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Abstract We report herein a scalable synthesis of linear heptapeptide
side chain of the depsipeptide natural product teixobactin through
solution phase. The synthesis of heptapeptide was achieved through an
efficient coupling of suitably protected tripeptide and tetrapeptide
comprising of three D-amino acids and four usual L-amino acid sub-
units.

Keywords peptides, amino acids, antibiotics, solution-phase synthe-
sis, heptapeptide, depsipeptide

The World Health Organization (WHO) recently re-
leased a list of 12 drug-resistant bacteria which are a threat
to the human population.2 These bacteria have developed
resistance to most of the known antibiotics available in the
market. This includes strains resistant to vancomycin,
which is considered last line of treatment due to its activity
of inhibiting lipid II. In the light of this grim situation, dis-
covery of teixobactin (1) from -proteobacteria, Eleftheria
terrae, is considered a groundbreaking achievement.3 Teixo-
bactin has inhibited growth of Gram-positive bacteria in-
cluding Mycobacterium tuberculosis, and resistance was not
detected under the laboratory conditions. Teixobactin (1)
has been shown to inhibit lipid II and lipid III resulting in
disruption of formation of bacterial cell wall. The accumu-
lation of cell-wall precursor UDP-MurNAc-pentapetide in
the teixobactin treated Staphylococcus aureous cells indicat-
ed that one of the steps in membrane formation were in-
hibited.3,4 Teixobactin comprises of 11 amino acids out of
which four are D-amino acids and is a cyclic depsipeptide
with linear heptamer side chain (1–7) and macrocycle (8–
11) (Figure 1). The presence of unusual amino acid, L-allo-
enduracididine5 (end), 13-membered macrocycle, and its
very important biological activity has prompted several

groups to take up total6 and analogues,6c,7–12 synthesis of
teixobactin and to elucidate its pharmacophore.10,12–14 Most
of these use solid-phase synthesis to achieve the desired
target.

Figure 1  Structure of teixobactin (1)

Our group has been working in the area of peptides and
peptidomimetics involving synthesis of unusual amino ac-
ids.15,16 With the global focus shifting to antimicrobial resis-
tance (AMR), we have initiated synthesis of some of the new
antibacterials. Peptide-containing antibacterials are of spe-
cial interest to us and in line with this, total synthesis of
teixobactin was commenced in our group with an objective
to find out new potent lead molecules.

Most of the reports involving synthesis of teixobactin
and analogues are based on solid-phase peptide synthesis.6–12

However, the solution-phase synthesis has its advantages
over solid phase in large-scale feasibility and economically
viable production of small-to-medium-length peptides for
industrial purposes.17 Two groups have reported the syn-
thesis of unusual amino acid, the L-allo-enduracididine part
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of the macrocyle of 1.6b,18 Furthermore, several groups have
concentrated on the synthesis of teixobactin analogues by
changing the side-chain residues8a,9,10,13,19 and enduracidi-
dine residue of the macrocycle,7,8,12,19 whose biological
properties were compared with the natural product. The
studies reveal that changes in the side chain result in de-
creasing the activity, and replacement of enduracididine
residue (end) in the macrocycle does not affect potency of
the antibacterial activity. In addition, the X-ray crystallo-
graphic structure of a derivative of teixobactin reveals that
the unique pattern of hydrophobicity and stereochemistry
of side chain residues (1–7) results in formation of amyloid-
like fibrils, which is responsible for the activity against
Gram-positive bacteria.20 Hence, the conjugates of this hep-
tapeptide side chain with different active/antibiotic motifs
may result in the identification and development of new
potent analogues against antibiotic-resistant bacterial
strains. In a recent publication, Xu et al. completed the syn-
thesis21 of 1 and Reddy et al. achieved analogue synthesis22

