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Abstract: The synthesis of a 28-membered thiopeptide macrocycle
is described. Key steps are mild aza-Wittig thiazole ring closures, a
scandium(III)-mediated regioselective ester hydrolysis, and a high-
ly efficient macrolactam formation with its 3-hydroxypyridine nu-
cleus orthogonally protected. 
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Nosiheptide (1a) is a secondary metabolite that was isolat-
ed in the early 1960s at the French pharma company
Rhône Poulenc S.A. (now part of Sanofi S.A.) from Strep-
tomyces actuosus 40037.3 It is a member of the tetrasub-
stituted pyridine class of thiopeptide antibiotics4,5 and
shows strong activity in vitro against Gram-positive bac-
teria.3b Recently, nosiheptide was rediscovered in a ma-
rine bacterium and it was found to be exquisitely potent
against clinically relevant MRSA strains, also in a mouse
model.6 Nosiheptide binds to the bacterial ribosome with
sub-nM affinity at the thiostrepton binding site and inhi-
bits protein biosynthesis by interference with elongation
factor binding and translation processivity.7 

The complete chemical structure of nosiheptide has been
elucidated by chemical degradation,8 NMR studies9 and
X-ray crystallography.10 Studies on its biosynthesis re-
vealed recently that the assembly of the amino acid com-
ponents into an appropriate pre-peptide occurs from a
template gene at the ribosome.11 Extensive posttransla-
tional modifications convert this regular α-peptide precur-
sor chain into the unique thiopeptide bicyclic structure.12 

Despite its extraordinary potency as an antibiotic, nosi-
heptide remains unused as a therapeutic, mainly due to its
low solubility and modest chemical stability. It has, how-
ever, found applications in animal farming: The com-
pound neither crosses the epithelium of the intestine nor
broadly eradicates Gram-negative gut bacteria, but induc-
es strong weight gain in farm animals when used as a feed
additive in low doses.4,13 

During the last decade, some molecules related to nosi-
heptide (1a) have been discovered.14 The elementary scaf-
fold of these compounds is represented by nocathiacin I
(1b). Main differences are in the sugar scaffold and in di-

verse oxidative decorations of the core, rendering the no-
cathiacins considerably more complex. Importantly, the
peculiar thiolactone is replaced by a more stable, regular
lactone (likely arising from a Cys → Ser mutation).

Nonetheless, the less oxidized nosiheptide probably con-
stitutes the minimal structural template within this com-
pound class whereupon general synthetic exploration
could be based. Its structure is composed of a tris(thiazo-
lyl)pyridine core with an unusual 3-hydroxy group, a thi-
azole-containing peptide chain completing the larger ring
A, and a 2,3,4-trisubstituted indole with a rare thioester
linkage to form the smaller ring B. These unique structural
features in a densely functionalized architecture make
nosiheptide (1a) a rewarding target for synthesis develop-
ment. 

Although impressive achievements have been made in the
field of thiopeptide antibiotics in terms of total synthe-
sis,4,5,15 reports on nosiheptide16 and its congeners17 re-
main mostly confined to building block preparation.
Beyond these data, Moody et al. disclosed the synthesis of
a model system for B-ring formation.18 Our group has es-
tablished a synthesis of the A-ring 2a19 by implementing
novel aza-Wittig20 and hetero-Diels–Alder chemistry.21 In
this feature article, we give an account of the full details
of our unique approach to nosiheptide A-ring fragment 2a
including detours and unexpected results, which are in-
structive for further research in the area. 

A retrosynthetic analysis of nosiheptide (1a, Scheme 1)
suggested disconnecting the indole unit and opening the
labile B-ring. Introduction of latent functionality and pro-
tecting groups led to the A-ring key intermediate 2a,b.
The indole 3 was envisioned to be constructed by a
Reissert-type indole synthesis, and the methyl group
could be installed by an sp2–sp3 coupling. The isolated A-
ring could be disconnected into three fragments: the thia-
zolo peptide 4, the 3-hydroxypyridine core 5, and the side
chain dipeptide 6. The thiazole peptide 4a,b could be unit-
ed from two smaller intermediates, a glutamic acid de-
rived thiazole and an enamide, by peptide coupling. Aza-
Wittig reactions would enable the formation of the thia-
zoles under mild conditions. The 3-hydroxypyridine core
5 was to be accessed by employing a 1-azadiene hetero-
Diels–Alder cycloaddition.21 The side chain dipeptide
could be prepared straightforwardly from amino acids.

