
in te schatten. Dit is gaat ook op wanneer in toetode SELEX methode gebruikt gaat
worden voor de selectie van onbekende APGs voawdgeverbindingen. Tenslotte is ook
aangetoont dat de derivatisering van neomycin Banbijzijn van APGs ook gedaan kan
worden op hogere temperatuur (tot 50 °C), wat @bilgeit van deze beschermgroepen

bewijst.

Om APGs verder als algemene methode in organisgiibese te introduceren is bewezen dat
deze een grote variéteit aan modificaties en toansdties tolereren op verschillende posities

in neomycin B en paromomycin. hoofdstuk 4 zijn verschillende reacties getest voor hun
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gebruik in combinatie met APGs. Vier verschillengacties, te weten acylatie, thiolatie,
urethaan formatie en azide productie, zijn sucdeg@bruikt voor de modificatie van
antibiotica in de aanwezigheid van APG met respeetijk sulfo-tetra-phenyl (STP) ester, 2-
iminothiolane, diverse isocyanaten en imidazolediesyl azide. Verder is aangetoond dat
APGs gebruikt kunnen worden in combinatie met zowebatief als positief geladen
reagentia voor modificatie van neomycin B en dahdformaties in de aanwezigheid van
APGs gedaan kunnen worden onder basische conditedsexcellente regioselectiviteit.
Tenslotte is bewezen dat gebruik van APGs het njkgebhakt om regio- en chemoselectief
twee verschillende amino groepen gecontroleerdlaflagubbel te functionaliseren, wanneer
de reactie uitgevoerd word met verschillende retgeBe gepresenteerde resultaten geven
duidelijk aan dat APGs gebruikt kunnen worden asiw concept in de organische chemie,
zeker daar ze gemakkelijk geselecteerd kunnen word®r een groot scala aan doel
moleculen die verschillende structurele functiebb®m. Bovendien zullen APGs gebaseerd
op RNA aptameren een onmisbare en effectieve metliotmen voor de derivatisering van
complexe natuur producten en zal hierdoor medanijtwikkeling snel versimpelen.

Naast het gebruik van APGs voor het maken van tseflegemodificeerde natuurlijke
producten zijn er ook andere methoden ontwikkel@drvbet efficient derivatiseren van
complexe moleculen. Imoofdstuk 5 is een regioselectieve een-staps modificatie vam e
specifieke amino groep aan neamine antibiotica ikkeld zonder gebruik te maken van
beschermgroepen. Deze functionele groep bevind mclde kern structuur van deze
antibiotica, d.w.z. de streptamine eenheid, wat dwl is van verschillende enzymen in
resistente bacterién die de anti-bacteriéle tetoenh. De modifcatie van dergelijke posities is
nog steeds een uitdaging en benodigd normaliterdase synthetische stappen. Zodoende is
een nieuwe methode ontwikkeld voor transformatie daze amine in een enkele stap door
gebruik te maken van diazo overdrachts reagentexdblor is een azide groep geintroduceerd
op de G positie van de 2-desoxystreptamine ring in zesaorellende neamine antibiotica met
een regioselectiviteit van meer dan 99%. Er is etoond dat de reactiviteit van de amino
groepen in deze antibiotica gecontroleerd kan wort®r toevoeging van een catalysator en
verandering van de pH. Daarnaast is uitgevonden ddatsleutel tot deze specifieke

transformatie ligt in de lage pKvaarden van de genoemde amino groep.

Figuur 6.1 geeft een overzicht van alle antibiotitex gemodificeerd zijn in een enkele stap
met de bijbehorende positie. Alle verschillende hmden en reacties in dit proefschrift

hebben gemeen dat ze de synthetische complexiert selectieve modificering tot een
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minimum beperken. Dit wordt tot het extreme gedneveen een-staps modificatie. De
resultaten gegeven in dit proefschrift zullen helfd de opbouw van een bibliotheek van
zeer complexe moleculen voor medicijn screeninbetfeientere methoden voor de synthese
van natuur product derivaten mogelijk maken en k@l mogelijk maken om nieuwe

antibiotica te ontwikkelen om bacteriéle resistemit hoofd te bieden.
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Figuur 6.1: Structuren van neamine antibiotica die regioselectief gemodificeerd zijn met een enkele
synthetische stap. Pijlen geven modificatie plaats aan van aminoglycosiden getransormeerd met APG-
strategie (blauw) en selectieve azide introductie (rood). Nummers geven de uitgevoerde
transformaties aan in de aanwezigheid van APGs: acylatie (1), thiolatie (2), urea formatie (3), azide

introductie (4).
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6.3 Streszczenie

