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ABSTRACT: The development of novel drugs against Gram-
negative bacteria represents an urgent medical need. To overcome
their outer cell membrane, we synthesized conjugates of antibiotics
and artificial siderophores based on the MECAM core, which are
imported by bacterial iron uptake systems. Structures, spin states, _
and iron binding properties were predicted in silico using density @"ﬁr F
functional theory. The capability of MECAM to function as an

effective artificial siderophore in Escherichia coli was proven in microbiological growth recovery and bioanalytical assays. Following a
linker optimization focused on transport efficiency, five f-lactam and one daptomycin conjugates were prepared. The most potent
conjugate 27 showed growth inhibition of Gram-positive and Gram-negative multidrug-resistant pathogens at nanomolar
concentrations. The uptake pathway of MECAMSs was deciphered by knockout mutants and highlighted the relevance of FepA, CirA,
and Fiu. Resistance against 27 was mediated by a mutation in the gene encoding ExbB, which is involved in siderophore transport.
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B INTRODUCTION

The rising resistance of human pathogenic bacteria to clinically
used antibiotics has become a worldwide health problem that
is associated with severe medical and economic consequences.
It is striking that in a consensus hst on the most critical

(Scheme 1), thus minimizing molecular strain when forming
an octahedral complex with ferric iron. Hence, it is one of the
strongest natural iron binders known and became the
prototype model for siderophore uptake and conjugation
studies.'”"” Because the synthetic access to enterobactin

pathogens, established by the WHO,'" top priority was assigned
to Gram- -negative bacteria, i.e., drug -resistant congeners of
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enter-
obacteriaceae. The fact that therapeutic options against them
are particularly limited” is due to their outer cell membrane,
which represents a tlght impermeable biological barrier against
antibiotic agents S A promising strategy to enhance trans-
location across the outer cell membrane is to embark on
bacterial internalization systems, like those for siderophore
transport.” Siderophores are small-molecule iron chelators
synthesized and secreted by prokaryotes. Iron-loaded side-
rophores are actively transported across the bacterial outer
membrane, thus satisfying the bacterial demand for iron.”® In a
so-called “Trojan Horse” strategy,g antibiotic molecules have
been conjugated to siderophores and thereby reach much
higher intracellular concentrations compared to the free
drugs.'”"" After decades of research and development, a
successful clinical validation of this principle has been reached
with the siderophore-containing cephalosporin “Cefiderocol”
(Fetro?!a), which has recently obtained market authoriza-
tion.

Enterobactin (1), the main siderophore of Escherichia
li,"¥" possesses a chiral trilactone core that provides a
preorientation of the three iron-chelating catechol groups
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conjugates is demanding at a large scale, and because the
trilactone backbone is reported to be unstable,'® we aimed to
replace enterobactin’s trilactone core by more durable,
synthetic moieties. The principal feasibility of this approach
has been demonstrated by Miller and others; " *"7>* we
qualified the DOTAM core 2 as a suitable scaffold recently.”
In many cases, the catechols are masked as acetylated prodrugs
to avoid in vivo deactivation of the iron-chelating units by
catechol-O-methyltransferases.”® In this study, we explored a
simple benzene ring to accommodate three arms for iron
binding and a fourth arm for antibiotic payload attachment. In
early reports, 1,3,5-N,N’,N"-tris-(2,3-dihydroxybenzoyl)-tria-
minomethylbenzene (MECAM, 3, Scheme 1)*7** has been
shown to effectively transport ferric iron through the outer
membrane of Gram-negative E. coli into the periplasmic
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Scheme 1. Chemical Structures of Enterobactin (1), and Artificial Siderophores with DOTAM- (2), and MECAM-Based (3)
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In this study, we systematically varied the linkers branching
from the benzene core, synthesized first MECAM-based
antibiotic conjugates, and characterized their structural,
microbiological, and antibiotic properties, as well as their
uptake routes and resistance mechanisms in E. coli.

B RESULTS

MECAM Scaffold Is Amenable to Structural Variations
and Functionalization. MECAM, the starting point for our
studies, already possessed three catechol units for iron binding.
Because the attachment of a fourth arm was required to install
an antibiotic payload via a linker,”’ we chose to introduce a
nitro group for this purpose, whose subsequent reduction
should give rise to an easily accessible amine function. The
acyl-protected siderophore 8 was synthesized starting from
1,3,5-tris(bromomethyl)benzene 7 by nitration, a trifold amine
substitution, and the attachment of acid chloride 6. To assess
the roles of the nitro group and of the acetyl-protecting groups,
compounds 9—11 were prepared as well (Scheme 2).

To investigate whether structural modifications of MECAM
had an impact on its iron transport capabilities, we designed a
set of derivatives with increasing distances between the
aromatic core and the iron-chelating units. While elongation
of the MECAM catechol arms may decrease conformational
strain in the respective ferric iron complexes, the growing
number of degrees of freedom renders the formation of such
complexes entropically unfavorable at the same time.

To elucidate the structural boundaries for bioactive
siderophores, four compounds 12—15 were synthesized,
thereby covering arm length between three atoms (as in 8)
and seven atoms (as in 1S5) linking the central and the
peripheral phenyl rings (Schemes S1—S3). Furthermore, three
MECAM-derived congeners 16—18 could be obtained, in
which the 1,3,5-substitution pattern is replaced by a 1,2,3-
substitution pattern, thus increasing steric demand and
changing symmetry properties (Schemes S4 and SS).

MECAM-Based Siderophores Bind Iron in Different
Spin States. The structural and energetic properties of the
synthetic siderophores were examined next. Since we were
especially interested in the impact of linker length on iron
coordination, the substances with the shortest and longest

15441

distances between aromatic core and catechol units, 10, 19,
and 20 (Scheme 2) were studied in silico by density functional
theory (DFT) applying the hybrid version of the TPSS
functional.”* The TPSS functional provides only 10% exact
exchange, reducing the large systematic error in other
functionalities when it comes to the description of the
electronic configuration in transition-metal complexes. Since
an ab initio prediction of the thermodynamic stabilities in
solution would be far too challenging because of the structural
variance in our studied systems, we additionally characterized
the stability (or lability) of the Fe—O contacts by computing
all relevant relaxed force constants.”** As the hydroxyl groups
of catechols were fully deprotonated, the complexes had an
overall charge state of —3. After a manual conformational
search followed by individual geometry optimizations, we
ended up with relaxed structures for the iron—siderophore
complexes exemplified here for the siderophore 10 (Figure
1A). All octahedral ferric iron complexes were found to
represent minima of the potential energy surface characterized
by additional calculations of the second energy derivatives (no
imaginary frequencies). In the octahedral ferric iron complex
10, the distances between ferric iron and oxygen atoms differ
between the 2- and 3-positions of the three catechols, the latter
ones adopting values close to 2.0 A (Table S1). Due to the
formation of an intramolecular hydrogen bond,* electron
density is withdrawn from the oxygens in 2-positions (01, O3,
and OS in Table S1), resulting in 2 Fe—O bond elongations of
ca. 0.1 A Correspondingly, our calculated relaxed force
constants are lower and the kinetic lability should be more
pronounced for these FeO distances. Our findings imply that
the iron complex with siderophore 10 nearly adapts an ideal C;
symmetry (Figure 1A).

In a second step, total energies were computed for the
Fe(III) high-spin and low-spin adducts of 10, 19, and 20 as
well for some natural siderophore—iron complexes (Figure
S1), respectively. To our knowledge, octahedral low-spin
complexes have not been reported for any siderophore so far in
the literature. And indeed, our analysis of common natural
siderophores and of 10 depicted an energetic preference of the
high-spin configuration. To our surprise, the synthetic
siderophore 19 was found to favor the low-spin state (AE

https://doi.org/10.1021/acs.jmedchem.1c01482
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Scheme 2. Syntheses of MECAM Siderophores 8—11, and Structures of the Final Products 12—20“
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“Reagents and conditions: (a) Ac,0, DMAP, NEt;, reflux, 3 h; (b) (COCl),, DMF, CH,Cl, 0 °C — 1t, 2.5 h; (c) HNO;, H,SO,, 0 °C — 1t, 1 day;
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(hs — Is) = 41.9 kJ/mol) as the electronic ground state of the low-spin ground state should be associated with a pronounced
complexed iron(I1I) ion. This finding is of importance since a kinetic stability of the complex (see the analysis below). A
15442 https://doi.org/10.1021/acs.jmedchem.1c01482
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Figure 1. Characterization of 10. (A) Calculated DFT structure of ferric iron complex in stick representation with colorized atoms of carbon
(gray), oxygen (red), and iron as well as nitrogen (blue). (B) Absorption spectra of a Fe**-CAS solution following addition of 10 or enterobactin
(Ent). (C) Intracellular concentration of 10 in E. coli. Following the incubation of E. coli with 10 (with or w/o Fe*"), bacterial subcompartments
were fractionated, and the amount of 10 was quantified by LC-MS/MS. Compound 10 was mainly present in the periplasm and membranes but

barely in the cytoplasm.

direct conformational influence of the aromatic nitro group
(note the two additional stabilizing NH...O(nitro) interactions,
Figure S1) on the electronic ground state of the complex is
apparent because the respective desnitro analogue 20 again has
a high-spin ground state (AE (hs — Is) = —38.5 kJ/mol). We
speculate that, in solution, these additional intramolecular
hydrogen bonds will be weakened. Nevertheless, siderophore
19 seems to be a good starting point, which might lead to a
new class of kinetic stabilized low-spin siderophores.

The iron—oxygen distances of 19 and 20 are smaller and
more homogeneous for the low-spin state compared to the
respective high-spin complexes (Table S1). The force
constants, indicators of the kinetic lability of weakly bound
complexes, are significantly higher, suggesting that the low-spin
configuration is kinetically more inert. The average force
constant of 0.97 N/cm for the preferred high-spin config-
uration of 20 is comparable to the value of 0.95 N/cm that was
recently reported for the natural siderophore enterobactin.*®
The average relaxed force constant of 19 is higher (1.16 N/cm,
+0.19 N/cm compared to 20) in the high-spin state, and this
difference is even more pronounced in the preferred low-spin
state of 19 (2.01 N/cm, +0.31 compared to 20). As expected,
the unusual preference of the low-spin configuration is
reflected by relatively strong and covalent siderophore—iron
bonds.

The length of the linker had no impact on the average Fe—O
bond length, as reflected by identical values of 2.04 A for the
high-spin complexes of 10 and 20, and also their average force
constants were comparable (1.03 vs 0.97 N/cm, respectively).
However, the distortion from an ideal C;-symmetry was larger
for the siderophores with longer linkers.

Next, the ability of MECAM siderophores 10 to form stable
complexes with ferric iron was probed experimentally in a
colorimetric assay utilizing chrome azurol S (CAS). CAS is a
red dye, which forms blue complexes with ferric iron. The
withdrawal of ferric iron from CAS by strong iron chelators like
the positive control enterobactin results in a colorimetric shift
from blue to red. We observed that the absorption maximum
of CAS-Fe** at around 660 nm, corresponding to a blue color,
vanished after the addition of 10 (Figure 1C). This
demonstrates that the nitro compound 10 was capable of
chelating a ferric iron.

MECAM-Based Siderophores Transport Iron into the
Periplasm via FepA. The ability to bind iron is a necessary
but not sufficient condition to serve as an artificial siderophore
for Gram-negative bacteria. To probe whether the compounds
would function as a siderophore, a growth recovery assay with
an E. coli AentA strain was conducted. This strain is not able to
biosynthesize its endogenous siderophore enterobactin and
thus is only able to grow under iron-limited conditions when a
suitable (xeno-)siderophore is added (Figure 2A, dimethyl
sulfoxide (DMSO) and enterobactin controls). Each of the
compounds 8—11 restored growth sufficiently, illustrating the
aptness of MECAM to serve as an iron carrier for E. coli in its
free and its acetylated prodrug form (Figure 2A).

The growth recovery assay with the artificial siderophores 8
and 12—18 showed that only compounds 8 and 16, possessing
the shortest linkers between the aromatic ring and catechol
units, were accepted as xenosiderophores by E. coli (Figure
2B). For siderophores 19 and 20, deacetylated congeners of
compound 15, the ability to form complexes with ferric iron
had been observed (v.i.). Thus, increasing the distances

https://doi.org/10.1021/acs.jmedchem.1c01482
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Figure 2. FepA is required for uptake of 8 in E. coli. Growth recovery assays with cultures of E. coli wt, single- or double-knockout strains that were
treated with artificial siderophores, enterobactin, or DMSO and grown under iron-deficient conditions. (A) Treatment with MECAM-based
compounds 8—11. (B) Treatment with longer-chain and 1,2,3-substituted analogues 12—18. (C) Treatment of outer membrane receptor-deficient
strains with 8, enterobactin (Ent), or DMSO. (D) Treatment of strains harboring an IPTG-driven fepA expression plasmid or a vector control with
8, enterobactin, or DMSO. (E) RNA expression of fepA from cultures in (D) followed by real-time polymerase chain reaction (PCR). Gene
expression was normalized against the reference gene rpoB and given as relative to AentAAfepA+ vec control. Bars represent the means and
standard deviations of one representative experiment done in triplicate. Results shown are means and standard deviations of one representative
experiment done in triplicate. *p < 0.0 and ***p < 0.001 (Student’s t test). Ent = enterobactin. Vec = vector.

between core moiety and catechol units appears to rather
hamper active transport through the outer membrane than
impede complex formation. Since the synthesis of MECAM 8
proved to be more convenient than the preparation of the
1,2,3-substituted derivative 16, we decided to stick to the
former in the following studies.

To pinpoint receptors involved in siderophore uptake,
growth recovery assays were conducted in double-knockout
strains that harbor a gene deletion for one outer membrane
receptor and another one for entA. The AentAAfepA strain
showed a growth defect in the presence of the positive control
enterobactin (Figure 2C). This demonstrates that fepA is a key
molecule involved in enterobactin uptake, in line with
literature findings.'> A growth defect was also observed in
the AentAAfepA strain following treatment with 8. In contrast,
8 still enabled growth recovery in AentAAfecA, AentAAfhuA,
AentAAcirA, and AentAAfiu strains (Figure 2C).

To further confirm the role of FepA in 8 uptake, FepA
receptors were reintroduced by expressing a plasmid encoding
full-length FepA in AentAAfepA strain, followed by a growth
recovery assay under supplementation of 8 (Figure 2D). The
level of fepA expression was monitored by real-time PCR
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(Figure 2E). Complementation of FepA in AentAAfepA strain
rescued growth under treatment with 8 in iron-limited
condition. These results demonstrate that FepA is the essential
receptor for uptake of 8, whereas FecA, FhuA, CirA, and Fiu
are dispensable.

MECAM-g-Lactam Conjugate 27 Inhibits the Growth
of Multidrug-Resistant Pathogens. For the design of
siderophore—antibiotic conjugates, it is crucial to know the
main site of subcellular accumulation, to assure a sufficient
engagement of the antibiotic target. To measure accumulation,
we applied a cell fractionation assay coupled with mass
spectrometry detection.’” Following a growth recovery assay of
10, the E. coli cells from the restored colony were perforated
employing an osmotic shock procedure. After releasing the
periplasmic fraction via centrifugation, an additional sonication
step resulted in complete cell lysis, yielding separate membrane
and cytoplasmic fractions after centrifugation. Quantifying the
content of 10 in these three fractions with mass spectrometry
revealed compound enrichment in the membrane and
periplasmic fractions, while a low compound concentration
was detected in the cytoplasm (Figure 1B).
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Scheme 3. Syntheses of Intermediates 21—23; MECAM—Amino-Penicillin Conjugates 27—30; and Chemical Structures of 24,
31, and the MECAM—Daptomycin Conjugate 327
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“Reagents and conditions: (a) Zn, AcOH, EtOH, THF, 0 °C — rt, 30 min; (b) S-hexynoic acid, isobutyl chloroformate, NMM, THF, 0 °C — rt, 1
day; (c) NEt;, MeOH, 0 °C — rt, 2.5 h. (d) CuSO,, sodium ascorbate, (TBTA), H,0, DMF, rt, 2—3 h. In full conjugates, the antibiotic, linker, and
siderophore moieties are labeled in blue, black, and red, respectively.

The findings from the fractionation experiment suggest that MECAM siderophore. This renders the usage of noncleavable
antibiotics with periplasmic targets might reach their site of linkers possible, reducing synthetic and stability problems
action and were preferably selected for conjugation to the compared to cleavable linkers. The reduction of the nitro

15445 https://doi.org/10.1021/acs.jmedchem.1c01482

J. Med. Chem. 2021, 64, 15440—15460


https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01482?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01482?fig=sch3&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c01482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Table 1. Minimal Inhibitory Concentrations (MICs) of 27—32 against Bacterial Pathogens”

strain 27 28 29 30 32 amp amox cef dapto
E. coli <0.090 0.89 + 0.0 14 + 0.0 0.87 + 0.0 0.81 + 0.48 >64 19 + 54 18 £ 5.2 0.042 + 0.026 >64
S. aureus 0.12 + 0.06 53+ 16 >46 >56 >64 87 + 3.1 >183 >175 >85 0.36 + 0.19
A. baumannii <0.09 >57 >46 >56 >64 44 + 1.5 >183 >17S 0.053 + 0.029 >39
E. faecium 0.62 + 0.51 >57 >46 >56 >64 13+£0 27 £12 1.3 + 0.76 >85 0.62—2.5"

“Ampicillin (amp), amoxicillin (amox), cefiderocol (cef), and daptomycin (dapto) were used as standard antibiotics. “Ref 39. MICs (average +
s.d., 3—9 biological replicates) were determined by a curve-fitting procedure and expressed in yM.

group to the aniline 21, followed by the attachment of a
terminal alkyne, gave 22, which was suitable for subsequent
payload installation via a copper(I)-catalyzed alkyne-azide
cycloaddition (CuAAC). Additionally, the deacetylated con-
gener 23 was also prepared (Scheme 3). To evaluate the extent
by which a more sterically demanding linker might affect the
ability of MECAM-derived xenosiderophores to translocate
ferric iron into Gram-negative bacteria, a phenyl residue
branching off close to the core motif was installed to yield 24
(Schemes 3 and S7).