The synthesis of indole ester 3 started from the known in-
dole derivative 8 (Scheme 2), which was prepared from
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nitrobenzyl alcohol 7.16b We then found alkylation proce-
dures reported for position 3 of indoles difficult to repro-
duce in this case.17b In response, we implemented more
flexible sp2 coupling chemistry. Direct iodination of in-
dole 8 delivered 3-iodoindole 9 as the sole isolable prod-
uct. Negishi coupling of 3-iodoindole 9 with dimethylzinc
catalyzed by Pd(dppf)Cl2 provided methylindole 10 to-
gether with some dehalogenated indole 8 in variable ratios
(3:1–20:1) as an inseparable mixture.22 Subjecting the
mixture to iodination again allowed isolation of pure in-
dole 10 and recycling of 8. Deprotection of the THP ether,
saponification, and introduction of the acid labile diphe-
nylmethyl (Dpm) group23 by using diphenyldiazomethane
delivered indole 3 in reasonable yield.

To obtain peptide fragments 4a or 4b, respectively, first
free thiol 13 and threonine-derived acid 12 were coupled
to obtain a thioester that was converted into thiazole 14 by
an aza-Wittig reaction and subsequent oxidation in
excellent yield (Scheme 3). The t-Bu and Boc groups were
then released under acidic conditions and 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC·HCl)/1-hydroxybenzotriazole (HOBT)-promoted
amide formation provided dipeptide 15 with ease. 

Scheme 1  Chemical structure of nosiheptide (1a) and nocathiacin I (1b) and retrosynthetic disconnection
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Scheme 3  Synthesis of thiazolyl acid 18

Initial attempts to install the enamide function in 15 by ac-
tivation of the OH group with Ms/Ts and base-mediated
elimination (DBU/DMAP) to give enamide 17 met with
mixed results. After careful experimentation, the dehydra-
tion was cleanly accomplished by employing Grieco’s se-
lenium-based elimination method.24 However, in this case
yields strongly depended on the quality of the reagent and
reaction scale. It was found necessary to purify selenocy-

anate 16 by chromatography and to employ an excess of
reagent (5–10 fold) to achieve reproducible results. 

An alternative was found when employing EDC·HCl me-
diated dehydration in the presence of copper(I) chloride.25

These conditions delivered the enamide 17 with no need
for reagent purification. Apparently, the Z-configured
thermodynamic product is formed here, in spite of a syn-
elimination mechanism being operative. The E-config-
ured enamide was identified as a minor byproduct only
(LC-MS). The allyl ester protecting group was cleanly re-
moved by using Pd(PPh3)4 in the presence of phenylsilane
as a scavenger26 to give acid 18.

The synthesis continued with the preparation of thiazole
24a (or respective 24b) starting from N-Boc-4-hydroxy-L-
proline (19, Scheme 4). Intramolecular lactonization with
inversion of configuration by using a Mitsunobu
reaction27 gave crystalline bicyclic lactone 20 in 62%
yield after recrystallization. Subsequent lactone opening
with 2,2,2-trichloroethanol, trapping of the liberated hy-
droxy group with TBSCl, and ruthenium-mediated α-
oxidation28 selectively furnished lactam 21 in good yield.
The activated lactam was then opened by treatment with
NaOBn or NaOPMB at low temperature to provide the di-
ester 22a or 22b, respectively. Both variants were ex-
plored because the benzyl ester was found to be difficult
to cleave on advanced intermediates (vide infra).