using solution phase. Both these groups based their syn-
thetic strategy on hexapeptide (1–6) and macrolide (7–11)
as key intermediates. The approach used by Xu et al. focuses
on coupling of two tripeptides to obtain hexapeptide (1–6),
whereas Reddy et al. have added all six amino acids in a lin-

ear fashion. We observed that the dipeptide part (2–3) and
dipeptide part (5–6) of the heptapeptide side chain are
identical (–NH–Ile–Ser–CO–). Thus, we planned to prepare
this dipeptide in large quantity and couple with the re-
quired amino acids so that a concise (short) and scalable
synthesis could be achieved that will enable total as well as
analogue synthesis of teixobactin. We present herein a
solution-phase synthesis of the heptamer side chain of 1.

Retrosynthesis of teixobactin revealed the presence of a
linear heptamer 2 and cyclic depsipeptide 3. The linear
heptamer fragment 2 would be obtained via coupling of a
tripeptide 4 and tetrapeptide 5 which in turn could be ob-
tained from a key dipeptide 7 (Scheme 1).

The synthesis of both tri- and tetrapeptides began with
commercially available amino acids. The synthesis of
tripeptide 4 was started with a key dipeptide 7 intermedi-
ate. It was obtained from the coupling of commercially
available Boc-L-Ser(OBn)-OH (11) and Boc-L-Ile-OH (12).
The compound 11 was treated with acetyl chloride in
MeOH under reflux for simultaneous conversion of acid
into methyl ester and Boc deprotection to get H-Ser(OBn)-
OMe as a hydrochloride salt, which was coupled with the
acid 12 using N-(3-dimethylaminopropyl)-N′-ethylcarbo-
diimide hydrochloride (EDC·HCl) and hydroxybenzotriazole

Scheme 1  Retrosynthesis of teixobactin (1)
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(HOBt) as coupling reagents and DIPEA as base in dichloro-
methane to give dipeptide 7 in 90% yield over two steps.
N-Methylation23 on Boc-protected D-phenylalnine (13) us-
ing NaH and MeI in THF gave Boc-N-Me-D-phenylalanine
(6) in 95% yield. The dipeptide 7 upon Boc deprotection,24

with TFA/CH2Cl2 (1:1) to get free amine as a TFA salt 7a, fol-
lowed by coupling with the acid 6 using HOBt, EDC·HCl and
DIPEA in CH2Cl2 gave tripeptide 4 in 86% yield over two
steps (Scheme 2).

Scheme 2  Synthesis of tripeptide 4

The dipeptide 7 was also used for the synthesis of tetra-
petide 5. The amine 7a (as TFA salt), obtained from Boc
deprotectction of dipeptide 7 using TFA in CH2Cl2, was cou-
pled with Boc-D-allo-isoleucine (10) using HOBt, EDC·HCl
and DIPEA in CH2Cl2 to give tripeptide 14 in 82% yield over
two steps. The Boc deprotection of tripeptide 14 gave the
corresponding amine which was further coupled with N-
Fmoc-N′-trityl-D-glutamine (8) using 1-[bis(dimethylami-
no)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-ox-
ide hexafluorophosphate (HATU) and DIPEA to give tetra-
peptide 5 (Scheme 3).

Ester hydrolysis of tripeptide 4 using LiOH·H2O in
THF/H2O gave acid 15. The Fmoc group in tetrapeptide 5
was deprotected with diethylamine25 in CH2Cl2, and the ob-
tained free amine was coupled with acid 15 using HATU
and DIPEA in CH2Cl2 to accomplish heptamer side chain of
teixobactin 2 in 70% yield over two steps (Scheme 4). The
epimerization of amino acids is a major concern in peptide
synthesis. Here, the amount of epimerization during hep-
tamer synthesis was quantified by HPLC. The analysis
showed less than 2% epimerization (see Supporting Infor-
mation).