While the artificial siderophores 22 and 23 were functional
in the growth recovery assay, growth could not be restored
when 24 was applied (Figure S2). Thus, a linear, sterically
unhindered linker appears to be necessary to maintain
sufficient iron transport characteristics. We next decided to
attach the amino-penicillins ampicillin and amoxicillin for the
creation of MECAM-—antibiotic conjugates, because they
address a periplasmic target, and their primary amino groups
constitute a viable attachment point according to previous
studies.'" The two amino-penicillins were first equipped with a
terminal azide to yield derivatives 25 and 26 (Scheme S8) and
then linked to 22 and 23 via CuAAC to afford the four
MECAM conjugates 27—30 (Scheme 3). It is known that
replacing an unpolar alkyl linker by a more hydrophilic
poly(ethylene glycol) (PEG) linker can have a strong impact
on the antibacterial activity of siderophore—drug conjugates.'”
Conjugate 31 comprising a PEG linker was synthesized to
compare its activity with the four aforementioned congeners
27—30 (Schemes 3 and S9).

Siderophore—antibiotic conjugates 27—32 were tested in
minimal inhibitory concentration (MIC) assays against
bacteria of the so-called ESKAPE panel that comprises the
clinically relevant pathogens S. aureus, Klebsiella pneumoniae, A.
baumannii, P. aeruginosa, Enterococcus faecium, and Enterobacter
sp. To compare conjugated with unconjugated molecules on a
molar level, all values are given in yg/mL. Significant inhibition
of K. pneumoniae and P. aeruginosa could not be observed with
any conjugate. Conjugates 28—31 all prevented growth of E.
coli at concentrations that were 12- to 24-fold lower than those
of unconjugated ampicillin or amoxicillin (Table 1). This result
provides a proof of concept that MECAM-based artificial
siderophores indeed enhanced the antibiotic activity. However,
the spectrum of most conjugates was small: 29—31 inhibited
only E. coli, and 28 was active against S. aureus in addition. The
efficacy of 31 bearing a PEG linker was substantially lower than
that of the corresponding 27 with an alkyl linker against all
strains. In fact, 27 was the most potent compound in the panel,
as it inhibited the Gram-negative E. coli and A. baumannii and
also the Gram-positive S. aureus and E. faecium pathogens at
nanomolar concentrations. While the enhanced activity of
conjugates bearing acetyl-protected catechol moieties is in
agreement with previous findings,”"*° the superiority of
ampicillin vs amoxicillin in siderophore conjugates is
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surprising. Compound 27 thereby shows an advantage in
comparison with cefiderocol, which is active against Gram-
negative bacteria exclusively. In addition, we examined the
antibacterial activity of 27 against clinically relevant uropatho-
genic, enteroaggregative, enteroinvasive, enteropathogenic, and
enterotoxigenic E. coli strains as well as against Methicillin-
resistant S. aureus (MRSA), and again found that 27 was at
least 8- and 16-fold more potent than free ampicillin in E. coli
and MRSA, respectively (Table S2).

MECAM-Daptomycin Conjugate 32 Is Active against
Multidrug-Resistant Pathogens. To expand the range of
antibiotics used in our MECAM conjugates, the lipopeptide
daptomycin was selected. Its activity, based on bacterial cell
membrane perforation and depolarization, makes it a potent
antibiotic against Gram-positive pathogens, whereas it is
completely inactive against Gram-negative pathogens due to
its large size—unless being actively transported. Thus,
representing an ideal test candidate for siderophore transport,
daptomycin was derivatized with e-azido-hexanoic acid at the
side chain of its ornithine residue, and subsequently coupled to
conjugate 32 (Schemes 3, S10, and S11).

Daptomycin conjugate 32 was less potent against Gram-
positive S. aureus and E. faecium than free daptomycin, and
inactive against E. coli, P. aeruginosa, and K. pneumoniae.
However, 32 inhibited the growth of A. baumannii with an
MIC of 44 uM, whereas free daptomycin was completely
inactive (Table 1). These findings are in line with recent data
reported by Miller and co-workers, who demonstrated
successful daptomycin transport with A. baumannii’s side-
rophore fimsbactin and artificial congeners.””*® Albeit the
selectivity for certain bacterial species remains to be under-
stood, it is notable that MECAM-based siderophores mediate
the translocation of a very large lipopeptide cargo across the
outer membrane.

Uptake of 27 in E. coli Depends on Three Receptors.
To understand the role of the siderophore uptake pathway for
the activity of 27 against E. coli, different knockout strains were
treated with 27 (Table 2). Strains with single deletions of
catecholate receptor genes such as fepA, cirA, or fiu as well as
the double-knockout strains AfepAAcirA, AfepAAfiu, Acir-
AAfiu remained susceptible to 27. However, the triple
knockout of fepA, cirA, and fiu conferred resistance to 27.
Similarly, only a triple knockout of fepA, cirA, and fiu was
found to be resistant to cefiderocol,*® even though a
remarkable 64-fold increase in the MIC of cefiderocol was
observed in the AcirAAfiu strain. Moreover, we examined the
influence of downstream components of the catechol side-
rophore pathway on antimicrobial activities of 27 (Table 2).
The outer membrane receptors are coupled to a complex of
TonB, ExbB, and ExbD, that provide the energy for active
transport. Both 27 and cefiderocol were inactive against a
AtonB strain. Interestingly, a AexbB strain was fully resistant to
27 but displayed (weakened) sensitivity to cefiderocol (Table
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Table 2. Minimal Inhibitory Concentrations (MICs) of 27
against E. coli Wild-Type and Knockout Strains”

MIC (uM)

strain 27 amp cef
wt” L5 46 0.33
AfepA 2.9 46 0.17
AcirA 29 46 0.66
Afiu 1.5 46 0.66
AfepAAcirA 1.5 46 0.17
AfepAAfiu LS 46 0.66
AcirAAfiu 2.9 46 21
AfepAAcirAAfiu >12 46 >21
AtonB >12 46 >21
AexbB >12 46 5.3
AfepB 2.9 46 0.083
AfepD L5 46 0.083

“Ampicillin  (amp) and cefiderocol (cef) were used as standard
antibiotics. MICs were the minimal concentrations of indicated
antibiotics in uM displaying no growth determined by visual
inspection. “wt = E. coli BW25113.

2), indicating that ExbB might play a specific role in 27-
mediated antibacterial activity against E. coli. On the other
hand, depletion of fepB, a periplasmic protein responsible for
shutting corresponding cargo from catechol receptors to ABC
transporters in the inner membrane,® led to a merely 2-fold
increase of MIC in 27. To investigate whether the siderophore
import system located at the inner membrane is required, the
antibacterial activity of 27 was examined in a AfepD strain. The
AfepD strain, defective in catechol import from the inner
membrane to the cytoplasm, was susceptible to 27, suggesting
that transporting 27 into the periplasm space was sufficient for
antibacterial activity. This is in line with the finding that 8
mostly accumulates in the periplasm (Figure 1), and with the
fact that the target of ampicillin is located there. In summary,
the results suggest that 27 can be taken up by FepA, CirA, and
Fiu catechol receptors in E. coli; the TonB-coupling of these
receptors is essential, whereas the transfer from the periplasm
to the cytosol is not.

Truncation of ExbB at Q163 Induces Resistance to 27
in E. coli. To investigate the resistance mechanism toward 27
in E. coli K-12 BW25113, resistant clones were generated by
serial passaging under challenge with 27. Four clones survived
21 passages and exhibited MICs > 12 uM (Figure 3A). To
exclude that the clones became intrinsically drug-resistant, e.g.,
by overexpressing efflux pumps, they were tested against
ampicillin, kanamycin, or cefiderocol, and found to retain
sensitivity against those reference antibiotics (Table S3). The
genomic DNA of the four clones was isolated, followed by
whole-genome sequencing. Mapping the sequences of the
parental control and four resistant clones to the reference
genome E. coli BW25113 (GenBank: CP009273.1) containing
4 631469 base pairs led to the identification of two single-
nucleotide mutations among the four resistant clones (Tables
S3 and S4). First, a single-nucleotide mutation observed in all
clones was a replacement of guanine to adenine at position 806
in the gene encoding cytochrome bo(3) ubiquinol oxidase
subunit I (cyoB) (Table S3). This point mutation results in an
exchange of glycine to aspartate at position 269 (G269D) in
the expressed protein. cyoABCD genes encode and form a
terminal cytochrome bo oxidase complex that is the main
terminal oxidase in the aerobic respiratory chain in E. coli and

catalyzes the four-electron reduction of molecular oxygen to
water."** Besides, the cytochrome bo terminal oxidase serves
as a supplier of PMF, and also CyoB itself was reported to
contribute to PMF generation.””"’ The second nucleotide
mutation, found in the first and second clone, incorporated
thymine instead of cytosine at position 487 in the gene-
biopolymer transport protein exbB, which is a component of
the Ton machinery.***> ExbB serves as a supplier of PMF that
is required for a conformational change of TonB and the outer
membrane receptor to facilitate siderophore uptake.**” The
point mutation leads to a stop codon mutation from glutamine
(Q163*) of the expressed protein. Both CyoB G269D and
ExbB Q163* have not been reported in previous studies.

Given that ExbB forms a complex with TonB to facilitating
the siderophore uptake,** we examined whether the resistance
toward 27 resulted from an impaired siderophore uptake. All
resistant clones are able to grow in iron-limited condition
(Figure 3B), indicating that the uptake of enterobactin is
functional in resistant clones. Moreover, to evaluate whether
27 resistant (27%) clones are able to uptake 8, the entA gene
was deleted in full-length in all four clones, which were then
submitted to growth recovery assays. The growth of AentA,
27" clones was recovered upon supplementation with 8 and
also with the positive control enterobactin (Figure 3C). This
demonstrates that the siderophore uptake system was still
functional in 27% clones. In contrast, double-knockout strains
of entA and full-length exbB showed no growth recovery in the
presence of 8. The fact that neither CyoB G269D nor ExbB
Q163* impaired the uptake of enterobactin or 8 demonstrates
that the siderophore uptake system in 27° clones is still
functional.

To validate that the CyoB G269D and ExbB Q163* variants
were causal for resistance toward 27, the respective mutated
genes were reintroduced by plasmids into AcyoB and AexbB
strains, respectively. Overexpression of ExbB Ql63* in a
AexbB clone was sufficient to confer resistance against 27 up
to 12 uM, while strains overexpressing either wild-type ExbB
or vector control were susceptible to 27 (Figure 3D,E). The
expression efficiency was confirmed by real-time qPCR (Figure
3F). However, reintroducing either wild-type CyoB or CyoB
G269D on a plasmid into the AcyoB strain did not confer
resistance to 27 (Figure 3G,H). The complementation
efficiency was confirmed by real-time qPCR (Figure 3I).
When cultures from 278 clones no. 3 and 4, carrying only one
mutation site in cyoB, were further passaged, they returned
sensitive to 27, and the MIC was restored to 1.5 uM (Figure
S3). This reverse susceptibility to 27 was not observed in 27%
clones carrying mutations in the exbB gene. A further whole-
genome sequence analysis (Table SS) confirmed that no
additional genetic mutation occurred among those “recovery”
clones, i.e, the G269D mutation was still present. In summary,
a mutation in ExbB was causal for sustained resistance
formation against 27, whereas the CyoB resistance mutation
was transient.

B DISCUSSION AND CONCLUSIONS

In this study, we qualified the artificial enterobactin mimic
MECAM as a functional and versatile scaffold for siderophore
conjugation. The synthesis of a series of MECAM analogues
allowed deriving structure—activity relationships, and the
structural and electronic properties were calculated by
quantum chemistry. Its ferric iron complex was structurally
and electronically characterized by quantum-chemically
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Figure 3. Mechanism of resistance against 27 in E. coli. (A) Antibacterial activity of 27 against four 27% clones was assessed after 24 h treatment in
iron-limited MHB. (B, C) Siderophore uptake system is functional in clones resistant to 27. (B) Growth of AentA strain and four 27% clones in
LMR medium under iron-limited conditions. (C) Growth recovery of indicated strains treated with 8, Ent, or DMSO in iron-limited LMR medium
for 48 h. (D—I) Overexpression of ExbB163*, but not of CyoB G269D, induces resistance to 27 in E. coli. The antibacterial activity of 27 (D) and a
summary of MICs (E) against AexbB strains with a plasmid for the expression of wild-type ExbB, Q163*-truncated ExbB, or with vector control.
MIC assays were conducted as mentioned in (A). (F) RNA expression of exbB from the cultures shown in (D). Representative results of n = 2. The
antibacterial activity of 27 (G) and a summary of MICs (H) against AcyoB strains with a plasmid for the expression of wild-type CyoB, CyoB
mutated at G269D, or with vector control. (I) RNA expression of cyoB from the cultures shown in (G). Gene expression was normalized against
the reference gene rpoB and given as relative to wt control. Results shown are means and standard deviations of one representative experiment done
in triplicate. Vec: vector control. Ent = enterobactin. Representative results of n = 3.

computing structural and energetic properties as well as the
relaxed siderophore-Fe(III) force constants (compliance
constants) at the DFT level of theory. The prediction of an
unprecedented and kinetically stable ferric iron low-spin
complex raises the interesting question whether the spin
ground state of the iron—siderophore complex might be an
additional, hitherto overseen factor in siderophore biology.
Notably, spin changes at iron have been highlighted as
important for reactivity in the context of iron-mediated
oxidation processes.”® A combination of chemical synthesis,
bioanalytical and microbiological assays in the model pathogen
E. coli led to the selection of the preferred artificial siderophore,
and to the conjugation of standard antibiotics. MECAM
conjugates led to a potentiation of activity of the f-lactam
ampicillin, and they could transport the bulky lipopeptide
daptomycin into A. baumannii. Compound 27 inhibited the
growth of Gram-negative as well as Gram-positive strains at
nanomolar concentrations. The enhanced activity of 27 against
S. aureus cannot be explained by an outer membrane-spanning
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transporter due to the absence of this membrane. However,
siderophore transport into Gram-positive bacteria involves a
membrane-anchored binding protein closely located to an
ABC transporter that internalizes siderophores.” Thus, we
hypothesize that conjugate binding to this protein might
increase the local f-lactam concentration and thereby the
antibacterial potency of the siderophore conjugate compared
to free ampicillin.

The dependence of siderophore conjugate uptake on the
expression of single receptors that may lead to fast resistance
formation, has been an often-mentioned concern.'"*”*° This
study demonstrates that only a triple knockout of three
catecholate receptors (FepA, CirA, and Fiu) conferred
resistance to 27 in E. coli (Table 2), suggesting that 27 is
able to use multiple siderophore receptors for its uptake. We
hypothesize that the use of artificial siderophores, combining
iron binders with a simple core scaffold, may exert advantages
with respect to a broader receptor specificity. However, the
unconjugated 8 was only transported by FepA (Figure 2),
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which highlights that outer membrane receptors differentiate
between compounds 27 and 8. The observation that TonB and
ExbB deletion strains were resistant to 27 implies that Ton-
coupled transport indeed plays a key role in the antibacterial
activity of 27.

In addition to experiments with defined knockout strains, we
investigated induced resistance upon exposure to 27, and
found a mutation in exbB, resulting in a truncated Q163*
protein. The causal role of this mutation was proven by the
observation that a complementation of ExbB Q163*, but not
wild type of ExbB, into a AexbB strain conferred resistance to
27. Previous studies showed that ExbB is an integral
cytoplasmic membrane (CM) protein with three trans-
membrane domains.**" It is believed that ExbB has three
functions: as a scaffold on stabilizing the structure of Ton
machinery, supplier of proton motive force (PMF) for
conformational changes of TonB and the associated outer
membrane receptor, and signal transduction.***” ExbB Q163*
is a truncated form of ExbB lacking the third transmembrane
domain (TMD3) and the cytoplasmic carboxy terminus. By
site-directed mutagenesis, Baker et al. found key residues
located in the three TMDs of ExbB and proposed that TMD 1
mainly interacts with the TMD of TonB, TMD 2 interacts with
ExbD, whereas TMD 3 is involved in signal transduction. The
fact that resistant clones with ExbB Q163* mutation were able
to take up either enterobactin or 8 (Figure 3) suggests that the
truncated form of ExbB Q163* is not essential for siderophore
uptake in general but specifically mediates entry of 27 into E.
coli. While the mechanism behind this is not understood, the
finding again highlights that “free” and conjugated siderophore
mimics behave differently.