The 2,2,2-trichloroethylester was chemoselectively re-
moved with zinc powder at pH 7. Acylation of thiol 13
provided the thioester 23a (or respective 23b) in good
yield. After aza-Wittig ring closure and oxidation, thia-
zole 24a (or 24b) was obtained. In the case of 24a, an im-
mediate sequence of acidic Boc deprotection and
EDC·HCl mediated coupling with thiazolyl acid 18 clean-
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ly delivered bisthiazole 4a. Due to the lability of the PMB
ester the conditions for the Boc deprotection of thiazole
24b needed to be adjusted. TBSOTf was found to remove
selectively the Boc group,29 leaving the TBS and PMB
groups untouched. Amide bond formation with thiazolyl
acid 18 gave the bisthiazole 4b in 59% yield. The moder-
ate yields for both couplings could be explained by the
formation of the five-membered ring lactam 25, which
was identified by MS as a major side product in the depro-
tection of 24.16h The amine group was liberated efficiently
with DBU in both cases to give 26a or 26b, respectively,
ready for the coupling to the pyridine core fragment. 

The synthesis of pyridine fragment 5 was reported previ-
ously starting from commercially available ethyl bro-
mopyruvate.21a However, to render access to the
necessary methyl ester containing building block more ef-
ficient and cost effective, some improvements to the pre-
vious route were developed (Scheme 5).

Scheme 5  Synthetic route to alkynylthiazole 33

In order to access methyl bromopyruvate effectively,
methyl L-lactate was oxidized and α-brominated with N-
bromosuccinimide in carbon tetrachloride in one step.30

We found this route superior to procedures starting from
ethyl bromopyruvate21a or pyruvic acid.31 Subsequently, a
Hantzsch thiazole synthesis with thiourea gave 2-amiothi-
azole 30 after simple basic workup. It was found crucial
to use methanol as the solvent to obtain high yields in this
case. 

Previously, dihalogenated products were difficult to sup-
press when using copper salts for the oxidative halogena-
tion of aminothiazole 30.21a It was then found that iodide
31 could be cleanly obtained after diazotization with tert-
butyl nitrite and decomposition of the diazonium salt in
situ in the presence of diiodomethane as a scavenger.32 In
the next step a Sonogashira coupling with 3-butyn-2-ol
(32) gave alkynylthiazole 33 in good yield. All subse-
quent steps leading to pyridine fragment 5 were carried
out according to the literature.21a The fully protected ter-
minal dipeptide 6a or 6b was assembled starting from
Cbz-protected serine (Scheme 6). Initially, TBS protec-
tion was planned for the serine side chain. Later it was

found that its stability was not sufficient. In the first step
the hydroxy function was protected as its silyl ether by
modifying a reported procedure.33 The L-serine deriva-
tives were transformed to the corresponding terminal am-
ides by using N,N′-dicyclohexylcarbodiimide facilitated
coupling with N-hydroxysuccinimide, followed by expo-
sure to aqueous ammonia. After hydrogenolysis of the
Cbz group the free amine 37a or 37b, respectively, was
coupled to azido acid 35 using isobutyl chloroformate and
N-methylmorpholine as the base to activate the acid as a
mixed anhydride.

Scheme 6  Preparation of the tail dipeptide 6a or 6b

The thiol 6 could be released easily by acidic cleavage of
the trityl group. However, the free thiol decomposed on
silica gel and upon storage for more than a few hours.
Therefore, it was always freshly prepared and immediate-
ly submitted to thioester formation.

In proceeding with the synthetic assembly it was neces-
sary to saponify the methyl ester located at the pyridine
ring in compound 5 (Scheme 7) regioselectively. In con-
trast to our expectation, selectivity could not be achieved
by typical base-mediated saponification (LiOH, NH4OH,
pH 8.5–10). In order to render this transformation regiose-
lective, we sought to engage the phenolic hydroxy substit-
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conditions with excellent yield, furnishing the free acid
39. Activation of the carboxylic acid by forming a cyclic
mixed anhydride 40 with phosgene and treatment with in
situ prepared thiol 6a provided thioester 41. After imme-
diate ring closure of the crude thioester by an intramolec-
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the thiazole ring in 42 could be cleaved with excess of lith-
ium hydroxide. However, a variety of coupling attempts
did not meet with success. To reduce the steric hindrance
on the threonine residue in 26a, the tert-butyl group was
removed to give 27a. This allowed coupling of the two
fragments, but the purification proved to be very challeng-
ing even when preparative HPLC was used for chroma-
tography. Intense investigations revealed that protection
of the phenolic 3-hydroxy group in 42 was crucial for the
success of the fragment union. After screening several alter-
native protective groups (R1 = MOM, PMB, Bn, and mesityl-
sulfonyl), the Ts group was found to be suited to further
investigations for the reasons of ease of introduction and
stability. For ester cleavage, trimethyltin hydroxide34 was
found to be the only efficient reagent to give 44. Among
all the screened coupling reagents, 3-[(diethoxyphospho-
ryl)oxy]-1,2,3-benzotriazin-4(3H)-one (DEPBT)35 was
the most efficient, delivering amide 45 in good yield. A
phosphorylated side product was observed as well, which
most likely originates from a side reaction of DEPBT with
the hydroxy group on the threonine residue 46.36