Synteza zmodyfikowanych aminoglikozydéw staje svaznym narzdziem w walce z
lekoopornymi bakteriami, co wynika ze zrozumieni&@amanizmmow oporrigi przeciwko
antybiotykom neaminowym. Niestety, te naturalnedpkdy maj bardzo ztéong struktue,
ktéra zawiera wiele chemicznie réwnocennych grupkéyjnych, wykazujcych podoba
reaktywndg¢. Z tego powodu selektywna modyfikacja wybranejpyriest trunda, a w wielu
przypadkach nienmiiwa.Totalna synteza zkonych zwizkdw naturalnych jest czasochtonna
i wymaga zastosowania grup zabezpiegaaih. W szczegolrigi selektywan modyfikacja
antybiotykow aminoglikozydowych, takich jak handimwlostpna neomycyna B, wymaga
ponad 20 reakcji w syntezie konwencjonalnej. W e@jg@ej pracy opisano metody
pozwalajce na przezwyerenie tych trudnéci i ulatwienie opracowywania nowych
antybiotykow dzgki regioselektywnym modyfikacjom antybiotykbw neamivyh w

pojedynczej reakcji.

Pierwsza strategia (opisana w rozdziatach 2, 3 i ofjera s na zastosowaniu
niekonwalencyjnych grup zabezpieegsjch, tak zwanych aptamerowych grup
zabezpieczarych @ng. aptameric protective groups, APG), ktore wykorajstkrotkie
sekwencje RNA. W odedieniu od kowalencyjnych grup zabezpiegeggh, APG mog
ostani& kilka grup funkcyjnych w pojediczym zwigzku w tym samym czasie, pozwala]
na regioselektywsn transformag pozostatych grup (Schemat 6.1Rozdziat 2 opisuje
efektywne uaycie sekwencji RNA jako APG do regioselektywnej mikhcji ztozonych
antybiotykbw neaminowych, co zostalo wykazane naylgadzie neomycyny B i
paromomycyny z trzema xdymi sekwencjami RNA. Antybiotyki te zostaly zmotkgwane
poprzez reakejacylowania z regioselektywbaa dochodzaca do 97%. Te wyniki pokazaty
po raz pierwszyze sekwencje RNA magby¢ zastosowanejako niekowalencyjne grupy
zabezpieczgre. Ponadto, wykazano réwniee te same aptamery RNA mpgtuzy¢ jako

APG dla r@nych zwihzkdw posiadajcych podobny farmakofor.
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ztozony zwigzek

vy
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regioselektywny
modyfikowany
= =reagent zwigzek

. = funkcyjna grupa

Schemat 6.1: Specyficzna modyfikacja w zlozonej zwigzku z wykorzystaniem niekonwalencyjnych
grup zabezpieczajagcych (APGs): Wprowadzenie grupy zabezpieczajgcej (1), regioselektywng

transformacja (2), Usuwanie grupy zabezpieczajgcej (3).

Czynnikiem ograniczagm regioselektywn@& reakcji opisanej powagej jest fakt, ze
sekwencje RNA maogoddziatyw& z neomycyn B na kilka sposob6w. Badania opisane w
rozdziale 3wykazaly,ze wyte APG waza neomycyg B na dwa sposoby, co prowadzi do
uzyskania dwoéch produktéw w wyniku reakcji acylovearR&nica w energii dla tych dwoch
oddziatywa pozwolita na optymalizagj warunkéw reakcji i podniesienie selektyvsnb
Nasze badania wykazaly réwnjeze izotermalne miareczkowanie kalorymetryczne jest
dogodnym nargziem do oszacowania przydaiobRNA jako APG. Wykazano ponad tze
modyfikacja neomycyny B w obecfmm APG mae by prowadzona w wjszych
temperaturach (50 °C), co demonstruje wysstiabilng¢ tych grup zabezpieczajych.

W celu dalszego wykazania szerokiego pola zastasalea APG, przeprowadzono badania
nad ich ayciem w reakcjach antybiotykébw modyfikowanych wmgch pozycjach, opisane
w rozdziale 4 Cztery ré@ne reakcje zostaly ayte do modyfikacji neomycyny B i jegj
analogow w obecrigi APG. Wyniki tych bada potwierdzag, ze wzycie APG, przedstawione
w rozdziatach 2-4, zastuguje na uwagako nowy koncept w syntezie organicznej,

pozwalajicy na selektyws modyfikacg zwigzkdéw o bardzo ztoonej strukturze.