The protein CyoB (cytochrome bo(3) ubiquinol oxidase
subunit I) functions as the major terminal oxidase in the
aerobic respiratory chain of E. coli and contributes to PMF
generation.””>> However, the reintroduction of CyoB G269D
into a AcyoB strain did not lead to a restoration of resistance to
27 (Figure 3). Besides, cultures from 27° clones with only one
mutation site in cyoB returned sensitive to 27 after a few (MIC
= 1.45 uM) passages (Table SS). This transient resistance
allows bacteria to temporarily survive upon antibiotic
exposure.”* A previous study from Lazar et al. revealed that
mutations of CyoB contribute to aminoglycoside resistance via
the reduction of PMF in the presence of other mutations in
other genes.”> Considering that CyoB G269D mutation existed
in all 27® clones, CyoB G269D might impede the uptake of 27
by reducing the membrane potential as well as PMF, even
though a CyoB G269D alone is not sufficient for sustained
resistance to 27. Thus, the formation of ExbB163*, but not
CyoB G269D, played an essential role in resistance formation
in E. coli. While previous resistance studies focused mainly on
outer membrane receptors for siderophores, this work
highlights the importance of additional components, albeit
also related to uptake to the periplasm. In contrast,
downstream transport into the cytoplasm was not relevant,
in line with the antibiotic mechanism of 27.

In summary, the data qualify the versatile MECAM scaffold
as a transporter of antibiotic cargo, and they highlight the
potential of artificial siderophores as “Trojan Horses” to fight
multidrug-resistant bacteria.

B EXPERIMENTAL SECTION

General Chemistry Methods. Commercially obtained chemicals
were used without any further purification. All organic solvents

possessed HPLC-grade purity. Dried solvents were used unless water
was part of the solvent mixture or the total amount of solvent in the
reaction was bigger than 30 mL. Dichloromethane was dried over
molecular sieves (4 A). All other dried solvents were purchased in a
water-free form. Reactions requiring dried solvents were conducted in
twofold baked-out glassware under a nitrogen atmosphere. Removal
of organic solvents was conducted on rotational evaporators at 30 °C.
For the removal of water, a temperature of 40 °C was applied.
Lyophilization of compounds was conducted on an a 2—4 LSCbasic
(Christ) lyophilizer after freezing compound solutions in liquid
nitrogen. Centrifugations were performed on a Universal 32 R
(Hettich) centrifuge. Absolute reaction yields are given only after the
neat compound was analyzed by NMR spectroscopy. Yields of
unpurified compounds were only calculated to allow stoichiometric
calculations for the next synthetic step. In these cases, absolute overall
yields are given with the final step of the respective synthesis. All
compounds had purities >95% as determined by high-performance
liquid chromatography (UV detection) and "H/"*C NMR analysis.

Synthetic Procedures. Compound 5. To a solution of 2,3-
dihydroxybenzoic acid (4, 4.00 g 26.0 mmol, 1 equiv) and 4-
(dimethylamino)-pyridine (318 mg, 2.60 mmol, 0.1 equiv), acetic
anhydride (7.37 mL, 7.96 g, 77.9 mmol, 3 equiv) and triethylamine
(21.6 mL, 15.8 g 156 mmol, 6 equiv) were added. The reaction
mixture was refluxed for 3 h, cooled to rt, and the solvent was
removed. The residue was washed with cold hydrochloric acid (0.5
M) and cold saturated sodium chloride solution (2 X 75 mL each)
and dried over sodium sulfate. After removing the solvent and drying
in vacuo, S was obtained as a brownish solid (5.27 g, 22.1 mmol, 85%)
and used for the preparation of 6 without further purification.

Compound 6. Oxalyl chloride (566 uL, 838 mg, 6.6 mmol, 2
equiv) was added dropwise to a solution of § (786 mg, 3.30 mmol, 1
equiv) in dichloromethane (20 mL) and dimethylformamide (200
uL) over a time of S min at 0 °C. The reaction was stirred for 10 min
at 0 °C, warmed to rt, and stirred for 2.5 h. After removing the
solvent, crude product 6 was dried in vacuo overnight and used in
subsequent reactions without further purification.

Compound 8a. Tris(bromomethyl)benzene (7, 1.67 g 4.68
mmol) was added in small portions to a mixture of nitric acid
(65%) and concentrated sulfuric acid (10 mL each) at 0 °C. The
reaction mixture was warmed to rt, stirred for 1 day, poured on ice,
and extracted with ethyl acetate (2 X 25 mL). The combined organic
layers were washed with saturated solutions of sodium hydrogen
carbonate and sodium chloride (2 X 30 mL each) and dried over
sodium sulfate. After removing the solvent and drying in vacuo, 7a was
obtained as a light yellow solid (1.72 g, 4.28 mmol, 91%) and used in
subsequent reactions without further purification.

Compound 8. An aqueous solution of ammonia (30%, 10 mL) was
added dropwise to a solution of 8a (402 mg, 1.00 mmol, 1 equiv) in
tetrahydrofuran and ethanol (5 mL each). The reaction mixture was
stirred overnight. After removing the solvent and drying in vacuo, the
residue was dissolved in aqueous sodium hydrogen carbonate solution
(0.5 M, 20 mL). Compound 6 (3.3 mmol, 3.3 equiv) in 1,4-Dioxane
(20 mL) was added to this solution at 0 °C over a time of 15 min.
The reaction mixture was warmed to rt, mixed with ice, and extracted
with ethyl acetate (3 X 30 mL). The combined organic layers were
washed with saturated solutions of sodium hydrogen carbonate and
sodium chloride (2 X 75 mL each) and dried over sodium sulfate.
After removing the solvent, 8 was obtained by purification via
automatic flash chromatography (CH,Cl,/MeOH) as a light yellow
solid (510 mg, 586 umol, 59% over 3 steps).

TLC R, = 0.21 (CH,Cl,/MeOH = 20:1).

"H NMR (700 MHz, DMSO-dy): & [ppm] = 2.17 (s, 3H), 2.19 (s,
6H), 2.28 (s, 3H), 2.29 (s, 6H), 4.42 (d, ] = 5.7 Hz, 4H), 446 (d, ] =
5.7 Hz, 2H), 7.25 (t, ] = 7.9 Hz, 1H), 7.32(t, ] = 7.9 Hz, 2H), 7.37
(dd, J = 8.1, 1.4 Hz, 1H), 7.39 (dd, J = 8.1, 1.5 Hz, 2H), 7.41 (s, 2H),
7.46 (dd, J = 7.8, 1.5 Hz, 1H), 7.48 (dd, J = 7.7, 1.5 Hz, 2H),9.02 (t, ]
= 5.8 Hz, 2H), 9.06 (t, ] = 6.0 Hz, 1H).

13C NMR (176 MHz, DMSO-dg): 6 [ppm] = 20.2, 20.3, 38.8, 42.0,
125.6, 125.8, 126.0, 126.1, 126.2, 1263, 130.1, 130.3, 131.4, 140.2,
140.2, 142.7, 142.8, 147.0, 164.8, 164.8, 167.9, 167.9, 168.3.
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C,,H3N,O;; (870.78), exact mass: 870.2232.

ESI-HRMS (m/z): [M + Na]® caled for C,,H;3N,NaO,;:
893.2130; found: 893.2119.

Compound 9. An aqueous solution of ammonia (30%, 2.4 mL)
was added dropwise to a solution of 1,3,5-tris(bromomethyl)benzene
(7, 89.0 mg, 250 ymol, 1 equiv) in tetrahydrofuran and ethanol (1.2
mL each). The reaction mixture was stirred for 2.5 h and the resulting
precipitate was filtered off. After removing the solvent and drying in
vacuo, the residue was dissolved in aqueous sodium hydrogen
carbonate solution (0.5 M, S mL). Compound 6 (875 umol, 3.5
equiv) in 1,4-Dioxane (4 mL) was added to this solution at 0 °C. The
reaction mixture was stirred at 0 °C for 5 min, mixed with ice, and
extracted with ethyl acetate (3 X 10 mL). The combined organic
layers were washed with saturated sodium chloride solution (2 X 20
mL) and dried over sodium sulfate. After removing the solvent, 9 was
obtained by purification via HPLC as a white solid (23.4 mg, 28.3
pumol, 11% over 2 steps).

"H NMR (500 MHz, DMSO-dg): § [ppm] = 2.17 (s, 9H), 2.28 (s,
9H), 4.39 (d, ] = 5.9 Hz, 6H), 71.5 (s, 3H), 7.32 (t, ] = 7.9 Hz, 3H),
7.37 (dd, J = 8.1, 1.7 Hz, 3H), 7.49 (dd, ] = 7.6, 1.7 Hz, 3H), 8.94 (t, ]
= 6.0 Hz, 3H).

BC NMR (125 MHz, DMSO-dy): & [ppm] = 20.2, 20.3, 42.4,
124.5, 1254, 126.0, 1263, 130.8, 139.5, 140.1, 142.8, 164.5, 167.9,
168.3.

C,pH3oN;0 5 (825.78), exact mass: 825.2381.

ESI-HRMS (m/z): [M + H]* caled for Cy,H,oN3O,5: 826.2459;
found: 826.2453.

Compound 10. Compound 8 (26.1 mg, 30.0 ymol) was stirred in
aqueous potassium hydroxide solution (1 M, 15 mL) for 1 h. The
reaction mixture was acidified with hydrochloric acid (1 M) and
extracted with ethyl acetate (25 mL). The combined organic layer was
decanted and dried over sodium sulfate. After removing the solvent,
10 was obtained by purification via HPLC as a white solid (9.0 mg,
14.5 pmol, 48%).

'"H NMR (500 MHz, DMSO-d): § [ppm] 4.50 (d, ] = 5.5 Hg,
6H), 6.63 (t, ] = 7.9 Hz, 1H), 6.68 (t, ] = 8.0 Hz, 2H), 6.89-—6.95 (m,
3H), 7.21 (dd, J = 8.2, 1.3 Hz, 1H), 7.25 (dd, J = 8.2, 1.3 Hz, 2H),
7.44 (s, 2H), 9.14 (sy, 1H), 921 (sy, 2H), 9.33 (t, J = 5.7 Hz, 2H),
9.39 (t, ] = 6.0 Hz, 1H) 12.15 (s}, 2H), 12.37 (sy,, 1H).

BC NMR (125 MHz, DMSO-dy): § [ppm] = 38.6, 41.9, 114.9,
115.0, 117.2, 117.5, 118.0, 118.2, 118.9, 119.0, 126.5, 131.5, 142.6,
146.1, 147.2, 149.2, 149.5, 169.8, 169.9.

C30HpN,O;; (618.56), exact mass: 618.1598.

ESI-HRMS (m/z): [M + H]" caled for C30H,,N,O;;: 641.1496;
found: 641.1509.

Compound 11. Compound 9 (4.12 mg, 5.00 umol) was stirred in
aqueous potassium hydroxide solution (1 M, 2 mL) for 90 min. The
reaction mixture was acidified with hydrochloric acid (2 M) and
extracted with ethyl acetate (3 X S mL). The combined organic layers
were dried over sodium sulfate. After removing the solvent, 11 was
obtained by purification via HPLC as a white solid (1.20 mg, 2.08
umol, 42%).

"H NMR (500 MHz, DMSO-dy): 6 [ppm] = 4.46 (d, ] = 8.2 Hg,
6H), 6.67 (t, ] = 8.0 Hz, 3H), 6.91 (dd, J = 7.8, 1.3 Hz, 3H), 7.19, (s,
3H), 7.29 (dd, J = 8.2, 1.3 Hz, 3H), 9.14 (s,, 3H), 9.34 (t, ] = 6.0 Hz,
3H), 12.63 (s, 3H).

13C NMR (125 MHz, DMSO-dy): § [ppm] = 42.3, 114.9, 117.2,
118.0, 118.9, 124.9, 139.4, 146.2, 149.7, 169.7.

C50H,; N30, (573.56), exact mass: 573.1747.

ESI-HRMS (m/z): [M + HJ]* caled for C3gH,sN;O,: 574.1826;
found: 574.1819.

Compound 12a. Sodium cyanide (2.18 g, 43.2 mmol, 12 equiv), a
saturated solution of sodium hydrogen carbonate (10 mL), and water
(10 mL) were added to a solution of tris(bromomethyl)benzene
(1.28 g, 3.60 mmol, 1 equiv) in tetrahydrofuran (10 mL). The
solution was stirred for 3 h, and hydrochloric acid (1 M, ca. 38 mL)
was carefully added via a droplet funnel until a pH of 6 was reached.
The solution was stirred for 2 h and the resulting precipitate was
removed via centrifugation, taken up in acetonitrile. The solution was
dried over sodium sulfate. After removing the solvent and drying in

vacuo, 12a was obtained as a light yellow solid (630 mg, 3.23 mmol,
90%) and used for the synthesis of 12b without further purification.

Compound 12b. To a solution of potassium hydroxide (25%) in
water (8 mL) and ethanol (4 mL), 12a (605 mg, 3.10 mmol) was
added. This solution was heated to 100 °C in a sealed glass vial and
stirred overnight. The solution was poured on ice water (ca. 100 mL)
and acidified to pH =~ 1 with hydrochloric acid (6 M). After the
addition of saturated sodium chloride solution, the mixture was
extracted with ethyl acetate (S X 50 mL) and the combined organic
layers were dried over sodium sulfate. After removing the solvent and
drying in vacuo, 12b was obtained as a light yellow solid (700 mg, 2.78
mmol, 90%) and used for the synthesis of 12c without further
purification.

Compound 12c. A solution of 12b (698 mg, 2.77 mmol, 1 equiv),
trimethyl orthoformate (909 ymol, 882 mg, 8.31 mmol, 3.3 equiv),
and a few drops of concentrated sulfuric acid in methanol (16 mL)
was heated to 72 °C in a sealed glass vial and stirred for 18 h. After
removing the solvent, the residue was taken up in ethyl acetate (25
mL). The organic layer was washed with saturated solutions of
sodium hydrogen carbonate and sodium chloride (2 X 25 mL each)
and dried over sodium sulfate. After removing the solvent and drying
in vacuo, 12c was obtained as a light yellow oil (708 mg, 2.41 mmol,
87%) and used for the synthesis of 12d without further purification.

Compound 12d. Lithium aluminum hydride (369 mg, 9.72 mmol,
4.5 equiv) was added to a solution of 12¢ (635 mg, 2.16 mmol, 1
equiv) in tetrahydrofuran (10 mL). The reaction mixture was stirred
for 4 h, carefully quenched with a saturated solution of potassium
sodium tartrate, and filtered over a celite frit. The filter cake was
repeatedly washed with diethyl ether and methanol and the combined
organic layers were dried over sodium sulfate. After removing the
solvent, 12d was obtained by purification via flash chromatography
(CH,Cl,/MeOH 20:1 — 15:1 — 10:1) as a white solid (190 mg, 904
umol, 30% over four steps)

TLC R; = 0.15 (CH,Cl,/MeOH = 20:1).

'"H NMR (500 MHz, methanol-d,): § [ppm] = 2.77 (t, ] = 7.0 Hg,
6H), 3.74 (t, ] = 7.0 Hz, 6H), 6.94 (s, 3H).

13C NMR (125 MHz, methanol-d,): § [ppm] = 40.4, 64.4, 128.8,
140.5.

C,H,505 (210.27), exact mass: 210.1256.

ESI-HRMS (m/z): [M + Na]* caled for C;,H;gNaO5: 233.1154;
found: 233.1148.

Compound 12e. A solution of 12d (174 mg, 828 umol) in
hydrobromic acid (45%, 10 mL) was heated to 125 °C in a sealed
glass vial, stirred for 5 h, and stirred overnight while slowly cooling to
rt. The solution was poured on ice and extracted with ethyl acetate (3
X 40 mL). The combined organic layers were washed with saturated
solutions of sodium hydrogen carbonate and sodium chloride (2 X S0
mL each) and dried over sodium sulfate. After removing the solvent,
12e was obtained by purification via flash chromatography (PE/EA
100:1 — S0:1) as a white solid (237 mg, 594 umol, 72%)

TLC R; = 0.46 (PE/EA = 20:1).

'H NMR (500 MHz, CDCL): & [ppm] = 3.15 (t, ] = 7.6 Hz, 6H),
3.57 (t, ] = 7.6 Hz, 6H), 6.97 (s, 3H).

13C NMR (125 MHz, CDCL,): § [ppm] = 32.7, 39.1, 127.6, 139.6.

Compound 12f. Compound 12e (39.9 mg, 100 ymol) was added
to a vigorously stirred mixture of nitric acid (65%, SO0 uL) and
concentrated sulfuric acid (1 mL) in small portions at 0 °C. The
reaction mixture was stirred for 2 h at 0 °C and quenched with ice
water. The mixture was extracted with ethyl acetate (2 X 10 mL). The
combined organic layers were washed with saturated solutions of
sodium hydrogen carbonate and sodium chloride (2 X 20 mL each)
and dried over sodium sulfate. After removing the solvent, 12f was
obtained by purification via flash chromatography (PE/EA 20:1 —
15:1) as a white solid (12.2 mg, 27.5 umol, 28%)

TLC Ry = 021 (PE/EA = 20:1).

'H NMR (500 MHz, CDCL): & [ppm] = 3.14 (t, ] = 7.3 Hz, 4H),
3.23 (t, ] = 7.1 Hz, 2H), 3.58 (t, ] = 7.3 Hz, 4H), 3.60 (t, ] = 7.3 Hz,
2H), 7.29 (s, 2H).