Further experimentation revealed that DEPBT could even
couple the amine 26a with its 2′-hydroxy group tert-butyl
protected to form the macrolactam precursor 47 with ex-
cellent yield (Scheme 8), if the 3′-hydroxy group in the
core remained protected.

At this stage, its chemical structure featuring an N-termi-
nal Cys-derived residue tempted us to explore ring closure
of the nosiheptide A-ring by using a mild, native chemical
ligation reaction of a C-terminal thioester.37 Consequent-
ly, palladium(0)-catalyzed deallylation to give 48 and
thioester formation were employed to convert allyl ester
47 into thioester 49. Trifluoroacetic acid mediated remov-
al of the Boc group and the ketal cleavage were then per-
formed following a reported procedure.38 However, no
formation of macrocyclization product 50 could be ob-
served upon neutralization of the reaction mixture, neither
in the crude nor after work-up. Modifying the ligation
conditions likewise did not meet with success.39 Detailed
analysis indicated firstly that the primary TBS ether was
more labile than the Boc group. The secondary TBS ether
and tert-butyl group were then consecutively cleaved
when increasing the concentration of acid. However, the
thiazolidine ketal that had been instrumental to suppress
building block racemization remained intact under all of
these conditions.

The unexpected stability of the thiazolidine coerced us to
address its removal at an earlier stage. First pyridine 43
was chosen as a model substrate. Screening of deprotec-
tion conditions revealed that the primary TBS ether was
cleaved every time prior to Boc and ketal group (Table 1),
regardless of the method used. Trifluoroacetic acid cleav-

Scheme 7  Preparation of macrolactam precursor 45
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age at low temperature gave alcohol 51 as the major prod-
uct (entry 1). Elevation of the reaction temperature led to
the fully deprotected pyridine 53 (entry 2). Interestingly,
in the absence of any scavenger, the ketal could not be re-
leased even with higher concentrations of trifluoroacetic
acid (entry 3). Changing the scavenger and low trifluoro-
acetic acid concentration resulted in a complex mixture
(entry 4). Associating Lewis acids with trifluoroacetic
acid40 did not improve the low selectivity (entry 5 and 6).
tert-Butyldimethylsilyl triflate29 was not able to release
the Boc group in this case (entry 7). In mildly acidic me-
dium the TBS ether was cleaved selectively (entry 8 and
9), as well under one-electron oxidation conditions (entry
10), presumably mediated by the Lewis acidity of ceric
ammonium nitrate. The combination of chlorotrimethylsi-
lane and phenol41 (entry 11) cleanly liberated the Boc
group and the ketal group giving 53; however, the large
excess of phenol was exceedingly difficult to remove. Tri-
als of orthogonal re-functionalization of pyridine 53
proved to be inefficient as a result of poor chemoselectiv-
ity.

This setback forced us to adjust the synthetic plan at an
earlier stage. Hence, the ketal was removed from acid 39
and the free amine and thiol functionalities were repro-
tected (Scheme 9). High concentration of trifluoroacetic
acid assisted with silane scavenger to quench t-Bu cations
was employed to deprotect the Boc and ketal groups. The
Boc group was liberated after 30 minutes; however, the
ketal group could not be removed even after excessive re-
action time. It was then found that after exposing the
crude product to S-tritylation conditions, the free amine
could be isolated in pure form. We hypothesize that equil-
ibration of thiazolidine 58 and its imine form 59 keeps the
ketal bound to the aminothiol fragment. From the latter

the free thiol might be trapped by trityl cation, driving the
conversion and facilitating amine cleavage.