Kolejng motoda, przedstawiona wzdziale 5 pozwala unikg¢ uzycia jakichkolwiek grup
zabezpieczapych w reakcji modyfikacji szczegolnej grupy amirggwGrupa ta ulokowana

jest w rdzeniu struktury antybiotykdw neaminowychyli w szkielecie streptaminy. Szkielet
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ten jest celem ataku kilku enzyméw odpowiedzialnyeh bakterii za lekooporro.
Modyfikacja wspomnianej grupy aminowej wzi stanowi wyzwanie i wymaga dtugiej
syntezy. Dlatego opracowsiny nows metod przeksztatcania tej grupy w pojedye]
reakcji poprzez przeksztatcenie jej w gruigzydkows. Reakcja ta zostata przeprowadzona na
szé&ciu antybiotykach z regioselektyw§wa dochodzaca do 99%. Wykazano réwnieze
selektywna¢ ta mae by kotrolowana przez dodatek katalizatorow oraz zma.

Schemat 6.2 podsumowuje antybiotyki ktore udato rsgremodyfikowa w pojedyiczej
reakcji. Efekty uzyskane w tej pracy pozwoha stworzenie bibliotek anytbiotykow i

rozszerz wachlarz metod sotsowanych w syntezie antybiotykéw

NH, OH

HO HO
\NH2 doL \NHz by
Oféo O\HAO

NH, NH,

OH \ OH \
neomycin B paromomycin

ribostamycin neamine

Schemat 6.2: Podsumowuje antybiotyki ktére udato nam sie zmodyfikowa¢ w pojedynczej reakcji;

miejsca modyfikacji zaznaczone sg strzatkami; miejsca modyfikacji zaznaczone sg strzatkami.
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6.4 Zusammenfassung

Seitdem der Mechanismus der bakteriellen Resisterstanden ist, werden Antibiotika, die
auf Neamin-Aminoglykosiden basieren, strukturell rarglert (modifiziert), um die
antibakterielle Resistenz aufzuheben. Aber aufgesken, das diese strukturell komplexen
Naturprodukte eine Vielzahl an funktionellen Gruppkeesitzen, die eine ahnliche oder
gleiche Reaktivitat aufweisen, ist eine selektivedifizierung einer bestimmten Gruppe sehr
schwierig oder noch nicht realisierbar. Oft resuttidie Reaktion dieser Naturprodukte mit
einem Reaktanten in einem nicht auftrennbaren Gdmas Derivaten. Um ein komplexes
Molekul zu erhalten, das nur an einer Molekulseggindert ist, ist eine zeitaufwendige und
teure Totalsynthese notwendig. Zum Beispiel bendligg Modifizierung des Aminoglykosid-
Antibiotikum Neomycin B 20 synthetische Stufen, wegin konventioneller Syntheseweg
verwendet wird, in der kovalente Schutzgruppen eadet werden. Das entspricht einem
Zeitaufwand von bis zu 2 Jahren. Um diese Schvkerign zu umgehen und die Entwicklung
neuer Antibiotika basierend auf komplexen Naturpkien zu beschleunigen, wurden im
Verlauf dieser Doktorarbeit zwei neue Konzepte westgllt, die regioselektive

Modifizierungen von Neamin-Antibiotika in einer eigen Stufe ermdglicht.