3C NMR (125 MHz, CDCL): § [ppm] = 31.0, 318, 34.9,
38.4,130.5, 131.1141.6, 150.0.

https://doi.org/10.1021/acs.jmedchem.1c01482
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Compound 12. An aqueous solution of ammonia (30%, 300 uL)
was added dropwise to a solution of 12f (12.0 mg, 27.0 ymol, 1
equiv) in tetrahydrofuran and ethanol (150 uL each). The reaction
mixture was heated to 90 °C in a sealed glass vial and stirred
overnight. After removing the solvent and drying in vacuo, the residue
was dissolved in aqueous sodium hydrogen carbonate solution (0.5
M, 750 uL). Compound 6 (108 ymol, 4 equiv) in 1,4-dioxane (500
uL) was added to this solution dropwise at 0 °C. The reaction
mixture was warmed to rt, stirred for 15 min, mixed with ice, and
extracted with ethyl acetate (3 X S mL). The combined organic layers
were dried over sodium sulfate. After removing the solvent, 12 was
obtained by purification via HPLC as a white solid (5.50 mg, 6.03
umol, 22% over 2 steps).

'"H NMR (700 MHz, DMSO-dg): § [ppm] = 2.19 (s, 3H), 2.19 (s,
6H), 2.27 (s, 3H), 2.28 (s, 6H), 2.74 (t, ] = 7.4 Hz, 4H), 2.85 (t, ] =
7.1 Hz, 2H), 3.42 (dd, ] = 13.8, 6.7 Hz, 4H), 4.46 (dd, ] = 13.3, 6.9
Hz, 2H), 7.27 (s, 2H), 7.34—7.40(m, 7H), 7.40—7.44 (m, 2H), 8.45
(t, ] = 5.6 Hz, 1H), 8.52 (t, ] = 5.6 Hz, 2H).

13C NMR (176 MHz, DMSO-dg): § [ppm] = 20.1, 20.2, 20.3, 30.3,
34.4,39.6, 40.1, 125.3, 125.4, 125.9, 125.9, 126.2, 129.3, 130.3, 130.8,
131.0. 140.0, 140.0, 142.2, 142.8, 149.8, 164.6, 164.6, 167.7, 168.3.

C4sHuN,O;; (912.86), exact mass: 912.2701.

ESI-HRMS (m/z): [M + H]* caled for C,sH,sN,O,,: 913.2780;
found: 913.2774.

Compound 13a. Triethyl phosphonoacetate (2.28 g, 10.2 mmol,
3.3 equiv) was added to a mixture of sodium hydride (60% in mineral
oil, 432 mg, 10.8 mmol, 3.5 equiv) in tetrahydrofuran (24 mL) min at
0 °C over a time of 15 with a syringe pump. The reaction mixture was
warmed to rt and stirred for 30 min. 1,3,5-Triformyl benzene (500
mg, 3.08 mmol, 1 equiv) in tetrahydrofuran (6 mL) was added at 0
°C, and the reaction mixture was sonicated for 10 min, stirred
overnight at rt and quenched with 2-propanol and ice. After removing
the solvent, the residue was taken up in dichloromethane (25 mL)
and hydrochloric acid (1 M, 25 mL). After separating the phases, the
aqueous layer was extracted with dichloromethane (25 mL) and the
combined organic layers were washed with water and a saturated
solution of sodium chloride (2 X 40 mL each) and dried over sodium
sulfate. After removing the solvent and drying in vacuo, 13a (1.0S g,
2.82 mmol, 92%) was obtained and used for the synthesis of 13b
without further purification.

Compound 13b. A solution of 13a (1.0S g 2.82 mmol) in
methanol (30 mL) was flushed with nitrogen for 10 min. Palladium
on charcoal (10%, 10S mg) was added and the reaction mixture was
flushed with hydrogen for 10 min, stirred under a hydrogen
atmosphere for 16 h, and filtered over a celite frit. The filter cake
was washed with methanol and the filtrate was dried over sodium
sulfate. After removing the solvent and drying in vacuo, 13b (1.02 g,
2.70 mmol, 96%) was obtained and used for the synthesis of 13c
without further purification.

Compound 13c. Compound 13b (1.02 g, 2.70 mmol, 1 equiv) in
tetrahydrofuran (10 mL) was added to a mixture of lithium aluminum
hydride (307 mg, 8.10 mmol, 3 equiv) in tetrahydrofuran (10 mL) at
0 °C over a time of 30 min with a syringe pump. The reaction mixture
was warmed to rt, quenched with hydrochloric acid (1 M, 20 mL) at 0
°C, and filtered over a celite frit. The solution was extracted with
dichloromethane (4 X 20 mL) and the combined organic layers were
dried over sodium sulfate. After removing the solvent and drying in
vacuo, 13c (438 mg, 1.74 mmol, 64%) was obtained and used for the
synthesis of 13d without further purification.

Compound 13d. Triphenylphosphine dibromide (4.40 g, 10.4
mmol, 6 equiv) was added to a vigorously stirred solution of 13c (438
mg, 1.74 mmo), 1 equiv) in dichloromethane (10 mL). The solution
was stirred overnight and the solvent was removed. The residue was
taken up in petrol ether (75 mL) vigorously stirred for 30 min. The
precipitate was removed via centrifugation. After removing the solvent
and drying in vacuo, 13d (319 mg, 723 pmol, 23% over 4 steps) was
obtained by purification via flash chromatography (PE/EA 50:1) as a
colorless oil.

TLC R; = 0.32 (PE/EA = 50:1).

15451

'"H NMR (500 MHz, CDCL): § [ppm] = 2.14-2.21 (m, 6H),
2.72—2.78 (m, 6H), 3.42 (t, 6.6 Hz, 6H), 6.91 (s, 3H).

3C NMR (125 MHz, CDCL): § [ppm] = 33.1, 33.8, 34.1, 126.6,
140.9.

Compound 13e. Compound 13d (44.1 mg, 100 ymol) was added
to a vigorously stirred mixture of nitric acid (50%, 500 uL) and
concentrated sulfuric acid (500 yL) in small portions at 0 °C. The
reaction mixture was stirred for 11 h at 0 °C and for 4.5 h at rt and
poured on ice water. The mixture was extracted with ethyl acetate (2
% 10 mL). The combined organic layers were washed with saturated
solutions of sodium hydrogen carbonate and sodium chloride (2 X 15
mL each) and dried over sodium sulfate. After removing the solvent
and drying in vacuo, 13e (29.0 mg, 59.7 mmol, 60%) was obtained
and used for the synthesis of 13f without further purification.

Compound 13. An aqueous solution of ammonia (30%, 1 mL) was
added dropwise to a solution of 13e (29.0 mg, 59.7 ymol, 1 equiv) in
tetrahydrofuran (500 uL) and ethanol (100 uL). The reaction
mixture was heated to 90 °C in a sealed glass vial and stirred
overnight. After removing the solvent and drying in vacuo, the residue
was dissolved in aqueous sodium hydrogen carbonate solution (0.5
M, 2 mL). Compound 6 (209 umol, 3.5 equiv) in 1,4-dioxane (2 mL)
was added to this solution dropwise at 0 °C. The reaction mixture was
stirred for S min at 0 °C and for 10 min at rt, mixed with ice, and
extracted with ethyl acetate (3 X 8 mL). The combined organic layers
were washed with saturated solutions of sodium hydrogen carbonate
and sodium chloride (2 X 15 mL each) and dried over sodium sulfate.
After removing the solvent, 13 was obtained by purification via HPLC
as a white solid (14.0 mg, 14.7 umol, 15% over 3 steps).

'"H NMR (700 MHz, DMSO-d;): § [ppm] = 1.72—1.78 (m, 4H),
1.78—1.83 (m, 2H),2.21 (s, 9H), 2.29 (s, 9H), 2.52—2.56 (m, 4H),
2.64—2.68 (m, 2H),3.19-3.24 (m, 6H), 7.24 (s, 2H), 7.34—7.39 (m,
6H), 7.41-7.45 (m, 3H), 8.41—8.47 (m, 3H).

13C NMR (176 MHz, DMSO-dg): § [ppm] = 20.2, 20.2, 20.3, 28.1,
30.2, 30.4, 32.1, 38.5, 38.6, 125.3, 125.9, 125.9, 126.2, 128.2, 131.2,
131.2, 132.7, 139.9, 140.0, 142.8, 144.7, 149.1, 164.6, 167.7, 167.8,
168.3.

C4sHsoN,O}5 (954.94), exact mass: 954.3171.

ESI-HRMS (m/z): [M + Nal]* caled for C,3H,N,NaO,:
977.3069; found: 977.3063.

2-Nitrobenzene-1,3,5-tricarboxylic Acid. Potassium permanganate
(23.7 g 150 mmol, 10 equiv) was added to a solution of 2-
nitromesitylene (248 g 15 mmol, 1 equiv), sodium hydrogen
carbonate (5.04 g, 60 mmol, equiv), and Aliquat 336 (0.5 mL) in
water (80 mL) over a time of 15 min in small portions. The reaction
mixture was refluxed for 3 days and filtered over a celite pad. The
filtrate was acidified with concentrated hydrochloric acid (20 mL) and
extracted with diethyl ether (5 X 100 mL). The combined organic
layers were dried over sodium sulfate. After removing the solvent and
drying in vacuo, 2-nitrobenzene-1,3,5-tricarboxylic acid was obtained
as a white solid (834 mg, 3.27 mmol, 22%).

'"H NMR (500 MHz, DMSO-dy): & [ppm] = 8.61 (s, 2H), 14.01
(Sbr! IH)'

3C NMR (125 MHz, DMSO-dy): § [ppm] = 125.2, 132.9, 135.2,
150.6, 163.3, 164.5.

Compound 14a. EDCI (61.3 mg, 320 gmol, 3.2 equiv) and HOBt
(432 mg, 32.0 mmol, 3.2 equiv) were added to a solution of 2-
nitrobenzene-1,3,5-tricarboxylic acid (25.5 mg, 100 pmol, 1 equiv)
and diisopropylamine (87.0 uL, 64.6 mg, S00 umol, S equiv) in
dimethylformamide (2 mL). The solution was stirred for 1 h at 0 °C,
and tert-butyl N-(2-aminoethyl)carbamate (52.9 mg, 330 umol, 3.3
equiv) was added dropwise. The solution was stirred overnight at rt,
quenched with water, and extracted with ethyl acetate (3 X S mL).
The combined organic layers were washed with hydrochloric acid (1
M, 10 mL), saturated sodium hydrogen carbonate solution (10 mL),
and saturated sodium chloride solution (3 X 10 mL). After removing
the solvent and drying in vacuo, 14a was obtained and used for the
synthesis of 14 without further purification.

Compound 14. Trifluoroacetic acid (1 mL) was added to a
solution of 14a (100 ymol, 1 equiv) in dichloromethane (3 mL) at 0
°C over a time of 15 min with a syringe pump. The solution was
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stirred for 30 min at 0 °C and for 30 min at rt. After the addition of
toluene (4 mL), the solvent was removed and the residue was dried in
vacuo. The residue was dissolved in aqueous sodium hydrogen
carbonate solution (0.5 M, 4 mL). Compound 6 (400 pmol, 4 equiv)
in 1,4-dioxane (4 mL) was added to this solution at 0 °C over a time
of 15 min. The reaction mixture was stirred at 0 °C for 5 min, warmed
to rt, mixed with ice, and extracted with ethyl acetate (3 X S mL). The
combined organic layers were washed with saturated solutions of
sodium hydrogen carbonate and sodium chloride (2 X 10 mL each)
and dried over sodium sulfate. After removing the solvent, 14 was
obtained by purification via HPLC as a white solid (9.90 mg, 9.50
umol, 10% over three steps).

"H NMR (700 MHz, DMSO-dg): § [ppm] = 2.20 (s, 3H), 2.23, (s,
6H), 2.28 (s, 3H), 2.28 (s, 6H), 3.36 (s,, 8H), 3.39 (dd, J = 12.8, 6.4
Hz, 2H), 3.45 (dd, J = 12.6, 6.2 Hz, 2H), 7.35—7.39 (m, 6H), 7.49—
7.53 (m, 3H), 8.22 (s, 2H), 8.48 (t, ] = 5.4 Hz, 2H), 8.50 (t, J = 5.7
Hz, 1H), 8.86 (t, ] = 5.6 Hz, 1H), 9.00 (t, ] = 5.2 Hz, 2H),

3C NMR (176 MHz, DMSO-dg): 6 [ppm] = 20.2, 20.2, 20.3, 38.5,
38.6, 38.8, 39.1, 125.5, 125.5, 126.1, 126.1, 126.2, 1262, 128.9, 130.7,
130.8, 131.1, 136.5, 140.1, 140.1, 142.8, 142.9, 147.9, 164.0, 164.0,
164.8, 167.8, 168.3, 168.3.

C,sH7N, 0,0 (1041.93), exact mass: 1041.2876.

ESI-HRMS (m/z): [M + H]" caled for C gHgN,O,0: 1042.2954;
found: 1042.2958.

Compound 15a. EDCI (61.3 mg, 320 gmol, 3.2 equiv) and HOBt
(432 mg, 32.0 mmol, 3.2 equiv) were added to a solution of 2-
nitrobenzene-1,3,5-tricarboxylic acid (25.5 mg, 100 pmol, 1 equiv)
and diisopropylamine (87.0 uL, 64.6 mg, SO0 umol, S equiv) in
dimethylformamide (2 mL). The solution was stirred for 1 h at 0 °C,
and tert-butyl N-(3-aminopropyl)carbamate (57.5 mg, 330 ymol, 3.3
equiv) in dimethylformamide (500 uL) was added dropwise. The
solution was stirred overnight at rt, quenched with water, and
extracted with ethyl acetate (3 X S mL). The combined organic layers
were washed with hydrochloric acid (1 M, 10 mL), saturated sodium
hydrogen carbonate solution (10 mL), and saturated sodium chloride
solution (3 X 10 mL). After removing the solvent and drying in vacuo,
15a was obtained and used for the synthesis of 15 without further
purification.

Compound 15. Trifluoroacetic acid (1 mL) was added to a
solution of 15a (100 umol, 1 equiv) in dichloromethane (3 mL) at 0
°C over a time of 10 min with a syringe pump. The solution was
stirred for 30 min at 0 °C and for 30 min at rt. After the addition of
toluene (4 mL), the solvent was removed and the residue was dried in
vacuo. The residue was dissolved in aqueous sodium hydrogen
carbonate solution (0.5 M, 4 mL). Compound 6 (400 umol, 4 equiv)
in 1,4-dioxane (4 mL) was added to this solution at 0 °C over a time
of 15 min. The reaction mixture was stirred at 0 °C for 5 min, warmed
to rt, mixed with ice, and extracted with ethyl acetate (3 X S mL). The
combined organic layers were washed with saturated solutions of
sodium hydrogen carbonate and sodium chloride (2 X 10 mL each)
and dried over sodium sulfate. After removing the solvent, 15 was
obtained by purification via HPLC as a white solid (12.5 mg, 11.5
umol, 12% over three steps).

'"H NMR (700 MHz, DMSO-d;): § [ppm] = 1.70—1.79 (m, 6H),
2.23 (s, 3H), 2.23 (s, 6H), 2.28 (s, 3H) 2.28 (s, 6H), 3.2—3.29 (m,
10H), 3.36 (dd, J = 13.0, 6.7 Hz, 2H) 7.34—7.39 (m, 6H), 7.43—7.47
(m, 3H), 8.16 (s, 2H), 8.37—8.41 (m, 3H), 8.87 (t, J = 5.6 Hz, 1H),
8.96 (t, ] = 5.7 Hz, 2H).

13C NMR (176 MHz, DMSO-dg): § [ppm] = 20.2, 20.2, 20.3, 28.8,
28.9, 36.8, 37.0, 37.2, 37.5, 125.3, 125.3, 125.9, 1262, 1263, 128.6,
131.1, 131.2, 131.4, 136.3, 139.9, 140.0, 132.8, 142.8, 147.9, 163.6,
163.9, 164.6, 167.8, 168.3.

Cs;H3N, 0,0 (1084.01), exact mass: 1083.3345.

ESI-HRMS (m/z): [M + H]* caled for Cg,Ho,N,Oy0: 1084.3424;
found: 1084.3418.

Compound 16a. 1,2,3-Trimethylbenzene (90%, 741 L, 601 mg,
5.00 mmol, 1 equiv) was added to a solution of N-bromosuccinimide
(3.54 g, 20.0 mmol, 4 equiv) in tetrachloromethane (1S mL). The
reaction mixture was irradiated with a halogen lamp in a sealed glass
vial, heated to 80 °C, and stirred overnight. The mixture was filtered

and the filtrate was dried over sodium sulfate. After removing the
solvent, 16a was obtained by purification via automatic flash
chromatography (PE/EA) but still obtained slight impurities. These
were removed by washing the product with petrol ether and
sonicating the mixture. After decanting and drying in vacuo, 16a
was obtained as a white solid (1.56 g, 4.38 mmol, 88%).

TLC R; = 0.24 (PE).

'"H NMR (500 MHz, CD,CL): § [ppm] = 4.65 (s, 4H), 4.84 (s,
2H), 7.46 (dd, ] = 8.6, 6.6 Hz, 1H), 7.37—7.40 (m, 2H).

13C NMR (125 MHz, CD,CL,): § [ppm] = 25.3, 30.5, 130.2, 132.3,
136.2, 138.7.