Orthogonal protection of the amine as the allylcarbamate
gave carboxylic acid 54 in excellent yield over three steps.
Following the same procedure as for pyridine 42, hy-

Scheme 8  Native chemical ligation approach to nosiheptide A-ring
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Table 1  Ketal Deprotection

Entry Conditions Major products

1 10% TFA–CH2Cl2, Et3SiH, 0 °C, 2 h 51

2 20% TFA–CH2Cl2, Et3SiH, r.t., 2 h 53

3 40% TFA–CH2Cl2, r.t. 52

4 5% TFA–CH2Cl2, PhSiH3 51 + 52 + 53

5 Hg(OOCCF3)2, TFA, PhSiH3, CH2Cl2 51 + 52 + 53

6 AgBF4, TFA, anisole, CH2Cl2 51 + 52 + 53

7 TBSOTf, 2,6-lutidine, CH2Cl2 no conversion

8 PTSA, MeOH 51

9 HCl, 1,4-dioxane 51

10 CAN, MeCN 51

11 TMSCl, PhOH (3 M), CH2Cl2 53
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droxypyridine 55 was prepared featuring the more stable
TIPS protection. Protection of the phenolic hydroxy group
and liberation of the methyl ester furnished free acid 56,
which was coupled to the amine 26a or 26b by DEPBT-
mediated peptide coupling. In case of 26a the A-ring pre-
cursor was obtained in very good yield (87%). Much to
our surprise the yield was considerably lower in case of
PMB ester 26b (16%, after preparative HPLC), not allow-
ing to pursue its further elaboration.

The allyl-based protecting groups could be cleaved clean-
ly with Pd(PPh3)4 and phenylsilane. It was found that slow
addition of the ω-amino carboxylic acid in nonpolar sol-
vent to a solution of coupling reagents gave the best and
most consistent results. HATU-mediated macrolactam
formation provided the nosiheptide A-ring 2a with high
efficiency (82%). These data indicated a favorable confor-
mational preorganization in the ω-amino carboxylic acid
cyclization precursor.19

With the A-ring 2a in hand, the challenge of the B-ring
was to be assembled next. For this purpose the benzyl es-
ter needed to be removed in order to couple indolyl alco-
hol 3 to acid 61. Representative results are summarized in
Table 2. Unfortunately, no benzyl group liberation was
observed varying the palladium source and scavenger42

(entries 1–3). Stronger reductive conditions or oxidative
cleavage with N-bromosuccinimide43 led to decomposi-
tion of the starting material (entries 4 and 5).

No conversion was observed by applying 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone,44 even at elevated tem-
perature and prolonged reaction time (entry 6). The same

was observed when Lewis acids45 were employed (entries
7 and 8). Application of strong Lewis acid46 decomposed
the starting material (entry 9). Trimethyltin hydroxide re-
moved selectively the sulfonate group (entry 10). Bases
such as 1,4-diazabicyclo[2.2.2]octane47 did not give any
conversion at ambient temperature, but decomposed the
A-ring 2a at higher temperature (entry 11). Milder basic
conditions could not remove any protecting group (entry
12), sodium hydroxide in mixed solvents cleanly cleaved
the benzyl and tosyl group simultaneously (entry 13). Un-
fortunately, activation of the acid 62 under various condi-
tions for ester formation with indole alcohol 3 did not
meet with success. Apparently, the free 3-hydroxy group
at the pyridine nucleus precludes proper acylation reac-
tions.

In conclusion, we presented an efficient synthesis to the
fully functionalized A-ring of nosiheptide 2a. Aza-Wittig
ring closures allowed the installation of challenging thio-
peptide functionality, including peptide azoles. Further-
more, we developed highly efficient macrolactam
formation conditions, a novel scandium(III)-mediated re-
gioselective ester hydrolysis, and manipulation strategies
for the nosiheptide A-ring featuring the unique 3-hy-
droxypyridine core. En route, an optimized protecting
group strategy evolved. However, a sufficiently robust
and orthogonal protecting group for the unique 3-hy-
droxypyridine needs to be developed to successfully com-
plete a total synthesis of nosiheptide. These results will
prove highly valuable for synthetic work of thiopeptides
and guide future research directions in our laboratory.