Die erste Strategie (Kapitel 2, 3 und 4) basieft der Verwendung von nicht-kovalenten
Schutzgruppen, den sogenannten Aptamer-Schutzgrugpagl.: apatmeric protective
groups, APGs), die aus kurzen RNA Sequenzen bestdheegensatz zu kovalenten
Schutzgruppen kénnen APGs gleichzeitig mehrere tion&lle Gruppen eines komplexen
Molekils schiutzen, wahrend Molekilgruppen, die niahit der Schutzgruppe in
Wechselwirkung treten, in einer Reaktion regiosiekumgesetzt werden konnen
(Schema 6.1). Inmzweiten Kapitel wird die hohe Effizienz der APGs gezeigt, indem ais
Schutzgruppe fir aminoglykosidische Antibiotika wendet werden, um diese einer
regioselektiven Modifizierung zu unterziehen. Ineskm Zusammenhang wurden drei
verschiedene RNA Sequenzen als APGs erfolgreiclgesgtzt, um die Antibiotika
Neomycin B und Paromomycin selektiv umzusetzen. Ré&aktion fur die Modifizierung
dieser Aminoglykoside wurde die Acylierung von Amgruppen mit aktivierten Estern
(N-Hydroxysuccinimidester) gewahlt. In Gegenwart \den APGs reagierte lediglich eine
von bis zu sechs mdoglichen Aminogruppen dieserbiotika. An dieser Stelle muss betont
werden, dass die Verwendung von APGs eine Regidsstat von bis zu 98 % und einem
Umsatz von 83 % ermdglichen. Darliberhinaus zeggalStudie zum ersten Mal, dass RNA
Molekile sich als nicht-kovalente Schutzgruppenneig um strukturell komplexe
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Naturprodukte zu modifizieren. Ein weiteres Redultias im gleichen Kapitel prasentiert
wurde, ist, dass APGs fur verschiedene Antibiotdan ahnlicher molekularer Struktur
verwendet werden kdnnen. Daher wurden RNA-Sequerdienfir Neomycin B evolviert

wurden, auch als APGs flr das Antibiotikum Paromamerfolgreich eingesetzt, dass eine

ahnliche Struktureinheit besitzt (Neamin).

(1)

Multifunktionelles
Naturprodukt

-
2
\

regioselektiv
modifiziertes

. = funktionelle Gruppe Produkt (Derivat)

= = Reaktant

Schema 6.1: Spezifische Modifikation von multifunktionelles Naturprodukten in Gegenwart von nicht-
kovalenten Aptamer-Schutzgruppen: Einfihrung der Schutzgruppe (1), regioselektive Transformation

(2), Entfernung der Schutzgruppe (3).

Da aber RNA-Molekile aufgrund ihrer GréRe bzw. Segilange bis zu drei Bindungsstellen
fur ein Antibiotikum aufweisen konnen, kann es settass ein Aminoglykosid von
verschiedenen Seiten geschitzt werden kann und sensichiedene funktionelle Gruppen
reagieren. Dies wiederrum fihrt zu einem Gemisch Regioisomeren und niedrigerer
Regioselektivitat trotz der Verwendung von APGssiegen wurde indritten Kapitel der
Wirkmechanismus der RNA als nicht-kovalente Schuigge aufgeklart. Es hat sich
herausgestellt, dass die verwendeten RNA-Sequermesi Bindungstaschen fir das
Neomycin B besitzen, in denen wahrend der Acyligrawei unterschiedliche Derivate des
Antibiotikums gebildet werden. Da aber die Binduagshen unterschiedliche Affinitaten fur
das Antibiotikum haben, konnten die Reaktionsbadngygn, speziell das
RNA/Aminoglykosid-Verhaltnis und die Reaktionszetfolgreich optimiert werden, so dass
nur eines der beiden moglichen Regioisomere faeorigebildet wurde. Zusatzlich haben
unsere Untersuchungen in diesem Zusammenhang gezdass die Isotherme

Titrationskalorimetrie sich dazu eignet, die Anwkarkeit der RNA-Sequenzen, die mit Hilfe
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von SELEX (Systematic Evolution of Ligands by EXpatial Enrichment) evolviert werden
kbnnen, als APGs einzuschétzen. Schlie3lich korauteh gezeigt werden, dass RNA-
Molekile sogar bei hoheren Temperaturen von bi$@dC als Schutzgruppen eingesetzt

werden konnen.