Compound 16b. Compound 16a (2.18 g, 6.09 umol) in
dichloromethane (6 mL) was added to nitric acid (100%, 3.5 mL)
in dichloromethane (2 mL) at —40 °C over a time of 2 h with a
syringe pump. The temperature was kept strictly under —40 °C
throughout the addition of the acid. The solution was stirred for 15
min at —40 °C and poured on ice. After the separation of the phases,
the aqueous layer was extracted with dichloromethane (4 X 10 mL)
and the combined organic layers were dried over sodium sulfate. After
removing the solvent, 16b (875 mg, 2.18 mmol, 36%) was obtained
together with its nitration regioisomer by purification via automatic
flash chromatography (PE/EA).

TLC R; = 0.07 (PE).

'H NMR (500 MHz, CDCL,): § [ppm] = 4.61 (s, 2H), 4.81 (s,
2H), 4.83 (s, 2H), 7.53 (d, ] = 8.4 Hz,1 H), 7.85 (d, ] = 8.4 Hz,1 H).

3C NMR (125 MHz, CDCL): § [ppm] = 22.4, 23.2, 28,0, 1254,
131.9, 131.9, 132.2, 142.8, 149.7.

Compound 16. An aqueous solution of ammonia (30%, 1 mL) was
added dropwise to a solution of 16b (20.1 mg, S0 gmol, 1 equiv) in
tetrahydrofuran and ethanol (500 yL each). The reaction mixture was
stirred for 2.5 h. After removing the solvent and drying in vacuo, the
residue was dissolved in aqueous sodium hydrogen carbonate solution
(0.5 M, 2 mL). Compound 6 (200 umol, 4 equiv) in 1,4-dioxane (2
mL) was added to this solution at 0 °C over a time of 15 min with a
syringe pump. The reaction mixture was warmed to rt, mixed with ice,
and extracted with ethyl acetate (3 X S mL). The combined organic
layers were washed with a saturated solution of sodium chloride (2 X
100 mL) and dried over sodium sulfate. After removing the solvent,
16 was obtained by purification via HPLC as a white solid (12.8 mg,
14.7 pmol, 29% over 2 steps). It still contained ca. 10% of the
respective nitration regioisomer.

'H NMR (700 MHz, DMSO-d;): § [ppm] = 2.14 (s, 3H), 2.17 (s,
6H), 2.26 (s, 3H), 2.27 (s, 3H), 2.29 (s, 3H), 4.59 (d, J = 5.8 Hz,
2H), 4.70 (t ] = 4.6 Hz, 4H), 7.28—7.43 (m, 8H), 7.50 (d, J = 8.5 Hz,
1H), 7.55 (dd, J = 7.2, 2.1 Hz, 1H), 7.86 (d, ] = 8.5, Hz, 1H), 8.76 (t,
] = 5.0 Hz, 1H), 8.78 (t, ] = 4.9 Hz, 1H), 9.08 (t, ] = 5.9 Hz, 1H).

13C NMR (176 MHz, DMSO-dg): 6 [ppm] = 20.0, 20.0, 20.2, 20.3,
36.4, 36.5, 40.1, 123.2, 125.5, 125.6, 125.7, 125.9, 126.0, 126.1, 126.1,
126.1, 1263, 127.2, 130.3, 130.6, 130.6, 131.0, 137.0, 140.0, 140.1,
142.8, 142.8, 143.8, 150.0, 164.4, 164.9, 167.7, 167.8, 167.9, 168.2,
168.2, 168.3.

C,,H3N,O;; (870.78), exact mass: 870.2232.

ESI-HRMS (m/z): [M + H]" caled for C,,HyN,O;5: 871.2310;
found: 871.2303.

Compound 17a. Oxalyl chloride (690 uL, 1.02 g, 8.00 mmol, 4
equiv) was added to a solution of S-Nitro-1,2,3-benzenetricarboxylic
acid (510 mg, 2.00 mmol, 1 equiv) in dichloromethane (20 mL) and
dimethylformamide (1 mL) at 0 °C over a time of 15 min with a
syringe pump. The solution was stirred for S min at 0 °C and for 20
min at rt. After removing the solvent and drying in vacuo, the residue
was taken up in dichloromethane (20 mL). tert-Butyl N-(2-
aminoethyl)carbamate (1.04 mL, 1.06 g, 6.60 mmol, 3.3 equiv) and
triethylamine (2.22 mL, 1.62 g, 16 mmol, 8 equiv) were added
dropwise at 0 °C. The solution was stirred for 10 min at 0 °C and for
30 min at rt. After removing the solvent, the residue was taken up in
ethyl acetate (25 mL). The organic layer was washed with saturated
solutions of sodium hydrogen carbonate and sodium chloride (2 X 25
mL each). The combined organic layers were reextracted with ethyl
acetate (2 X 25 mL) and dried over sodium sulfate. After removing
the solvent and drying in vacuo, 17a was obtained by purification via
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automatic flash chromatography (CH,Cl,/MeOH 30:1 — 20:1 —
10:1) as a light yellow solid (150 mg, 220 ymol, 11%).

TLC R, = 0.22 (CH,Cl,/MeOH = 20:1).

"H NMR (700 MHz, DMSO-dg): 6 [ppm] = 1.38 (s, 9H), 1.38 (s,
18 H),3.06—3.16 (m, 8H), 3.24 (dd, J = 11.5, 5.7 Hz, 4H), 6.53(t, ] =
5.7 Hz, 1H), 6.87 (t,] = 5.9 Hz, 2H), 8.31 (t, ] = 5.4 Hz, 1H), 8.41 (s,
2H), 8.65 (t, ] = 5.4 Hz, 2H).

13C NMR (176 MHz, DMSO-dg): § [ppm] = 28.2, 28.2, 38.9, 39.3,
39.8,77.7,77.7, 123.4, 137 .4, 141.4, 146.1, 155.4, 155.7, 165.5, 165.7.

C30H7N,0;; (681.74), exact mass: 681.7440.

ESI-HRMS (m/z): [M + H]" caled for C30H,gN,O;;: 682.3412;
found: 682.3406.

Compound 17. Trifluoroacetic acid (3.5 mL) was added to a
solution of 17a (150 mg, 220 umol, 1 equiv) in dichloromethane
(10.5 mL) at 0 °C over a time of 15 min with a syringe pump. The
solution was stirred for 30 min at 0 °C and for 15 min at rt. After the
addition of toluene (11 mL), the solvent was removed and the residue
was dried in vacuo. The residue was dissolved in aqueous sodium
hydrogen carbonate solution (0.5 M, 20 mL). Compound 6 (770
umol, 3.5 equiv) in 1,4-dioxane (20 mL) was added to this solution at
0 °C. The reaction mixture was stirred at 0 °C for 30 min, warmed to
rt, mixed with ice, and extracted with ethyl acetate (3 X 25 mL). The
combined organic layers were washed with saturated sodium chloride
solution (2 X 50 mL) and dried over sodium sulfate. After removing
the solvent, 17 was obtained by purification via HPLC as a white solid
(124 mg, 119 pmol, 54% over two steps).

"H NMR (500 MHz, DMSO-dg): § [ppm] = 2.21 (s, 6H), 2.23 (s,
3H), 2.28 (s, 9H), 3.23—3.29 (m, 2H), 3.29—-3.39 (m, 10H), 7.30—
7.39 (m, 6H), 7.53 (dd, ] = 6.6, 2.8 Hz, 2H), 7.56 (dd, ] = 7.4, 1.9 Hz,
1H), 8.18 (t, J = 5.7 Hz, 1H), 8.41—8.47 (m, 3H), 8.45 (s, 2H), 8.76
(t, ] = 5.4 Hz, 2H).

3C NMR (125 MHz, DMSO-dy): § [ppm] = 20.2, 20.2, 20.3, 38.6,
38.6,38.7, 39.1, 123.6, 125.4, 126.0, 126.1, 130.7, 130.8, 137.2, 140.1,
140.2, 141.4, 142.8, 142.8, 146.2, 164.4, 164.8, 165.6, 165.9, 167.8,
168.3.

C4sH,7N,0,0 (1041.93), exact mass: 1041.2876.

ESI-HRMS (m/z): [M + H]" calcd for C,sH,sN-O,,: 1042.2954;
found: 1042.2941.

Compound 18a. Oxalyl chloride (172 uL, 254 mg, 400 pmol, S
equiv) was added to a solution of S-nitro-1,2,3-benzenetricarboxylic
acid (102 mg, 2.00 mmol, 1 equiv) in dichloromethane (7 mL) and
dimethylformamide (150 uL) at 0 °C dropwise. The solution was
stirred for 30 min at 0 °C and for 1 h at rt. After removing the solvent
and drying in vacuo, the residue was taken up in dichloromethane (S
mL). To this solution, a solution of tert-butyl N-(3-aminopropyl)-
carbamate (230 mg, 1.32 mmol, 3.3 equiv) and triethylamine (333
UL, 243 g, 2.4 mmol, 6 equiv) in dichloromethane (S mL) was added
dropwise at 0 °C over a time of 30 min. The solution was stirred for
1.5 h at 0 °C, quenched with ice, and washed with hydrochloric acid
(1 M) and saturated sodium chloride solution (15 mL each). The
combined organic layers were reextracted with dichloromethane (40
mL) and dried over sodium sulfate. After removing the solvent and
drying in vacuo, 18a was obtained by purification via automatic flash
chromatography (CH,ClL,/MeOH 30:1 — 20:1 — 10:1) as a light
yellow solid (97.0 mg, 134 umol, 34%).

'"H NMR (500 MHz, DMSO-dy): 6 [ppm] = 1.38 (s, 27 H), 1.53
(dt, J = 142, 7.2 Hz2 H), 1.57—1.63 (m, 4H), 2.95-3.02 (m, 6H),
3.10 (dd, J = 13.0, 6.6 Hz,2 H), 3.20 (dd,] = 12.9, 6.7 Hz,4 H), 6.70
(t, J = 5.7 Hz, 1H), 6.77 (t, ] = 5.7 Hz, 2H), 8.13 (t, ] = 5.5 Hz, 1H),
8.31 (s, 2H), 8.41 (t, ] = 5.6 Hz, 2H).

3C NMR (125 MHz, DMSO-dg): § [ppm] = 28.2, 28.8, 29.2, 36.7,
37.0, 37.4, 37.4, 77.4, 77.5, 123.1 137.5, 1412, 146.1, 155.6, 165.3,
165.4.

Compound 18. Trifluoroacetic acid (2 mL) was added to a
solution of 18a (72.4 mg, 100 umol, 1 equiv) in dichloromethane (6
mL) at 0 °C over a time of 15 min with a syringe pump. The solution
was stirred for 30 min at 0 °C and for 30 min at rt. After the addition
of toluene (8 mL), the solvent was removed and the residue was dried
in vacuo. The residue was dissolved in aqueous sodium hydrogen
carbonate solution (0.5 M, 10 mL). Compound 6 (350 umol, 3.5

equiv) in 1,4-dioxane (6 mL) was added to this solution at 0 °C over
a time of 20 min with a syringe pump. The reaction mixture was
stirred at rt for 80 min, mixed with ice, and extracted with ethyl
acetate (3 X 20 mL). The combined organic layers were washed with
saturated sodium chloride solution (2 X 40 mL) and dried over
sodium sulfate. After removing the solvent, 18 was obtained by
purification via HPLC as a white solid (11.1 mg, 10.2 ymol, 10% over
two steps).

'"H NMR (700 MHz, DMSO-dy): § [ppm] = 1.63—1.68 (m, 2H),
1.69—1.74 (m, 4H), 2.23 (s, 9H), 2.27 (s, 3H), 2.28 (s, 6H), 3.16—
321 (m, 2H), 3.24—-3.30 (m, 10H), 7.32—7.38 (m, 6H), 7.44—7.47
(m, 3H), 8.23 (t, J = 5.8 Hz, 1H), 8.28 (t, ] = 5.8 Hz, 1H), 8.35 (s,
2H), 8.33—8.37 (m, 2H), 8.50 (t, ] = 5.6 Hz, 2H).

13C NMR (176 MHz, DMSO-dg): § [ppm] = 20.2, 20.3, 28.3, 28.7,
36.7, 36.7, 37.0, 123.2, 125.3, 125.9, 126.2, 126.2, 131.1, 131.2, 137.5,
139.4, 141.3, 142.8, 1462, 164.5, 164.6, 165.3, 165.5, 167.8, 167.9,
168.3, 168.3.

CsHg3N,O, (1084.01), exact mass: 1083.334S.

ESI-HRMS (m/z): [M + H]" caled for C5;H,N,O,0: 1084.3424;
found: 1084.3408.

Compound 19a. EDCI (2.11 g, 11.0 mmol, 1.1 equiv) and HOBt
(149 g, 11.0 mmol, 1.1 equiv) were added to a solution of 2,3-
dimethoxybenzoic acid (1.82 g, 10.0 mmol, 1 equiv) and N,N-
diisopropylethylamine (3.50 mL, 2.59 g 20 mmol, 2 equiv) in
dimethylformamide (20 mL) at 0 °C. The solution was stirred for S
min at 0 °C and for 90 min at rt. tert-Butyl N-(3-aminopropyl)-
carbamate (1.92 g, 11.0 mmol, 1.1 equiv) in dimethylformamide (S
mL) was added at 0 °C over a time of 10 min with a syringe pump.
The solution was stirred overnight at rt, quenched with ice water, and
extracted with ethyl acetate (3 X 30 mL). The combined organic
layers were washed with hydrochloric acid (1 M) and saturated
sodium chloride solution (2 X 75 mL each) and dried over sodium
sulfate. After removing the solvent and drying in vacuo, 19a was
obtained and used for the synthesis of 19b without further
purification.

Compound 19b. Hydrogen chloride (4 M in 1,4-dioxane, 24 mL)
was carefully added to 19a at 0 °C. The solution was stirred for 2 h at
rt. After removing the solvent, the residue was taken up in water,
frozen in liquid nitrogen, and lyophilized. An aqueous solution of
sodium hydroxide (2 M) was added until a pH value between 10 and
11 was reached. The resulting solution was again frozen in liquid
nitrogen and lyophilized. The residue was taken up in acetone and
ethyl acetate and sonicated. The precipitate was filtered off. After
removing the solvent and drying in vacuo, 19b was obtained as an
amber-colored oil (1.98 g, 8.31 mmol, 83% over two steps)

"H NMR (500 MHz, DMSO-d;): § [ppm] = 1.76—1.84 (m, 2H),
2.81-2.87 (m, 2H), 3.28—3.34 (m,2 H), 3.77 (s, 3H), 3.83 (s, 3H),
7.07—7.13 (m, 1H),7.12 (t, ] = 9.0 Hz, 1H), 7.16 (dd, ] = 7.7, 2.2 Hz,
1H), 7.83 (su,, 2H), 8.36 (t, J = 5.9 Hz, 1H).

3C NMR (125 MHz, DMSO-dy): § [ppm] = 27.4, 35.9, 36.7, 55.9,
60.9, 114.7, 1204, 124.0, 130.1, 146.1, 152.5, 166.0.

C,HsN,O; (238.29), exact mass: 238.1317.

ESI-HRMS (m/z): [M + H]" caled for C;,H;oN,05: 239.1396;
found: 239.1391.

Compound 19c. EDCI (121 mg, 630 ymol, 3.5 equiv) was added
to a solution of 2-nitrobenzene-1,3,5-tricarboxylic acid (45.9 mg, 180
umol, 1 equiv) and N,N-diisopropylethylamine (377 L, 279 mg, 2.16
mmol, 12 equiv) in dimethylformamide (2 mL) at 0 °C. The solution
was stirred for S min at 0 °C, and HOBt (85.1 mg, 630 umol, 3.5
equiv) was added. The solution was stirred for 90 min at rt and the
hydrochloride of 19b (198 mg, 720 umol, 4 equiv) in
dimethylformamide (2 mL) was added at 0 °C over a time of 10
min with a syringe pump. The solution was stirred overnight at rt. 1,4-
Dioxane was added, and the solution was frozen in liquid nitrogen and
lyophilized. Compound 19c¢ was obtained by purification via HPLC as
a white solid (42.5 mg, 46.6 umol, 26%)

"H NMR (500 MHz, methanol-d,): 5 [ppm] = 1.85—2.94 (m, 6H),
3.43—3.49 (m, 6H), 3.49—3.54 (m, 6H), 3.87 (s, 9H), 3.88 (s, 3H),
3.89 (s, 6H), 7.09—7.16 (m, 6H), 7.31 (dd, J = 7.4, 2.0 Hz, 1H),
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7.34(dd, J = 7.4, 2.1 Hz, 2H), 8.20 (s, 2H), 8.59 (t, ] = 5.9 Hz,
1H),8.62 (t, J = 6.0 Hz, 2H).

3C NMR (125 MHz, methanol-d,): § [ppm] = 30.4, 30.5,38.0,
382, 385, 38.8, 567, 62.1, 1167, 116.8, 122.5, 122.6, 125.5,
125.5,129.3, 129.4, 130.2, 133.3, 138.5, 148.8, 148.9, 149.8, 154.4,
166.7, 167.2, 168.8, 168.9.

C4sHg3N,Oy, (915.95), exact mass: 915.3650.

ESI-HRMS (m/z): [M + Na]* caled for C,Hg;N,NaO,,:
938.3548; found: 938.3540.

Compound 19. Boron tribromide (1 M in dichloromethane, 436
uL, 436 umol, 18 equiv) was added dropwise to a solution of 19¢
(22.2 mg, 24.2 pumol, 1 equiv) in dichloromethane (S mL) at —78 °C.
The reaction mixture was stirred at =78 °C for 1 h, slowly warmed to
rt, quenched with ice water and methanol, and extracted with ethyl
acetate (3 X 15 mL). The combined organic layers were dried over
sodium sulfate. After removing the solvent, 19 was obtained by
purification via HPLC as a brownish solid (10.4 mg, 12.5 ymol, 52%).

