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Abstract: The peptide antibiotic albicidin, which is synthesized
by the plant pathogenic bacterium Xanthomonas albilineans,
displays remarkable antibacterial activity against various
Gram-positive and Gram-negative microorganisms. The low
amounts of albicidin obtainable from the producing organism
or through heterologous expression are limiting factors in
providing sufficient material for bioactivity profiling and
structure–activity studies. Therefore, we developed a conver-
gent total synthesis route toward albicidin. The unexpectedly
difficult formation of amide bonds between the aromatic
amino acids was achieved through a triphosgene-mediated
coupling strategy. The herein presented synthesis of albicidin
confirms the previously determined chemical structure and
underlines the extraordinary antibacterial activity of this
compound. The synthetic protocol will provide multigram
amounts of albicidin for further profiling of its drug properties.

Owing to the increasing development of antibiotic resist-
ance by bacterial pathogens, there is an enormous need for
new antibiotic lead structures. A major cause of concern are
Gram-negative bacteria, which have an outer membrane as an
additional protective barrier[1] that makes infections difficult
to treat.[2] A prominent group of Gram-negative pathogens
that cause serious infections are Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter (the
ESKAPE group of bacteria),[3–5] which show rapid develop-
ment of multi- or pan-drug-resistant[6, 7] strains. Likewise,
there is an increasing number of Gram-positive bacteria, like
Clostridium difficile, which cause serious infections, partic-

ularly in a hospital-associated environment.[8] In our efforts
towards identifying and developing new antibiotics, patho-
genic bacteria have also been considered as sources of new
drugs.[9] Such a bacterial strain is the plant pathogen
Xanthomonas albilineans, which causes leaf scald disease in
sugar cane,[10,11] thereby leading to significant economic
damage through crop losses.[12] Albicidin, which is synthesized
by X. albilineans, was first characterized in the early
1980s.[13, 14] It displays strong antibacterial activity against
Gram-positive and Gram-negative bacteria at nanomolar
concentrations by acting as an inhibitor of DNA gyrase.[15] It
took more than 30 years to elucidate the structure of albicidin
(1a)[16] owing to its extremely low abundance in X. albilineans
cultures and its oligo-aromatic character, which dramatically
complicates its structure elucidation (Scheme 1).

Heterologous production of albicidin in the host strain X.
axonopodis pv. vesicatoria resulted in higher production
yields,[17] thereby facilitating 15N- and 13C-labeling of albicidin
for extensive electrospray ionization mass spectrometry (ESI-
MS) and nuclear magnetic resonance (NMR) spectroscopy
analysis.[16] As shown in Scheme 1, albicidin is an acyl
pentapeptide composed of six building blocks of mainly

Scheme 1. Retrosynthetic Scheme for albicidin (1a) with strategic
coupling sites (i) and (ii) to establish a convergent total synthesis from
the three fragments 2, 3, and 4, with their building blocks additionally
labeled A-F.
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aromatic character. The N-terminus of the unusual penta-
peptide bears a para-hydroxy coumaric acid with an addi-
tional methyl group in the 3-position of the Michael acceptor
system (MCA, A). The main portion of the peptide consists of
d-type aromatic amino acids: two para-aminobenzoic acids
(pABA2/4, B and D), which are connected by the unusual
amino acid b-l-cyanoalanine (L-Cya3, C), and a C-terminal
dipeptide motif composed of two 4-amino-2-hydroxy-3-
methoxybenzoic acids (pMBA5/6, E and F).

Herein, we present the first total synthesis of albicidin, in
which extensive use was made of triphosgene (BTC) as
a coupling reagent to establish peptide couplings of the
comparatively inert p-aminobenzoic acids. This work con-
firms the previous structural assignment[16] and facilitates
extensive structure–activity relationship (SAR) studies.

In our retrosynthetic considerations, we aimed at a con-
vergent synthesis (Scheme 1). Hence, the molecule was
broken up into three fragments: the N-terminal coumaric
acid residue A, a central tripeptide B–C–D, and a C-terminal
dipeptide E–F. In the early stage of our studies, we noticed
that the introduction of building block A into the growing
peptide dramatically restricted its solubility and therefore the
synthesis begins with the C-terminal E–F building block.

Subsequently, the protecting group strategy had to be
deliberately chosen: A final deprotection step should release
all of the protecting groups from the carboxylic acid and
phenolic functional groups. Reducing conditions such as
hydrogenolysis by H2/Pd could not be applied because of the
expected sensitivity of the double bond of the N-terminal
coumaric acid residue. Furthermore, we noticed that the
nitrile function of b-cyanoalanine was readily hydrolyzed
under basic conditions, for example, on applying LiOH.
Attempts to install commonly used acid-labile protecting
groups, such as tert-butyl ethers or esters was highly ineffi-
cient, particularly at the sterically demanding tetra-substi-
tuted pMBA. Finally, we chose the allyl group as the
protecting group for the phenol and ester functionalities,
mainly because it became evident that both protection and
deprotection proceed under mild conditions and in good to
excellent yields (Scheme 2). While Fmoc or Boc protecting
groups are extremely useful for protecting amines in classical
peptide synthesis, we employed the nitro group as a masking
functionality for the aromatic amines, not least for reasons of
atom economy. Importantly the nitro group can be reduced
under very mild conditions in the presence of allyl groups by
using SnCl2·2H2O, which is beneficial for the overall protec-
tion group strategy.[18]