Scheme 9  Synthesis of nosiheptide A-ring 2a
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All solvents, if not purchased in suitable purity or dryness, were dis-
tilled. Deionized water was used for all experiments. Thin-layer
chromatography (TLC) was carried out on Merck precoated silica
gel plates (60F-254) using ultraviolet light irradiation at 254 nm or
KMnO4 solution as staining reagent. Silica gel chromatography was
performed using silica gel from J. T. Baker or Merck (particle size
40–60 μm) under approximately 0.5 bar pressure. 1H and 13C NMR
spectra were recorded using a Varian Mercury 400 spectrometer.
Fourier transform infrared spectroscopy (FT-IR) spectra were mea-
sured in a Bruker vector 22 with a diffuse reflectance head A527
from Spectra Tech (KBr as matrix) or a Shimadzu IRAffinity 1.
Melting points were determined in a Büchi melting point B-540 ap-
paratus in open capillaries (uncorrected). Electrospray mass spec-
trometric analyses (ESI-MS) were performed on a Finnigan LCQ
spectrometer coupled to an Agilent 1100 HPLC system. Computed
molecular masses were obtained using the software ChemDraw
Ultra (CambridgeSoft Corporation) or Xcalibur. Optical rotations

were measured in a Schmidt + Haensch Polartronic HH8 polarime-
ter at 589 nm. Concentrations are given in g/100 mL solvent. PE =
light petroleum ether.48

General Procedure for Amide Bond Formation with 
EDC/HOBt (GP1)
Amine and carboxylic acid were dissolved in CH2Cl2 (0.1 M) and
cooled to 0 °C, HOBt (1.5 equiv) and Et3N (1.5 equiv, 3 equiv per
amine hydrochloride) were added and stirred for 15 min, EDC·HCl
(1.25 equiv) was added. The reaction mixture was slowly warmed
to r.t. and stirred until conversion was complete (TLC monitoring).

General Procedure for Aza-Wittig Ring Closure (GP2)
The thioester was dissolved in anhyd THF (50 mM) and cooled to
–20 °C. Ph3P (1.5 equiv) in THF (0.5 M) was added dropwise and
the reaction mixture was stirred until gas evolution ceased. The
cooling bath was removed and the reaction mixture was then stirred
at 40 °C (TLC monitoring). The solvent was removed and the re-
sulting residue was purified by column chromatography (silica gel)
to give the thiazoline.

General Procedure for Oxidation with DBU/BrCCl3 (GP3)
Thiazoline was dissolved in anhyd CH2Cl2 (50 mM) and cooled to
–20 °C. DBU (2.1 equiv) was added and the reaction mixture was
stirred for 5 min. BrCCl3 (1.05 equiv) was added dropwise and
slowly warmed to r.t. (TLC monitoring). Aq HCl (0.1 N, 10 mL)
was added and the aqueous layer was extracted with EtOAc (3 × 10
mL). The combined organic phase was dried with MgSO4 and con-
centrated. Purification by column chromatography (silica gel) fur-
nished the azole.

Alkenylthiazole 17 
Procedure A: 2-Nitrophenyl selenocyanate (16, 571 mg, 2.5 mmol)
was added to alcohol 15 (781 mg, 1.3 mmol) in THF at r.t., Bu3P
(0.64 mL, 2.5 mmol) was added dropwise and the mixture was
stirred for 16 h. 35% H2O2 (0.5 mL) was added to the mixture and
stirred for a further 30 min. The mixture was diluted with EtOAc
(300 mL), and washed with phosphate buffer (pH 3.0, 50 mL) and
brine (50 mL). The organic layer was dried (MgSO4) and concen-
trated. Purification twice by column chromatography (silica gel, A:
100 g, PE–EtOAc, 4:1; B: 75 g, CHCl3–MeOH, 40:1) gave 17
(680 mg, 1.1 mmol, 90%) as a dark yellow foam.

Procedure B: Freshly prepared CuCl (9.6 mg, 96.5 μmol) was add-
ed to a stirred soln of alcohol 15 (50 mg, 80.4 μmol) and EDC·HCl
(31 mg, 160.8 μmol) in CH2Cl2 (500 μL) and DMF (20 μL). The
mixture was stirred for 20 h and concentrated, and the residue was
taken up in pH 3 buffer (15 mL) and extracted with EtOAc
(3 × 15 mL). The combined organic fractions were dried (Na2SO4)
and concentrated. Purification by column chromatography (silica
gel, 10 g, PE–EtOAc, 2:1) gave 17 (36 mg, 60.3 μmol, 75%) as a
colorless foam.