"H NMR (500 MHz, DMSO-dy): 6 [ppm] = 1.73—1.87 (m, 6H),
328 (dd, J = 12.5, 6.3 Hz, 4H), 3.32-3.42 (m,8 H) 6.68 (t, ] = 7.9
Hz, 3H), 691 (d, ] = 7.6 Hz, 3H), 7.27 (d, ] = 8.0 Hz, 3H), 8.16 (s,
2H), 8.76—8.83 (m, 3H), 8.89 (t, ] = 5.2 Hz, 1H), 8.98 (t, ] = 5.4 Hz,
2H), 9.14 (s, 3H), 12.72 (s, 3H).

3C NMR (125 MHz, DMSO-dg): 6 [ppm] = 28.7, 28.9, 36.8, 36.9,
37.3, 37.5, 115.0, 115.0, 117.1, 117.9, 118.8, 128.7, 131.4, 136.3,
146.2, 147.9, 149.6, 149.7, 163.7, 163.9, 169.8, 169.6.

CyoH, N0, (831.69), exact mass: 831.2711.

ESI-HRMS (m/z): [M + H]" caled for CyH,,N,0,,: 832.2790;
found: 832.2783.

Compound 20a. EDCI (121 mg, 630 umol, 3.5 equiv) was added
to a solution of 1,3,5-tricarboxylic acid (37.8 mg, 180 umol, 1 equiv)
and N,N-diisopropylethylamine (377 uL, 279 mg, 2.16 mmol, 12
equiv) in dimethylformamide (3 mL) at 0 °C. The solution was
stirred for S min at 0 °C, and HOBt (85.1 mg, 630 ymol, 3.5 equiv)
was added. The solution was stirred for 2.5 h at rt and the
hydrochloride of 19b (198 mg, 720 umol, 4 equiv) in
dimethylformamide (2 mL) was added at 0 °C over a time of 10
min with a syringe pump. The solution was stirred overnight,
quenched with ice and hydrochloric acid (1 M), and extracted with
ethyl acetate (5 X 10 mL). The precipitate from the organic layers was
collected and dissolved in acetone. The combined organic layers were
dried over sodium sulfate. After removing the solvent, 20a was
obtained by purification via flash chromatography (CH,Cl,/MeOH
20:1 — 15:1 — 10:1) as a white solid (38.2 mg, 43.9 pmol, 24%).

TLC R; = 0.20 (CH,Cl,/MeOH = 20:1).

'"H NMR (500 MHz, methanol-d,): § [ppm] = 1.91 (p, J = 6.6 Hz,
6H), 3.51 (td, J = 13.3, 6.6 Hz, 12 H), 3.86 (s, 9H), 3.88 (s, 9H),
7.08—7.15 (m, 6H), 7.32 (dd, ] = 7.4, 2.1 Hz, 3H), 8.43 (s, 3H).

3C NMR (125 MHz, methanol-d,): § [ppm] = 30.6, 38.3, 38.7,
567, 62.1, 116.7, 122.5, 125.5, 129.4, 130.0, 136.8, 148.8, 154.4,
168.8, 168.9.

C,4sHg, N0}, (870.96), exact mass: 870.3800.

ESI-HRMS (m/z): [M + Na]® caled for C,HgN¢NaO,,:
893.3697; found: 893.3690.

Compound 20. Boron tribromide (1 M in dichloromethane, 3.75
mL, 3.75 mmol, 18 equiv) was added dropwise to a solution of 20a
(181 mg, 208 ymol, 1 equiv) in dichloromethane (10 mL) at —78 °C.
The reaction mixture was stirred at —78 °C for 1 h, slowly warmed to
rt overnight. Since conversion was not complete, another batch of
boron tribromide (1 M in dichloromethane, 1.25 mL, 1.25 mmol, 6
equiv) was added at —78 °C. The reaction mixture was stirred at —78
°C for 1 h, slowly warmed to rt overnight, quenched with ice water
and methanol, and extracted with ethyl acetate (25 mL). The
precipitate from the organic layers was collected and dissolved in
methanol. The combined organic layers were dried over sodium
sulfate. After removing the solvent, 20 was obtained by purification
via HPLC as a brownish solid (67.5 mg, 85.8 umol, 41%).

"H NMR (500 MHz, DMSO-dy): 6 [ppm] = 1.83 (p, ] = 7.0 Hg,
6H), 3.32—3.40 (m,12 H) 6.68 (t, ] = 8.0 Hz, 3H), 6.90 (dd, J = 7.8,
1.4 Hz, 3H), 7.27 (dd, ] = 8.2, 1.4 Hz, 3H), 8.42 (s, 3H), 8.76 (t, ] =
5.7 Hz, 3H), 8.81 (t, ] = 5.7 Hz, 3H), 9.11 (sy,, 3H), 12.75 (s, 3H).

BC NMR (125 MHz, DMSO-dy): & [ppm] = 29.0, 36.9, 37.3,
115.0, 117.0, 117.9, 118.8, 128.4, 135.0, 146.2, 149.6, 165.6, 169.7.

C30H,,NO, (786.80), exact mass: 786.2861.

ESI-HRMS (m/z): [M + H]" caled for C30H,;3NgOp,: 787.2939;
found: 787.2934.

Compound 21. Zinc dust (574 mg, 7.79 mmol, 1S5 equiv) was
added to a solution of 8 (510 mg, 586 wumol, 1 equiv) in
tetrahydrofuran (4 mL), ethanol (3.2 mL), and acetic acid (800
uL) at 0 °C. The reaction mixture was stirred for 10 min at 0 °C and
for 20 min at rt. It was filtered over celite and the precipitate was
washed with ethyl acetate. The organic layer was washed with
saturated solutions of sodium hydrogen carbonate and sodium
chloride (2 X 30 mL each) and dried over sodium sulfate. After
removing the solvent, crude product 21 was dried in vacuo and used in
subsequent reactions without further purification.

Compound 22. N-methylmorpholine (257 uL, 237 mg, 2.34
mmol, 4 equiv) and isobutyl chloroformate (224 uL, 240 mg, 1.76
mmol, 3 equiv) were added to a solution of 5-hexynoic acid (226 uL,
230 mg, 2.05 mmol, 3.5 equiv) in tetrahydrofuran (6 mL) dropwise at
0 °C, whereupon a white precipitate formed immediately. The
reaction mixture was stirred for 10 min at 0 °C and for 90 min at rt.
Compound 21 (586 pmol, 1 equiv) in tetrahydrofuran (S mL) was
added at 0 °C over a time of 10 min with a syringe pump at 0 °C. The
reaction mixture was stirred overnight at rt, quenched with ice and
saturated sodium hydrogen carbonate solution (ca. S mL each), and
extracted with ethyl acetate (3 X 10 mL). The organic layer was
washed with hydrochloric acid (0.1 M) and saturated solutions of
sodium hydrogen carbonate and sodium chloride (2 X 25 mL each)
and dried over sodium sulfate. After removing the solvent, 22 was
obtained by purification wvia automatic flash chromatography
(CH,Cl,/MeOH) as a white solid (233 mg, 249 umol, 43%).

TLC R; = 0.19 (CH,Cl,/MeOH = 20:1).

'H NMR (700 MHz, DMSO-dq): & [ppm] = 1.80 (p, J = 7.2 Hz,2
H), 2.16 (s, 3H), 2.17 (s, 6H), 2.25 (td, J = 7.1, 2.6 Hz, 2H), 2.28 (s,
3H), 2.28 (s, 6H), 2.51 (t,] = 7.5 Hz, 2H), 2.81 (t, ] = 2.6 Hz,1 H),
4.33 (s, 4H) 4.38(d, ] = 5.9 Hz, 2H), 7.21 (s, 2H), 7.23 (t, ] = 7.9
Hz, 1H), 7.31 (t, ] = 7.9 Hz, 2H), 7.35 (dd, J = 8.1, 1.5 Hz, 1H), 7.38
(dd, J = 8.1, 1.5 Hz, 2H), 7.44 (dd, J = 7.8, 1.5 Hz, 1H), 7.53 (dd, ] =
7.7, 1.5 Hz, 2H), 8.78 (t, ] = 6.0 Hz, 2H), 8.94 (t, ] = 6.0 Hz, 1H),
9.54 (s, 1H).

3C NMR (176 MHz, DMSO-dy): § [ppm] = 17.5, 20.2, 20.3, 24.1,
34.1, 39.1, 42.2, 71.6, 84.0, 124.6, 125.4, 125.5, 126.0, 126.1, 1262,
130.6, 130.6, 131.8, 153.8, 137.5, 140.1, 132.8, 164.5, 164.7, 167.8,
167.9, 168.3, 171.1.

C,sH,6N,O 6 (934.91), exact mass: 934.2909.

ESI-HRMS (m/z): [M + H]" caled for C,gH,N,O 6 935.2987;
found: 935.2985.

Compound 23. Triethylamine (1 mL) was added to a solution of
22 (80 mg, 85.6 ymol) in methanol (3 mL) dropwise at 0 °C. This
solution was stirred for S min at 0 °C and for 2.5 h at rt, quenched
with ice, acidified with hydrochloric acid (2 M), and extracted with
ethyl acetate (3 X 3 mL). The combined organic layers were dried
over sodium sulfate. After removing the solvent, 23 was obtained by
purification via HPLC as a white solid (39.5 mg, 57.9 umol, 68%).

"H NMR (700 MHz, DMSO-dy): 6 [ppm] = 1.79 (p, ] = 7.2 Hz,2
H), 2.24 (td, J = 7.1, 2.6 Hz, 2H), 2.49-2.53 (m, 2H), 2.81 (t, ] = 2.6
Hz,1 H), 440 (d, ] = 5.9 Hz, 2H), 4.43 (sy,, 4H) 6.60 (t, ] = 7.9 Hz,
1H), 6.67 (t,] = 7.9 Hz, 2H), 6.88 (dd, ] = 7.8, 1.3 Hz, 1H), 6.92 (dd,
J =78, 1.3 Hz, 2H), 7.19—7.21 (m, 1H), 7.20 (s, 2H), 7.29 (dd, J =
8.2, 1.3 Hz, 2H), 9.15 (sy,, 3H), 9.15 (t, J = 6.0 Hz, 2H), 9.32 (t, ] =
7.2 Hz, 1H), 9.57 (s, 1H), 12.52 (s, 2H), 12.57 (s, 1H).

3C NMR (176 MHz, DMSO-dy): § [ppm] = 17.5, 24.1, 34.1, 39.0,
42.1,71.6, 84.0, 1149, 115.1, 117.1, 117.3, 117.9, 118.0, 118.8, 118.9,
124.8, 132.1, 135.9, 137.4, 146.1, 146.2,149.5, 149.6, 169.7, 169.8,
171.2.

C3cHyuN,Oy (682.69), exact mass: 682.2275.

ESI-HRMS (m/z): [M + Na]® caled for Ci3gH3,N,NaO,q:
705.2173; found: 705.2170.

Compound 24a. Lithium-bis(trimethylsilyl)amide (1 M in
tetrahydrofuran, 22 mL, 22 mmol, 1.1 equiv) was added to a solution
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of methyl-2-phenyl acetate (2.82 mL, 3.00 g, 20.0 mmol, 1 equiv) in
tetrahydrofuran (S0 mL) over a time of 20 min with a syringe pump
at —50 °C. The reaction mixture was stirred for 1 h at —50 °C,
warmed to —20 °C, and 6-iodo-1-hexyne (2.90 mL, 4.58 g, 22.0
mmol, 1.1 equiv) in tetrahydrofuran (S mL) was added over a time of
20 min with a syringe pump. The reaction mixture was warmed to 0
°C, stirred for 1 h, quenched with ice, and mixed with saturated
ammonium chloride solution (S0 mL). After separation of the phases,
the aqueous layer was extracted with diethyl ether (2 X 50 mL), and
the combined organic layers were dried over sodium sulfate. After
removing the solvent crude product, 24a was dried in vacuo and for
the synthesis of 24b without further purification.

Compound 24b. Potassium hydroxide (1.68 g, 30.0 mmol, 1.5
equiv) was added to a solution of 24a (20.0 mmol, 1 equiv) in
methanol (100 mL) and water (2 mL). The reaction mixture was
refluxed overnight and cooled to room temperature. After removing
the solvent, the crude product was taken up in water (30 mL) and
washed with diethyl ether. The aqueous layer was acidified with
hydrochloric acid (6 M) to pH = 1 and extracted with diethyl ether
(3 X 30 mL). The combined organic layers were dried over sodium
sulfate. After removing the solvent, 24b was obtained by purification
via flash chromatography (CH,Cl,/MeOH 100:0 — 99:1 — 97:3, 1%
AcOH) as a white solid (3.08 g, 14.2 mmol, 71%).

TLC R; = 029 (CH,Cl,/MeOH = 80:3, 1% AcOH).

'"H NMR (500 MHz, DMSO-dy): § [ppm] = 1.19—1.27 (m, 1H),
1.27-1.36 (m, 1H), 1.39—1.49 (m, 2H), 1.60—1.69 (m, 1H), 1.90—
1.99 (m, 1H), 2.11 (td, J = 7.0, 2.6 Hz, 2H), 2.70 (t, 2.6 Hz, 1H), 3.48
(t, ] = 7.6 Hz, 1H), 7.22—7.26 (m, 1H), 7.27—7.34 (m, 4H), 12.3 (s,
1H).

3C NMR (125 MHz, DMSO-dg): § [ppm] = 17.6, 26.3, 27.7, 32.5,
50.8, 71.2, 84.3, 126.8, 127.7, 128.4, 139.7, 174.8.

C,H,40, (216.28).

Compound 24c. Oxalyl chloride (1.72 mL, 2.54 g, 20.0 mmol, 2
equiv) was added to a solution of 22b (2.16 g, 10.0 mmol, 1 equiv) in
dichloromethane (10 mL) over a time of 10 min with a syringe pump.
After the addition of one drop of dimethylformamide the solution was
stirred for 1 h. The solvent was removed while stirring in vacuo under
stirring using a cooling trap. The residue was taken up in
tetrahydrofuran (20 mL) and triethylamine (5.50 mL, 4.05 g, 40.0
mmol, 4 equiv) was added at 0 °C. The solution was stirred for 2 h at
0 °C, and the resulting precipitate was filtered off over a Schlenk-frit.
The solvent was distilled off at 110 °C, and the residue was purified
via distillation at 3 mbar at a temperature of 110 °C increasing to 150
°C. Compound 24c was isolated from the main run as a yellow oil
(433 mg, 2.18 mmol, 22%). Since Ketene 24c was unstable under
atmospheric conditions, all work steps were conducted under Schlenk
conditions.

"H NMR (500 MHz, CDCl,): § [ppm] = 1.54—1.67 (m, 4H), 1.88
(t, ] = 2.7 Hz, 1H), 2.16 (td, ] = 6.8, 2.6 Hz, 2H), 2.34—2.38 (m, 2H),
6.94—7.02 (m, 3H), 7.21-7.25 (m, 2H),

3C NMR (125 MHz, CDCLy): § [ppm] = 18.2, 23.2, 27.1, 28.0,
39.2, 68.7, 84.0, 124.1, 124.3, 129.0, 132.5, 204.6.

C,H,,0 (198.27).

Compound 24. Compound 24c¢ (65.4 mg, 330 yumol, 1.2 equiv) in
tetrahydrofuran (800 yL) was added to a solution of 21 (231 mg, 275
umol, 1 equiv) in tetrahydrofuran (2 mL) at 0 °C. The solution was
stirred for 10 min at 0 °C and overnight at rt. Another batch of 24¢
(32.7 mg, 165 pmol, 0.6 equiv) was added and the solution was
stirred overnight. After removing the solvent, the crude product was
purified via flash chromatography (CH,Cl,/MeOH 80:2 — 80:3).
Since the purity of the target compound was not adequate, 24 was
obtained by further purification via HPLC as a white solid (80.0 mg,
77.0 umol, 28%).

TLC Ry = 029 (CH,Cl,/MeOH = 80:3).

'"H NMR (700 MHz, DMSO-dy): 6 [ppm] = 1.34—1.40 (m, 1H),
1.41-1.47 (m, 1H),

1.47-1.57 (m, 2H), 1.69—1.75 (m, 1H), 2.08—2.14 (m, 1H), 2.14
(s, 3H), 2.14—2.17 (m, 2H), 2.16 (s, 6H), 2.27 (s, 3H), 2.29 (s, 6H),
2.68 (t, ] = 2.6 Hz, 1H), 3.80 (dd, ] = 8.6, 6.6 Hz, 1H), 4.18 (s, 4H),
4.36 (d, ] = 5.9 Hz, 2H), 7.15 (s, 2H), 7.20 (t, ] = 7.9 Hz, 1H), 7.22—

7.26 (m, 1H), 7.28—7.35 (m, SH), 7.38 (dd, ] = 8.1, 1.4 Hz, 2H), 7.41
(dd, 7.8, 1.5 Hz, 1H), 7.44 (d, ] = 7.2 Hz, 2H), 7.50 (d, ] = 6.1 Hz,
2H), 8.70 (sp,, 2H), 8.93 (t, ] = 6.0 Hz, 1H), 9.79 (s, 1H).