Careful examination of the albicidin structure reveals
similarities to the architectures of oligo-aromatic foldam-
ers,[19] for which typical strong coupling reagents such as
hydroxybenzotriazole (HOBt), N,N’-dicyclohexylcarbodii-
mide (DCC), N,N,N’,N’-tetramethylfluoroformamidinium
hexafluorophosphate (TFFH), or acid chlorides have to be
applied for peptide bond formation, mainly due to the weak
nucleophilicity of aromatic amines.[20–24] In a systematic study,
we examined coupling conditions with para-coumaric acid
and pABA derivatives and noticed that with the exception of
acid chlorides, commonly used protocols and reagents
(HATU, Cl-HOBt/EDAC, DCC/4-DMAP) combined with

various solvents (DMF, NMP, THF, DMF) mostly failed
(HPLC–MS control).

Among the coupling agents that form an acid chloride
from a benzoic acid precursor, we identified triphosgene

Scheme 2. Reagents and conditions: A) a) H-pABA-OtBu (6), DCC,
DMF, RT, 64%, ee 96% b) HCl/dioxane (4 m), RT, quant.; c) O2N-
pABA-OSu (9), NEt3, DMF, RT, 89%; B) d) Allyl bromide, K2CO3, DMF,
RT, 88%; e) NaClO2, NaH2PO4, 2-methyl-2-butene, tBuOH, H2O, RT,
92%; f) allyl bromide, K2CO3, DMF, RT, 93%; g) SnCl2·2H2O, EtOH,
60 8C, 1 h, 86%; h) 12, BTC, 2,4,6-collidine, DIPEA, THF, RT, 19 h,
91%; C) i) 14, SnCl2·2H2O, EtOH, 60 8C, 79%; j) BTC, 2,4,6-collidine,
DIPEA, THF, RT, 91 %, k) SnCl2·2H2O, EtOH, 60 8C, 73 %; l) 2, BTC,
2,4,6-collidine, DIPEA, THF, RT, quant.; m) Pd(PPh3)4, phenylsilane,
THF, 26%.
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(BTC), established by Jung et al.,[25, 26] as a superior coupling
agent. Other methods to generate acid chlorides with reagents
such as thionyl chloride or cyanuric chloride resulted in lower
yields or extended reaction times (> 7 d).

With these general considerations, we set out to assemble
albicidin: The coumaric acid building block A (2) was
synthesized in two steps with 89% yield, mainly according
to literature procedures.[27] Initially, for assembly of the
central tripeptide 3 (Scheme 2 A), the required Boc-b-Cya-
pABA-OtBu dipeptide (7) was synthesized through conden-
sation of Boc-protected b-cyanoalanine with H-pABA-OtBu
in a two-step sequence.[28] However, the resulting dipeptide 7
was obtained in low yields and we therefore sought to shorten
this reaction sequence by making use of a known side reaction
of unprotected Asn in peptide chemistry, namely, nitrile
formation under amide bond coupling conditions.[29] Since
cyclic intermediates resulting from this dehydration are
sensitive to racemization,[30, 31] we had to study this key
reaction in more detail. Various coupling conditions were
examined and HATU/DIPEA were found to produce a high
degree of racemization, whereas carbodiimides (EDC, DIC
and DCC) without the addition of bases[32] gave excellent
enantiomeric excess (ee = 96 %), albeit with low yields
(13 %). Through variation of the reaction conditions, we
improved the yield of this one pot reaction to 64 % with
almost negligible racemization (< 4%).

Having established a smooth access to dipeptide 7, the
acid-labile Boc and tBu-ester protecting groups were
removed with HCl/dioxane (4m) to quantitatively obtain
dipeptide 8. Most importantly, this deprotection approach
prevents rehydration of the nitrile of b-cyanoalanine.[29]

Subsequently, dipeptide 8 was converted into the central
tripeptide 3 by using an activated succinimide ester of 4-
nitrobenzoic acid and triethylamine as a base in yields of
89%.[33]