In conclusion, we have completed a solution-phase con-
vergent synthesis of heptapeptide side chain of the ‘super
antibiotic’, teixobactin on a gram scale in 37% overall yield.
The synthesis was achieved through an efficient coupling of
suitably protected tripeptide and tetrapeptide which were
prepared from a common dipeptide.26,27 This synthetic
scheme will allow us to synthesize analogues of the natural
product. The synthesis of analogues of 1 and their biological
evaluation will be presented in due course.
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O-Benzyl-N-[(tert-butoxycarbonyl)-L-isoleucyl]-L-serinate (7) 
To a mixture of commercially available Boc-L-Ser(OBn)-OH (11,
5 g, 16.9 mmol, 1.0 equiv) in MeOH (50 mL) under nitrogen
atmosphere, was added MeCOCl (1.8 mL, 25.3 mmol, 1.5 equiv)
slowly at 0 °C. The reaction mixture was stirred at reflux for 3 h,
and the solvent was distilled off in vacuo to get L-Ser(OBn)-OMe
as a hydrochloride (4.1 g, 16.9 mmol). In another round-bot-
tomed flask, Boc-L-isoleucine (12, 3.9 g, 16.9 mmol, 1.0 equiv)
was dissolved in CH2Cl2 (50 mL) under nitrogen atmosphere,
and HOBt (2.5 g, 18.5 mmol, 1.1 equiv) and EDC·HCl (4.85 g,
25.3 mmol, 1.5 equiv) were added sequentially at 0 °C and
stirred for 15 min. To this reaction mixture was added dropwise
a solution of the above-obtained L-Ser(OBn)-OMe hydrochloride
salt (4.1 g, 16.9 mmol, 1.0 equiv) and DIPEA (11.5 mL, 67.6
mmol, 4.0 equiv) in dry CH2Cl2 (20 mL) at 0 °C and stirred for 1
h. Then reaction mixture was maintained at room temperature
for 12 h. The reaction mixture was diluted with CH2Cl2 (100 mL)
and washed with saturated aqueous NH4Cl solution (2 × 75 mL).
The organic layer was separated and washed with saturated
aqueous NaHCO3 solution (2 × 75 mL) followed by brine solution
(75 mL). The organic layer was separated, dried over anhydrous
Na2SO4, and concentrated under vacuum. The residue was puri-
fied by silica gel column chromatography (15% EtOAc in hex-
anes) to give key dipeptide 7 (6.39 g, 90%) as white solid. Rf = 0.5
(20% EtOAc in hexanes); mp 160–162 °C; []D

20 +26.30 (c 1,
CHCl3). 1H NMR (400 MHz, CDCl3):  = 7.36–7.31 (m, 2 H), 7.31–
7.23 (m, 3 H), 6.67 (d, J = 6.9 Hz, 1 H), 5.10 (d, J = 7.4 Hz, 1 H),
4.73 (dt, J = 7.9, 3.1 Hz, 1 H), 4.50 (q, J = 12.2 Hz, 2 H), 4.08–3.98
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(m, 1 H), 3.89 (dd, J = 9.5, 3.2 Hz, 1 H), 3.72 (s, 3 H), 3.66 (dd, J =
9.5, 3.2 Hz, 1 H), 1.95–1.79 (m, 1 H), 1.51–1.45 (m, 1 H), 1.44 (s,
9 H), 1.20–1.09 (m, 1 H), 0.95 (d, J = 6.8 Hz, 3 H), 0.90 (t, J = 7.4
Hz, 3 H) ppm. 13C NMR (100 MHz, CDCl3):  = 171.4, 170.5,
155.7, 137.5, 128.6, 128.0, 127.8, 79.9, 73.4, 69.6, 59.2, 52.6,
37.8, 28.4, 24.8, 15.6, 11.7 ppm. IR (thin film): max = 3285,
2964, 2928, 1707, 1642, 1512, 1367, 1165, 863, 749, 666 cm–1.
HRMS (ESI): m/z calcd for [M + Na]+ C22H34N2O6Na: 445.2315;
found: 445.2313.