13C NMR (176 MHz, DMSO-dg): § [ppm] = 17.6, 20.1, 20.3, 26.5,
27.8, 32.1, 38.8, 42.2, 51.4, 71.1, 84.4, 124.0, 125.4, 125.6, 126.0,
126.0, 1262, 126.8, 127.6, 128.4, 130.5, 130.6, 131.2, 135.8, 137.7,
140.1, 140.1, 140.6, 142.8, 142.8.

Cs¢Hgu,N,O 6 (1039.06), exact mass: 1038.3535.

ESI-HRMS (m/z): [M + H]" caled for C3HggN,Oy6: 1039.3613
found: 1039.360S.

Compound 25a. Sodium azide (3.25 g, S0 mmol, S equiv) was
added to a solution of 3-bromoproionic acid (1.53 g, 10 mmol, 1
equiv) in water (20 mL). The solution was stirred for 4 h at rt,
carefully acidified with hydrochloric acid to pH = 1, and extracted
with ethyl acetate (3 X 30 mL). The combined organic layers were
washed with saturated sodium chloride solution (50 mL) and dried
over sodium sulfate. After removing the solvent, 25a was obtained as a
pale yellow oil (1.04 g, 9.00 mmol, 90%).

Compound 25. N-methylmorpholine (5.50 L, 5.06 mg, SO ymol,
1 equiv) and isobutyl chloroformate (6.36 uL, 6.83 mg, SO umol, 1
equiv) were added to a solution of 25a (7.75 mg, SO ymol, 1 equiv) in
tetrahydrofuran (2 mL) at 0 °C, whereupon a white precipitate
formed immediately. The reaction mixture was stirred for 2 h at 0 °C.
A solution of ampicillin (11.2 mg, S5 pmol, 1.1 equiv) and
triethylamine (20.0 pL, 14.5 mg, 144 umol, 2.87 equiv) in
tetrahydrofuran (1 mL) and water (200 uL) was added at 0 °C.
The reaction mixture was stirred for 1 h at 0 °C and for 1 h at rt. After
removing the solvent, the residue was taken up in water (ca. 4 mL)
and acidified with hydrochloric acid (1 M) to pH & 2. The resulting
suspension was extracted with ethyl acetate (3 X S mL) and the
combined organic layers were washed with saturated sodium chloride
solution (15 mL) and dried over sodium sulfate. After removing the
solvent, 25 was obtained by purification via HPLC as a white solid
(13.3 mg, 29.8 umol, 60%).

'H NMR (500 MHz, DMSO-dg): 6 [ppm] = 1.41 (s, 3H), 1.56 (s,
3H), 2.54 (td, ] = 6.3, 2.3, 2H), 3.46—3.55 (m, 2H), 4.21 (s, 1H),
5.40 (d, ] = 4.0 Hz, 1H), 5.52 (dd, ] = 7.8, 4.0 Hz, 1H), 5.77 (d, ] =
8.2 Hz, 1H), 7.24—7.29 (m, 1H), 7.30—7.35 (m, 2H), 7.43 (d, ] = 7.3
Hz, 2H), 8.73 (d, ] = 8.2 Hz, 1H), 9.16 (d, ] = 7.9 Hz, 1H), 13.32 (sy,,
1H).

3C NMR (125 MHz, DMSO-d): 5 [ppm] = 26.6, 30.4, 34.2, 46.9,
55.4, 58.1, 63.7, 67.2, 70.3, 127.1, 127.5, 128.2, 138.1, 168.9, 169.3,
170.0, 173.4.

CoHp,NgOsS (446.48), exact mass: 446.1372.

ESI-HRMS (m/z): [M + H]* caled for CH,3N(O;S: 447.1451;
found: 447.144S.

Compound 26. N-Methylmorpholine (165 uL, 152 mg, 1.50 ymol,
1 equiv) and isobutyl chloroformate (191 uL, 20S mg, 150 mmol, 1
equiv) were added to a solution of 25a (233 mg, 1.50 mmol, 1 equiv)
in tetrahydrofuran (10 mL) at 0 °C, whereupon a white precipitate
formed immediately. The reaction mixture was stirred for 30 min at 0
°C and for 30 min at rt. A solution of amoxicillin (603 mg, 1.65 mmol,
1.1 equiv) and triethylamine (627 uL, 4SS mg, 4.50 mmol, 3 equiv) in
tetrahydrofuran (S mL) and water (1 mL) was added at 0 °C. The
reaction mixture was stirred for 30 min at 0 °C and for 30 min at rt.
After removing the solvent, the residue was taken up in ice water and
acidified with hydrochloric acid (1 M) to pH = 2. The resulting
suspension was extracted with ethyl acetate (3 X 10 mL) and the
combined organic layers were washed with saturated sodium chloride
solution (30 mL) and dried over sodium sulfate. After removing the
solvent, 26 was obtained by purification via automatic flash
chromatography over a reversed-phase column as a white solid
(123 mg, 266 umol, 18%).

"H NMR (500 MHz, DMSO-dg): 6 [ppm] = 1.42 (s, 3H), 1.56 (s,
3H), 2.45-2.55 (m, 2H), 3.45—3.54 (m, 2H), 4.21 (s, 1H), 5.39 (d, J
= 4.1 Hz, 1H), 5.52 (dd, J = 8.0, 4.1 Hz, 1H), 5.60 (d, J = 8.1 Hz,
1H), 6.66—6.71 (m, 2H), 7.17-7.23 (m, 2H), 8.57 (d, J = 8.1 Hz,
1H), 8.98 (d, J = 8.0 Hz, 1H), 9.37 (sy,, 1H), 13.33 (sp,, 1H).
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3C NMR (125 MHz, DMSO-dy): § [ppm] = 26.6, 30.3, 34.2, 46.9,
54.9, 80.0, 63.7, 67.2, 70.3, 114.9, 128.3, 128.3, 156.8, 168.9, 169.1,
170.5, 173.6.

C1oHp,NgO4S (462.48), exact mass: 462.1322.

ESI-HRMS (m/z): [M + H]* caled for C;oH,3N(O4S: 463.1400;
found: 463.1395.

Compound 27. TBTA (2.65 mg, S.00 pmol, 0.5 equiv) in
dimethylformamide (S0 L) was added to a solution of 22 (18.7 mg,
20.0 pmol, 2 equiv) and 25 (446 mg, 10.0 umol, 1 equiv) in
dimethylformamide (400 xL) and PBS buffer (100 yL). A mixture of
copper(Il) sulfate (400 ug, 2.50 pmol, 0.25 equiv) and sodium
ascorbate (990 ug, S.00 ymol, 0.5 equiv) in water (100 uL) was
added. This step was repeated after stirring for 45 min at rt and the
solution was again stirred for 45 min at rt. Another batch of TBTA
(2.65 mg, 5.00 umol, 0.5 equiv) in dimethylformamide (50 L) was
added to the solution. An identical amount of the mixture consisting
of copper(Il) sulfate and sodium ascorbate in water (v.s.) was added.
This step was repeated after stirring for 45 min at rt. After another 45
min of stirring at rt 27 was obtained by purification of the solution via
HPLC as a white solid (11.0 mg, 7.96 umol, 80%).

'H NMR (700 MHz, DMSO-dg): 6 [ppm] = 1.40 (s, 3H), 1.54 (s,
3H), 1.89—1.95 (m, 2H), 2.15 (s, 6H), 2.16 (s, 3H), 2.28 (s, 3H),
2.28 (s, 6H), 2.46 (t, ] = 7.5 Hz, 2H), 2.67 (t, ] = 7.6 Hz, 2H), 2.79—
2.85 (m, 1H), 2.86-2.92 (m, 1H), 4.17 (s, 1H), 4.34 (s,, 4H), 4.38
(d, J = 5.8, Hz, 2H), 4.51 (td, J = 13.7, 7.0 Hz, 2H), 5.38 (d, ] = 3.9
Hz, 1H), 5.50 (dd, J = 7.8, 4.0 Hz, 1H), 5.73 (d, ] = 8.1 Hz, 1H),7.21
(s, 2H), 7.23 (t,] = 7.9 Hz, 1H), 7.26 (t,] = 7.2 Hz, 1H), 7.30(t, ] =
7.9 Hz, 4H), 7.33—7.39 (m, SH), 7.44 (dd, J = 7.7, 1.4 Hz, 1H), 7.52
(dd, J = 7.7, 1.4 Hz, 2H), 7.76 (s, 1H), 8.73 (d, ] = 8.1 Hz, 1H),
8.78(t, J = 6.0 Hz, 2H), 8.94(t, ] = 6.0 Hz, 1H), 9.16 (d, ] = 7.8 Hz,
1H), 9.51 (s, 1H),13.30 (s, 1H).

3C NMR (176 MHz, DMSO-dg): 6 [ppm] = 20.1, 20.2, 20.3, 24.8,
25.1, 26.7, 30.4, 34.9, 35.2, 39.1, 42.2, 45.6, 55.4, 58.0, 63.8, 67.1,
69.8, 121.9, 124.6, 125.4, 125.5, 126.0, 126.0, 126.1, 126.2, 127.0.
127.5, 128.2, 130.6, 130.7, 131.8, 135.8, 137.5, 138.0, 140.1, 140.1,
142.8, 146.2, 164.5, 164.7, 167.8, 167.9, 168.3, 168.9, 168.9, 169.9,
171.5, 173.3.

CgHgsN190,;S (1381.39), exact mass: 1380.4281.

ESI-HRMS (m/z): [M + H]" calcd for Cg;HgoN;(O,;S: 1381.4359;
found: 1381.4366.

Compound 28. TBTA (2.65 mg, 5.00 pmol, 0.5 equiv) in
dimethylformamide (50 L) was added to a solution of 23 (13.7 mg,
20.0 pumol, 2 equiv) and 25 (4.46 mg, 10.0 umol, 1 equiv) in
dimethylformamide (400 xL) and PBS buffer (100 yL). A mixture of
copper(Il) sulfate (400 ug, 2.50 pmol, 0.25 equiv) and sodium
ascorbate (990 pg, 5.00 ymol, 0.5 equiv) in water (100 uL) was
added. This step was repeated after stirring for 45 min at rt and the
solution was again stirred for 45 min at rt. Another batch of TBTA
(2.65 mg, 5.00 umol, 0.5 equiv) in dimethylformamide (50 L) was
added to the solution. An identical amount of the mixture consisting
of copper(II) sulfate and sodium ascorbate in water (v.s.) was added.
This step was repeated after stirring for 45 min at rt. After another 45
min of stirring at rt 28 was obtained by purification of the solution via
HPLC as a white solid (4.50 mg, 3.98 ymol, 40%).

"H NMR (700 MHz, DMSO-ds): & [ppm] = 1.40 (s, 3H), 1.54 (s,
3H), 1.88—1.94 (m, 2H), 2.46 (t, ] = 7.5 Hz, 2H), 2.66 (t, ] = 7.6 Hz,
2H), 2.79—2.84 (m, 1H), 2.86-2.92 (m, 1H), 4.19 (s, 1H), 4.40 (d,
= 5.8, Hz, 2H), 4.44 (s, 4H), 4.47—4.55 (m, 2H), 5.39 (d, ] = 4.0
Hz, 1H), 5.51 (dd, J = 7.9, 4.0 Hz, 1H), 5.73 (d, ] = 8.1 Hz, 1H), 6.60
(t,J=7.9 Hz,1 H),6.67 (t,] = 7.9 Hz2 H), 6.88 (dd, ] = 7.8, 1.3 Hz,
1H), 6.92 (dd, ] = 7.8, 1.2 Hz, 2H), 7.18—7.21 (m, 1H), 7.20 (s, 2H),
7.23-7.27 (m, 1H), 7.27-7.31 (m, 4H), 7.33—=7.36 (m, 2H), 7.75 (s,
1H), 8.72 (d, ] = 8.1 Hz, 1H), 9.08 (s, 1H), 9.13-9.18 (m, SH),
9.32 (t, ] = 6.0 Hz, 1H), 9.54 (s, 1H), 12.52 (s, 2H), 12.57 (s, 1H),
13.32 (s, 1H).

13C NMR (176 MHz, DMSO-dg): & [ppm] = 24.8, 25.1, 26.6, 30.3,
34.8, 35.2, 38.9, 42.1, 45.6, 55.4, 58.1, 63.7, 67.2, 70.3, 114.9, 115.1,
117.1, 117.3, 117.9, 118.0, 118.8, 118.9, 121.9, 124.8, 127.0, 127.5,
128.1, 132.1, 135.9, 137.4, 138.0, 146.1, 146.2, 146.2, 149.5, 149.6,
168.9, 168.9, 169.7, 169.8, 169.9, 171.5, 173.3.

CysHN1oO45S (1129.17), exact mass: 1128.3647.

ESI-HRMS (m/z): [M + H]" caled for CsH;N;,O45S: 1129.3726;
found: 1129.3713.

Compound 29. A mixture of copper(Il) sulfate (800 ug, S5.00
umol, 0.25 equiv) and sodium ascorbate (1.98 mg, 10.0 ymol, 0.5
equiv) in water (100 uL) was added to a solution of 22 (28.0 mg, 30.0
umol, 1.5 equiv) and 26 (9.25 mg, 20.0 pmol, 1 equiv) in
dimethylformamide (500 uL). The solution was stirred for 30 min
at rt. The addition of an equal mixture of copper(Il) sulfate and
sodium ascorbate in water was repeated three times. After each
addition, the solution was stirred for 30 min. Compound 29 was
obtained by purification of the solution via HPLC as a white solid
(10.5 mg, 7.51 pmol, 38%).

'"H NMR (700 MHz, DMSO-d,): § [ppm] = 1.42 (s, 3H), 1.56 (s,
3H), 1.91-1.97 (m, 2H), 2.16 (s, 6H), 2.17 (s, 3H), 2.29 (s, 3H),
229 (s, 6H), 2.47 (t, ] = 7.5 Hz, 2H), 2.68 (t, ] = 7.6 Hz, 2H), 2.77—
2.83 (m, 1H), 2.83—2.88(m, 1H), 420 (s, 1H), 4.35 (s,, 4H), 4.39
(d, J = 5.8, Hz, 2H), 4.47—4.51 (m, 2H), 5.40 (d, ] = 4.0 Hz, 1H),
5.52 (dd, J = 8.0, 4.1 Hz, 1H), 5.58 (d, ] = 7.9 Hz, 1H), 6.68 (d, ] =
8.6 Hz, 2H), 7.16 (d, ] = 8.6 Hz, 2H), 7.22 (s, 2H), 7.24 (t, ] = 7.9
Hz, 1H), 7.31 (t, ] = 7.9 Hz, 2H), 7.35 (dd, J = 8.1, 1.5 Hz, 1H), 7.38
(dd, J = 8.1, 1.5 Hz, 2H), 7.45 (dd, J = 7.8, 1.4 Hz, 1H), 7.53 (dd, ] =
7.7, 1.5 Hz, 2H), 7.78 (s, 1H), 8.59 (d, ] = 7.9 Hz, 1H), 8.79 (t, ] =
6.0 Hz, 2H), 8.95 (t, ] = 6.0 Hz, 1H), 9.02 (d, J = 8.0 Hz, 1H), 9.38
(s, 1H), 9.51 (s, 1H), 13.30 (sp,, 1H).

13C NMR (176 MHz, DMSO-dg): § [ppm] = 20.1, 20.2, 20.3, 24.7,
25.1, 26.6, 30.2, 34.9, 352, 39.1, 422, 45.6, 55.0, 58.0, 63.7, 67.2,
70.3, 114.9, 121.9, 124.6, 1254, 125.5, 126.0, 126.0, 126.1, 126.2,
128.1. 1283, 130.6, 130.6, 131.8, 135.8, 137.5, 140.1, 140.1, 142.8,
1462, 156.8, 164.5, 164.7, 167.8, 167.9, 168.3, 168.7, 168.9, 170.4,
171.5, 173.5.

CeHgsN100,,S (1397.39), exact mass: 1396.4230.

ESI-HRMS (m/z): [M + H]" caled for Ci;HgoN,00,,S: 1397.4309;
found: 1397.428S.

Compound 30. A mixture of copper(Il) sulfate (800 ug, 5.00
umol, 0.25 equiv) and sodium ascorbate (1.98 mg, 10.0 ymol, 0.5
equiv) in water (100 uL) was added to a solution of 23 (20.5 mg, 30.0
umol, 1.5 equiv) and 26 (925 mg, 20.0 pmol, 1 equiv) in
dimethylformamide (500 uL). The solution was stirred for 30 min
at rt. The addition of an equal mixture of copper(1l) sulfate and
sodium ascorbate in water was repeated three times. After each
addition, the solution was stirred for 30 min. Compound 30 was
obtained by purification of the solution via HPLC as a white solid
(8.50 mg, 7.42 pmol, 37%).