Um die Nutzung von APGs als eine generelle Methwdeler organischen Synthese zu
etablieren, konzentrierte sich die weitere Arbaif die Untersuchung, ob verschiedene
Modifikationen an unterschiedlichen Stellen derrolgenannten Antibiotika durch die APGs
ermdglicht werden konnen. Das Ergebrdes vierten Kapitels zeigt deutlich, dass
verschiedene chemische Reaktionen, wie Acylierdrtgolierung und das Einfihren von
Azid- und Harnstoffgruppen in Gegenwart von APGglan Aminoglykosiden durchgefihrt
werden kénnen. Dabei wurden in diesem Zusammenhawggladene sowie positiv und
negativ geladene Reaktanten fur eine regioselektiodifizierung von den Aminoglykosiden
verwendet, die alle in einer hohen Regioselektiviggultierten. Schlie3lich wurde in diesem
Kapitel gezeigt, dass in Gegenwart von gleichen Rdfuenzen unterschiedliche
funktionelle Gruppen an den Antibiotika chemo- urebioselektiv modifiziert werden
kénnen. Auch regioselektive Mono- und Difunktiosarung von Neomycin B konnte
erfolgreich durchgefiihrt werden. Basierend auf Begebnissen aus den Kapiteln 2, 3 und 4
kann die Verwendung von nicht-kovalenten APGs als wertvolles neues Konzept
angesehen werden, da vor allem RNA-Aptamere fiie eéifielzahl an verschiedener
Naturstoffklassen generiert werden konnen. Aufgruledsen werden APGs basieren auf
RNA ein unvermeidliches und effektives Instrumergins um komplexe molekulare
Strukturen zu derivatisieren und die Medikamentémiehklung basieren auf Naturstoffen zu

vereinfachen bzw. zu beschleunigen.

Nachdem das APG-Konzept etabliert wurde, stellt diasfte Kapitel eine weitere
regioselektive Modifizierungsmethode von Neomycinv8r. Auch diese Derivatisierung
erfolgt in einer einzigen synthetischen Stufe atlare die Verwendung von kovalenten und
nicht-kovalenten Schutzgruppen. Dabei befindet diehModifikationsstelle gerade in einem
Bereich (Streptamin-Ring) des Antibiotikum, der iBakterien im Verlauf des
Resistenzmechanismus durch enzymatische Reakti@réndert wird. Als Folge verliert das
Aminoglykosid seine antibiotische Wirkung. Um diesbakteriellen Resistenzreaktionen
entgegen zu wirken, ist es in der Medikamentenaktumng géngig, Antibiotika an jenen
Stellen so zu modifizieren, dass diese im Bakterinioht verdndert werden kénnen aber

gleichzeitig die antibiotische Wirkung beibehaltededoch sind diese spezifischen
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Modifizierungen immer noch eine Herausforderung wladiberhinaus sehr zeitaufwendig
und kostspielig. Mit dieser Motivation zeigt dasifiié Kapitel die Entwicklung einer neuen
Methode, die eine Modifizierung in der C3-Positiales Streptamin-Ringes in einem
synthetischen Schritt ermdglicht. Unter Verwendwagn einem Azid-Transfer-Reaktanten
konnte eine von sechs Aminogruppen des Neamin-Atiliorn Neomycin B regioselektiv
umgesetzt werden. Die Studie dieser Reaktion hegige dass die Regioselektivitat auf der
unterschiedlichen Basizitat der Aminogruppen basWi&hrend basische Aminogruppen aus
der Reaktion ausgeschlossen werden, wird die Amupgge, die als einzige saure
Eigenschaften aufweist, in eine Azidgruppe umgesétz weiteren Verlauf konnte gezeigt
werden, dass diese Azid-Einfuhrung fur die Mehrzdal Neamin-Antibiotika generell
verwendbar ist. Somit konnten Azid-Derivate vonhsegerschiedenen Antibiotika, namlich
Neomycin B, Paromomycin, Ribostamycin, Neamin, Aaaik und Apramycin, hergestellt

werde.

In der Abbildung 6.1 sind alle Antibiotika dargdkiedie in einem einzigen synthetischen
Schritt unter der Verwendung der oben beschriebéviethoden modifiziert wurden. Die
jeweiligen Modifikationsstellen sind mit Pfeilen gedeutet. Die in dieser Doktorarbeit
vorgestellten Modifikationsmethoden vereinfached werkirzen deutlich den synthetischen
Aufwand fir die Derivatisierung von komplexen Amghgkosiden. Vielmehr reduzieren sie
die Synthese dieser Derivate der Antibiotika ankaieinzigen Schritt. Deswegen werden die
Ergebnisse dieser Doktorarbeit die Entwicklung vaeuen und vielversprechenden
Antibiotika, die gegen resistenten Stamemggesetzt werden kénnen, ermoglichen.
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Abb. 6.1: Molekulare Strukturen von Neamin-Antibiotika. Pfeile deuten die Modifikationsstelle an, die
mit Hilfe der APGs (blau) oder der Azid-Einflihrung selektiv umgesetzt werden konnten. Die Nummern

geben die verwendete chemische Reaktion an: Acylierung (1), Thiolierung (2), Harnstoffgruppen-
Einfihrung (3), Diazotierung (4).
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