(27) Synthetic Procedure for Tripeptide, Methyl O-Benzyl-N-(tert-
butoxycarbonyl)-D-alloisoleucyl-L-isoleucyl-L-serinate (14)
To a solution of Boc-Ile-Ser(OBn)-OMe (7, 5.0 g, 11.83 mmol, 1.0
equiv) in dry CH2Cl2 (5.0 mL) under nitrogen atmosphere was
added TFA (5.0 mL, 65.2 mmol, 5.53 equiv) at 0 °C and stirred
for 30 min at this temperature. Then reaction was maintained at
room temperature for 2 h. After completion, the volatiles were
removed in vacuo. The residue was dried under high vacuum for
1 h to get the corresponding amine salt (5.2 g, crude) as a pale
brown thick liquid which was used for the next step directly.
Boc-D-allo-isoleucine (10, 2.73 g, 11.80 mmol, 1.0 equiv) was
dissolved in CH2Cl2 (30 mL) under nitrogen atmosphere. HOBt
(1.75 g, 12.98 mmol, 1.1 equiv) and EDC·HCl (3.4 g, 17.7 mmol,
1.5 equiv) were added sequentially at 0 °C. A mixture of amine
salt (5.2 g, crude, ca. 11.9 mmol, 1.0 equiv) and DIPEA (8.08 mL,
47.32 mmol, 4.0 equiv) in dry CH2Cl2 (50 mL) was added drop-

wise to the above reaction mixture at 0 °C and stirred for 30
min. Then reaction mixture was maintained at room tempera-
ture for 18 h. After completion of reaction, the reaction mixture
was diluted with CH2Cl2 (100 mL) and washed with saturated
aqueous NH4Cl solution (2 × 75 mL). The organic layer was sepa-
rated and washed with saturated aqueous NaHCO3 solution (2 ×
75 mL) followed by brine solution (75 mL). The organic layer
was separated, dried over anhydrous Na2SO4, and concentrated
under reduced pressure. The residue was purified by silica gel
column chromatography (25% EtOAc in hexanes) to give tripep-
tide 14 (5.16 g, 82%, over 2 steps) as white solid. Rf = 0.5 (30%
EtOAc in hexanes); mp 134–136 °C; []D

20 +13.80 (c 1, CHCl3). 1H
NMR (500 MHz, CDCl3):  = 7.37–7.24 (m, 5 H), 6.75–6.64 (m, 2
H), 5.02 (d, J = 6.6 Hz, 1 H), 4.73 (dt, J = 8.0, 3.2 Hz, 1 H), 4.57–
4.43 (m, 2 H), 4.41 (dd, J = 8.6, 6.3 Hz, 1 H), 4.24–4.10 (m, 1 H),
3.89 (dd, J = 9.5, 3.3 Hz, 1 H), 3.73 (s, 3 H), 3.64 (dd, J = 9.5, 3.0
Hz, 1 H), 2.07–1.95 (m, 1 H), 1.95–1.85 (m, 1 H), 1.58–1.48 (m, 1
H), 1.44 (s, 9 H), 1.42–1.34 (m, 1 H), 1.24–1.12 (m, 2 H), 0.98–
0.87 (m, 9 H), 0.82 (d, J = 6.8 Hz, 3 H) ppm. 13C NMR (125 MHz,
CDCl3):  = 171.8, 170.8, 170.4, 155.8, 137.5, 128.6, 128.1, 127.8,
80.1, 73.4, 69.5, 58.3, 57.5, 52.7, 37.7, 37.3, 28.4, 26.6, 24.9, 15.4,
14.2, 11.8, 11.5 ppm. IR (thin film): max = 3323, 2966, 2930,
1747, 1658, 1501, 1365, 1211, 1163, 1020, 867, 749, 665 cm–1.
HRMS (ESI): m/z calcd for [M + Na]+ C28H45N3O7Na: 558.3155;
found: 558.3156.
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