'"H NMR (700 MHz, DMSO-dg): § [ppm] = 1.42 (s, 3H), 1.56 (s,
3H), 1.90—1.96 (m, 2H), 2.47 (t, ] = 7.4 Hz, 2H), 2.67 (t, ] = 7.6 Hz,
2H), 2.77—2.83 (m, 1H), 2.83—2.88 (m, 1H), 4.19 (s, 1H), 441 (d, ]
= 5.8, Hz, 2H), 4.44 (s, 4H), 4.47—4.55 (m, 2H), 5.40 (d, ] = 4.0
Hz, 1H), 5.52 (dd, ] = 8.0, 4.0 Hz, 1H), 5.88 (d, ] = 7.9 Hz, 1H), 6.61
(t,J = 7.9 Hz, 1H), 6.68 (t, ] = 8.0 Hz, 4H), 6.89 (d, ] = 7.3, 1H), 6.93
(d, J = 7.8 Hz, 2H), 7.15(d, ] = 8.6 Hz, 2H), 7.21(d, ] = 7.6 Hz, 1H),
7.21 (s, 2H), 7.30(d, ] = 7.7 Hz, 2H), 7.77 (s, 1H), 8.59(d, ] = 7.9 Hz,
1H), 9.01(d, J = 8.0 Hz, 1H), 9.09 (sy,, 1H), 9.13—9.18 (m, 4H), 9.33
(t, J = 6.0 Hz, 1H), 9.38 (s, 1H),9.55 (s, 1H), 12.53 (s, 2H), 12.58 (s,
1H), 13.23 (s, 1H).

13C NMR (176 MHz, DMSO-dg): § [ppm] = 24.7, 25.1, 26.6, 30.2,
34.8, 35.2, 39.1, 42.1, 45.6, 55.0, 58.0, 63.7, 67.2, 70.3, 114.9, 115.1,
117.1, 117.3, 117.9, 118.0, 118.8, 118.9 121.9, 124.8, 128.1, 128.3,
132.1, 135.9, 137.4, 146.1, 1462, 1462, 149.5, 149.6, 156.8, 168.7,
168.9, 169.7, 169.8, 170.4, 171.5, 173.5.

CssHoN O ,6S (1145.17), exact mass: 1144.3596.

ESI-HRMS (m/z): [M + H]* caled for C4Hg N, ,O4S: 1145.3675;
found: 1145.3663

Compound 31a. N-Methylmorpholine (44.0 uL, 40.5 mg, 400
umol, 4 equiv) and isobutyl chloroformate (32.0 uL, 34.1 mg, 250
umol, 2.5 equiv) were added to a solution of 4,7,10,13-
tetraoxahexadec-15-ynoic acid (78.1 mg, 300 pmol, 3 equiv) in
tetrahydrofuran (3 mL) at 0 °C, whereupon a white precipitate
formed immediately. The reaction mixture was stirred for 10 min at 0
°C and for 90 min at rt. Compound 21 (100 uymol, 1 equiv) in

https://doi.org/10.1021/acs.jmedchem.1c01482
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tetrahydrofuran (1 mL) was added at 0 °C over a time of S min with a
syringe pump. The reaction mixture was stirred overnight at rt,
quenched with ice and saturated sodium hydrogen carbonate solution,
and extracted with ethyl acetate (3 X S mL). The organic layer was
washed with hydrochloric acid (0.1 M) and saturated solutions of
sodium hydrogen carbonate and sodium chloride (2 X 25 mL each)
and dried over sodium sulfate. After removing the solvent, 31a was
obtained by purification via HPLC as a white solid (14.5 mg, 13.4
pumol, 13% over 2 steps).

'"H NMR (700 MHz, DMSO-ds): § [ppm] = 2.16 (s, 3H), 2.17 (s,
6H), 2.28 (s, 3H), 2.28 (s, 6H), 2.62 (t, ] = 6.2 Hz, 2H), 3.41 (t, ] =
2.4 Hz,1 H), 3.46—3.54 (m, 12 H), 3.74 (t, ] = 6.2 Hz, 2H), 4.12 (d, ]
= 2.4 Hz, 2H), 4.35 (s, 4H) 4.38 (d, ] = 5.9 Hz, 2H), 7.20 (s, 2H),
723 (t, ] = 7.9 Hz, 1H), 7.31 (t, ] = 7.9 Hz, 2H), 7.34 (dd, ] = 8.1, L.5
Hz, 1H), 7.38 (dd, J = 8.1, 1.5 Hz, 2H), 7.44 (dd, ] = 7.8, 1.5 Hg,
1H), 7.52 (dd, J = 7.7, 1.5 Hz, 2H), 8.74 (t, ] = 6.0 Hz, 2H), 8.94 (t, ]
= 6.0 Hz, 1H), 9.56 (s, 1H).

3C NMR (176 MHz, DMSO-dg): 6 [ppm] = 20.1, 20.2, 20.3, 36.4,
30.1, 422, 57.5, 67.0, 68.5, 69.4, 69.6, 69.6, 69.7, 69.7, 77.1, 80.3,
124.6, 1254, 125.5, 126.0, 126.0, 126.1, 126.2, 130.6, 130.7, 131.8,
136.0, 137.6, 140.1, 142.8, 142.8, 164.5, 164.6, 167.8, 167.9, 168.3,
170.0.

Cs,HsN,O,, (1083.07), exact mass: 1082.3644.

ESI-HRMS (m/z): [M + Nal* caled for CgHN,NaO,:
1105.3542 found: 1105.3532.

Compound 31. A mixture of copper(Il) sulfate (200 pg, 1.25
umol, 0.17 equiv) and sodium ascorbate (500 ug, 2.50 pmol, 0.33
equiv) in water (S0 uL) was added to a solution of 31a (10.8 mg, 10.0
umol, 133 equiv) and 25 (3.30 mg, 7.5 pumol, 1 equiv) in
dimethylformamide (200 uL). The solution was stirred for 30 min
at rt. The addition of an equal mixture of copper(Il) sulfate and
sodium ascorbate in water was repeated three times. After each
addition, the solution was stirred for 30 min. Compound 31 was
obtained by purification of the solution via HPLC as a white solid (9.0
mg, 5.88 ymol, 78%).

'"H NMR (700 MHz, DMSO-dg): § [ppm] = 1.41 (s, 3H), 1.54 (s,
3H), 2.16 (s, 3H), 2.16 (s, 6H), 2.28 (s, 3H), 2.28 (s, 6H), 2.61 (t, ] =
6.1 Hz, 2H), 2.81-2.93 (m, 2H), 3.45—3.54 (m, 12 H), 3.73 (t, ] =
6.2 Hz, 2H), 4.18 (s, 1H), 4.35 (sy,, 4H) 4.38 (d, ] = 5.8 Hz, 2H),
447 (s, 2H), 4.50—4.58 (m, 2H), 5.38 (d, J = 4.0 Hz, 1H), 5.50, (dd,
J=17.8,4.0Hz, 1H), 5.72 (d, ] = 8.1 Hz, 1H), 7.20 (s, 2H), 7.22 (t, ]
=7.9 Hz, 1H), 7.26 (t, ] = 7.2 Hz, 1H), 7.30 (t, ] = 7.5 Hz, 2H), 7.31
(t, J = 7.9 Hz, 2H), 7.33—7.36 (m, 3H), 7.37 (dd, ] = 8.1, 1.4 Hz,
2H), 7.44 (dd, J = 7.7, 1.3 Hz, 1H), 7.52 (dd, ] = 7.7, 1.4 Hz, 2H),
7.96 (s, 1H), 8.72—8.76 (m, 3H), 8.94 (t, ] = 6.0 Hz, 1H),9.16 (d, ] =
7.8 Hz, 1H), 9.58 (s, 1H), 13.38 (s, 1H).

3C NMR (176 MHz, DMSO-dg): § [ppm] = 20.1, 20.1, 20.3, 26.6,
30.4, 35.1, 36.4, 39.1, 422, 45.7, 55.4, 58.1, 63.4, 63.8, 67.0, 67.2,
68.9, 69.6, 69.6, 69.7, 69.8, 70.5, 123.9, 124.6, 125.4, 125.5, 126.6,
126.6, 126.1, 1262, 127.0, 127.5, 128.2, 130.6, 130.7, 131.8, 136.0,
137.6, 137.9, 140.1, 142.8, 142.8, 143.7, 164.5, 164.6, 167.8, 167.9,
168.3, 168.8, 168.9, 169.9, 170.0, 173.3.

Co3HgoN140,5S (1529.55), exact mass: 1528.5017.

ESI-HRMS (m/z): ([M + 2H]**/2) calcd for C,3Hg,N;(O,5S:
765.2587; found: 765.2588.

Compound 32a. 6-Azidohexoic acid (24.3 mg, 154 ymol, S equiv)
and N-Hydroxysuccinimide (18.5 mg, 161 umol, 5.2 equiv) were
dried in vacuo for 20 min and dissolved in dichloromethane (2 mL).
N,N-Dicyclohexylcarbodiimide (33.1 mg, 161 gmol, 5.2 equiv) was
added to this solution at 0 °C. The reaction mixture was stirred for 3
h at rt and filtered over celite. Pyridine (15.0 L, 14.7 mg, 185 yumol,
6 equiv) and daptomycin (50.0 mg, 30.9 umol, 1 equiv), both
dissolved in dimethyl sulfoxide (4 mL), were added to the filtered
solution. The reaction mixture was stirred overnight at rt, frozen in
liquid nitrogen, and lyophilized. Compound 32a was obtained by
purification of the residue via HPLC as a white solid (23.6 mg, 13.4
umol, 43%).

'"H NMR (700 MHz, methanol-d,): § [ppm] = 0.89 (t, ] = 7.2 Hg,
3H), 0.95 (d, ] = 6.8 Hz, 3H), 1.18—1.27 (m, 10H), 1.23 (d, ] = 6.5
Hz, 3H), 1.27-1.32 (m, 3H), 1.35 (d, ] = 7.1 Hz, 3H), 1.36—1.41 (m,

2H), 1.47—-1.52 (m, 2H), 1.55—1.64 (m, 6H), 1.65—1.72 (m, 1H),
1.82—1.89 (m, 1H), 2.09—2.15 (m, 1H), 2.15-2.22 (m, 4H), 2.23—
2.27 (m, 1H), 2.29-2.36 (d, ] = 9.1 Hz, 1H), 2.43 (dd, ] = 15.6, 4.2
Hz, 1H), 2.49-2.59 (m, 3H), 2.75 (dd, J = 17.1, 8.7 Hz, 1H), 2.80
(dd, J = 17.0, 7.5 Hz, 1H), 2.90—2.96 (m, 2H), 3.12 (dd, ] = 14.4, 7.1
Hz, 1H), 3.18—3.25 (m, 3H), 3.28 (t, ] = 6.9 Hz, 2H), 3.49 (dd, ] =
17.7, 4.5 Hz, 1H), 3.70 (d, ] = 14.1 Hz, 1H), 3.74—3.80 (m, 2H), 3.84
(d, ] = 16.9 Hz, 1H), 3.90—4.00 (m, 2H), 4.17 (d, ] = 16.8 Hz, 1H),
423 (q, ] = 7.0 Hz, 1H), 4.33 (t, ] = 7.3 Hz, 1H), 448 (J = 7.7 Hz,
1H), 4.59 (dt, ] = 12.2, 5.8 Hz, 2H), 4.62—4.64 (m, 1H), 4.65—4.69
(m, 2H), 4.78—4.81 (m, 1H), 5.06—5.10 (m, 1H), 5.33—5.37 (m,
1H), 6.52—6.56 (m, 1H), 6.70 (dd, ] = 8.4, 0.8 Hz, 1H), 6.97—7.01
(m, 1H), 7.05—7.09 (m, 1H), 7.14 (s, 1H), 7.21 (ddd, J = 8.4, 7.0, 1.4
Hz, 1H), 7.32 (d, ] = 8.1 Hz, 1H), 7.55 (d, ] = 7.9 Hz, 1H), 7.65 (d, ]
= 8.2 Hz, 1H).

3C NMR (176 MHz, methanol-d,): § [ppm] = 14.6, 15.7, 164,
17.3, 23.9, 26.7, 26.8, 26.9, 27.6, 28.3, 29.7, 29.8, 30.5, 30.6, 30.7,
33.2, 34.5, 36.2, 36.2, 36.4, 36.8, 37.0, 37.2, 39.5, 39.9, 42.7, 43.8,
44.3, 48.9, 49.8, 50.7, 51.2, 514, 51.9, 52.3, 52.5, 55.5, 56.4, 57.4,
57.7,63.6, 72.1,110.8, 112.5, 116.6, 118.0, 118.5, 119.5, 120.0, 122.6,
125.0, 128.9, 132.5, 136.3, 138.1, 152.9, 171.0, 171.6, 171.8, 172.3,
172.4, 172.7, 172.9, 173.4, 173.8, 173.8, 173.9, 174.2, 174.2, 174.4,
174.9, 175.1, 175.8, 176.2, 176.2, 176.6, 200.6.

CrgH110N200,7 (1759.85), exact mass: 1758.7849.

ESI-HRMS (m/z): ([M + 2H]*/2) caled for C,gH,1,N,00,7:
880.4003; found.: 880.400S.

Compound 32. A mixture of copper(Il) sulfate (680 ug, 4.25
umol, 0.5 equiv) and sodium ascorbate (1.69 mg, 8.50 ymol, 1 equiv)
in water (50 uL) was added to a solution of 23 (11.6 mg, 17.0 ymol, 2
equiv) and 32a (15.0 mg, 8.50 ygmol, 1 equiv) in water (1 mL) and
dimethylformamide (300 yL). The solution was stirred for 30 min at
rt. The addition of an equal mixture of copper(II) sulfate and sodium
ascorbate in water was repeated three times. After each addition, the
solution was stirred for 30 min. Compound 32 was obtained by
purification of the solution via HPLC as a white solid (16.9 mg, 6.93
umol, 82%).

'"H NMR (700 MHz, methanol-d,): 5 [ppm] = 0.88 (t, ] = 7.2 Hg,
3H), 0.94 (d, ] = 6.8 Hz, 3H), 1.15—1.31 (m, 18 H), 1.33 (d, J = 7.1
Hz, 3H), 1.45-1.51 (m, 2H), 1.51-1.55 (m, 1H), 1.55—1.61 (m,
3H), 1.63—1.69 (m, 1H), 1.79—1.87 (m, 3H), 1.99—2.05 (m, 2H),
2.09 —2.19 (m, SH), 2.22—2.26 (m, 1H), 2.35 (s, 1H), 2.43 (dd, ] =
15.7, 4.3 Hz, 1H), 2.49—2.60 (m, SH), 2.71—2.82 (m, 4H), 2.89 (dd,
] =17.1,4.7 Hz, 1H), 2.94 (dd, ] = 17.0, 5.9 Hz, 1H), 3.12 (dd, ] =
14.3, 7.2 Hz, 1H), 3.16 (t, J = 7.0 Hz, 2H), 3.22 (dd, J = 114.2, 7.9
Hz, 1H), 3.47 (dd, ] = 17.6, 4.3 Hz, 1H), 3.68 (d, ] = 14.7 Hz, 1H),
3.74—3.79 (m, 2H), 3.87 (t, J = 15.1 Hz, 2H), 3.94 (d, ] = 16.9 Hg,
1H), 4.13 (d, ] = 18.2 Hz, 1H), 422 (q, ] = 7.0 Hz, 1H), 4.28—4.34
(m, 3H), 4.47 (t, ] = 7.6 Hz, 1H), 4.51—4.58 (m, 7H), 4.60 (t, ] = 5.6
Hz, 1H), 4.62—4.67 (m, 3H), 4.77—4.80 (m, 1H), 5.04—5.09 (m,
1H), 5.32—5.37 (m, 1H), 6.53 (t, ] = 7.6 Hz, 1H), 6.55 (t, ] = 8.8 Hz,
1H), 6.68 (t, ] = 7.9 Hz, 3H), 6.90 (dd, ] = 7.8, 1.4 Hz, 1H), 6.92 (dd,
J=7.8,1.3 Hz, 2H), 6.98 (t, ] = 7.2 Hz, 1H), 7.06 (t, ] = 7.6 Hz, 1H),
7.13 (s, 1H), 7.15 (dd, J = 8.1, 1.2 Hz, 1H), 7.18 (dd, ] = 8.1, 1.1 Hg,
2H), 7.19-7.22 (m, 1H), 7.31 (d, ] = 7.6 Hz, 1H), 7.38 (s, 2H), 7.54
(d, J = 7.9 Hz, 1H), 7.64 (d, ] = 8.4 Hz, 1H), 7.65 (s, 1H).

13C NMR (176 MHz, methanol-d,): § [ppm] = 14.6, 15.7, 16.5,
17.4, 23.9, 26.0, 26.4, 26.6, 26.8, 26.9, 27.1, 28.3, 29.7, 30.5, 30.6,
30.7, 31.1, 33.2, 34.5, 36.4, 36.5, 36.8, 37.0, 39.5, 39.9, 41.1, 42.6,
43.6, 43.8, 44.3, 48.9, 49.9, 50.8, 51.1, 51.3, 51.4, 51.9, 52.4, 55.5,
56.6, 57.4, 57.8, 63.5, 72.2, 110.8, 112.5, 116.6, 116.7, 116.7, 118.1,
1185, 118.8, 118.9, 119.5, 119.8, 119.9, 120.0, 122.6, 123.6, 125.0,
128.4, 128.9, 132.5, 133.9, 136.2, 137.6, 138.1, 140.1, 147.4, 147.5,
148.5, 150.5, 152.8, 171.0, 171.6, 171.7, 171.8, 171.9, 172.3, 172.5,
172.7, 173.0, 173.4, 173.8, 174.0, 174.3, 174.4, 174.9, 175.1, 175.7,
175.8, 176.1, 176.3, 176.6, 200.6.

C114sH44N,,05, (2442.54), exact mass: 2441.0124.

ESI-HRMS (m/z): (M + 2H]**/2) caled for C,1,H;44N,,057:
1222.0157; found.: 1222.0159.

https://doi.org/10.1021/acs.jmedchem.1c01482
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