The synthesis of the C-terminal fragment E-F (4) is
illustrated in Scheme 2 B. An important prerequisite for
successful assembly, building block 10, is available from
ortho-vanillin.[34, 35] Further derivatization into key building
blocks 12 and 13 required an allyl protecting group, which was
introduced in yields of 88 % with K2CO3/allyl bromide. For
oxidation of the aldehyde functionality of compound 11 to
carboxylic acid 12, we chose mild conditions to keep the
potentially vulnerable double bond of the allyl protection
group intact. Compound 12 was obtained in a yield of 92 %.
After protection of the C-terminus of 12, free amine 13 was
obtained after reduction of the nitro group under mild
conditions with SnCl2·2 H2O (EtOH/60 8C) in yields of
86%.[18] With the aromatic building blocks 12 and 13 in
hand, fragment E–F (4) was assembled through BTC-
mediated peptide coupling. As mentioned above, commonly
used peptide coupling reagents, for example T3P, failed in our
studies with substrates that have a high steric demand and
bear aromatic amines. The method by Jung et al.[25, 26] resulted
in satisfying yields and often shorter reaction times. The
dipeptide 14 was synthesized in a yield of 91% (BTC, 2,4,6-
collidine, DIPEA, THF) and after reduction of the nitro
functionality with SnCl2·2H2O, we obtained the last building
block 4 for the total synthesis of albicidin in a yield of 79 %.

Finally, fully protected albicidin 17 was assembled from
the three fragments (2, 3 and 4). Coupling of central
tripeptide 3 and C-terminal fragment 4 was achieved by
applying the BTC-mediated peptide coupling conditions,[25]

which resulted in pentapeptide 15 in 91% yield (Scheme 2C).
The reduction of the N-terminal nitro group of compound 15
to obtain pentapeptide 16 was followed by a quantitative
BTC-mediated coupling with coumaric acid derivative 2.
Global allyl deprotection of fully protected albicidin 17 with
Pd(PPh3)4 and phenylsilane as a scavenger resulted in
albicidin, which was purified by preparative reversed-phase
HPLC. Comparison of the analytical data with those obtained
for the natural product were in excellent accordance, thus
confirming the structure of albicidin (see the Supporting
Information).[16]

Since albicidin has only one stereocenter (l-Cya), we
intended to briefly assess the influence of the configuration of
Cya on its antibacterial activity. Therefore, ent-albicidin (1b)
was synthesized. The circular dichroism (CD) spectrum of the
natural product shows the same Cotton effect[36, 37] as synthetic
(S)-configured albicidin (see the Supporting Information). By
contrast, ent-albicidin reveals virtually the inverted CD
spectrum, as expected for the (R) configuration of Cya.

Subsequently we performed activity studies on the
molecular target DNA gyrase from E. coli with both albicidin
enantiomers. Gyrase is also the major target of quinolone
antibiotics, for example, ciprofloxacin,[38] which is still con-
sidered the gold standard for gyrase inhibition.[39] A previ-
ously established protocol was employed to estimate the half
maximal inhibitory concentration (IC50)

[15, 40] and adequately
compare it with published values. As shown in Figure 1A, the
IC50 value for synthetic albicidin is approximately 40 nm,
which is in excellent accordance the value reported for the
natural product.[15] Intriguingly, the IC50 for ent-albicidin was
determined to be approximately 40 nm as well (Figure 1B).

Figure 1. Inhibition assay of DNA gyrase supercoiling activity (E. coli)
for determination of the half maximal inhibitory concentration (IC50)
values of albicidin (A) and ent-albicidin (B). The control experiment
without enzyme and drug (lane c) shows relaxed DNA (re), and the
addition of enzyme (lane 0) results in supercoiled DNA (sc). The other
lanes represent the reaction with enzyme and increasing concentra-
tions of the corresponding drug (30–200 nm).
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The IC50 for ciprofloxacin was determined to be approx-
imately 200 nm, (see the Supporting Information), which
clearly underlines the remarkable gyrase-inhibiting potential
of albicidin.

Finally, the antibacterial activity of synthetic albicidin, as
well as of ent-albicidin, was determined against a set of mostly
Gram-negative bacteria (Table 1). Albicidin showed excellent
minimum inhibitory concentration (MIC) values between
1 and 0.031 mgmL�1, comparable to those for ciprofloxacin.

Remarkably, albicidin shows unaltered activity against cipro-
floxacin-resistant strains, for example, E. coli qnrA1, with
a mutation in qnrA1, a member of the pentapeptide repeat
protein (PRP) family,[41] or E. coli gyrA, which has a mutation
in the GyrA subunit. Interestingly, for some strains, ent-
albicidin shows comparable activity, thus indicating that the
stereocenter of albicidin is of minimal significance for the
antibacterial activity. This effect will be examined in more
detail in future studies.

In summary, we have established the first total synthesis
route to the novel antibacterial drug albicidin. BTC proved
superior to other peptide coupling reagents, including those
which are commonly used for challenging sequences. The
racemization-free synthesis is convergent and easy to scale up.
The synthesis of albicidin in multigram amounts will enable
further pharmacological profiling, as well as the investigation
of its structure–activity relationships (SAR) through the
synthesis of derivatives. The microbiological data indicate
strong antibacterial activity with low MIC values, including
against quinolone resistant strains, thus demonstrating the
resistance-breaking potential of albicidin. These promising
results provide the basis for the assessment of albicidin as
a lead structure for antibacterial drug development.
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