[α]D
20 +4.8 (c 1.0, CHCl3); Rf = 0.30 (PE–EtOAc, 2:1).

IR (KBr): 3301 (br m), 2977 (m), 1716 (s), 1696 (s), 1505 (s), 1495
(s), 1451 (m), 1228 (s), 856 (s), 742 cm–1 (s).
1H NMR (400 MHz, CDCl3): δ = 1.21 (d, J = 6.4 Hz, 3 H, H4′′),
1.34 [s, 9 H, OC(CH3)3], 1.86 (d, J = 7.2 Hz, 3 H, H3′), 4.23 (t,
J = 7.1 Hz, 1 H, Fmoc), 4.29 (dd, J = 4.2, 6.3 Hz, 1 H, H3′′), 4.41
(m, 3 H, Fmoc, H2′′), 4.84 (d, J = 5.8 Hz, 2 H, CH2CH=CH2), 5.28
(dd, J = 1.3, 10.4 Hz, 1 H, CH=CHH), 5.40 (dd, J = 1.5, 17.2 Hz, 1
H, CH=CHH), 6.03 (m, 2 H, NH, CH=CH2), 6.60 (q, J = 7.1 Hz,
6.4. 1 H, H2′), 7.61 (d, J = 7.4 Hz, 2 H, Fmoc), 7.44–7.27 (m, 4 H,
Fmoc), 7.76 (d, J = 7.3 Hz, 2 H, Fmoc), 8.09 (s, 1 H, H5), 8.75 (s, 1
H, NH).
13C NMR (100.6 MHz, CDCl3): δ = 14.4, 17.2, 28.4, 47.4, 59.2,
66.1, 67.0, 67.2, 76.3, 119.0, 120.2, 125.3, 126.3, 127.3, 127.9,
128.4, 132.1, 141.5, 143.9, 144.1, 147.3, 156.3, 161.1, 167.4, 168.3.

HRMS (ESI): m/z [M + H]+ calcd for C33H38N3O6S: 604.2476;
found: 604.2472.

Table 2  Debenzylation Trialsa

Entry Conditions Result

1 Pd(OAc)2, Et3SiH, Et3N, CH2Cl2, r.t. decomposition

2 Pd black, HCO2NH4, EtOH, r.t. no conversion

3 Pd(OH)2, hexa-1,4-diene, EtOH, r.t. no conversion

4 Raney Ni, H2, EtOH, r.t. decomposition

5 NBS, AIBN, CCl4, reflux decomposition

6 DDQ, 1,4-dioxane, 80 °C no conversion

7 LiBr, Et3N, THF, r.t. no conversion

8 AlCl3, anisole, CH2Cl2, –70 °C >–20 °C no conversion

9 TMSCl, NaI, MeCN, r.t. decomposition

10 Me3SnOH, DCE, 80 °C 63

11 DABCO, toluene, 130 °C decomposition

12 K2CO3, THF–H2O, r.t. no conversion

13 NaOH, MeOH–CH2Cl2, r.t. 62

a All reactions were performed on small scale (1 mg) under the condi-
tions indicated with monitoring (TLC, LC-ESI-MS, MALDI-TOF) 
for 48 h or until conversion was complete.
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Azido Thioester 23a
Freshly activated Zn powder49 (2.0 g, 30.7 mmol) was added to di-
ester 22a (515 mg, 0.86 mmol) in THF (35 mL) and 1 M KH2PO4

(5 mL) was added. The mixture was sonicated for 16 h, filtered on
a sintered filter and concentrated to remove all THF. The aqueous
phase was dissolved in 5% citric acid soln and extracted with Et2O
(3 × 50 mL). The combined organic phases were washed with sat.
NaCl (30 mL) and dried (MgSO4). Concentration and purification
by column chromatography (silica gel, 50 g, CHCl3–MeOH, 15:1)
gave the acid (341 mg, 0.73 mmol, 85%) as a colorless gum.

[α]D
20 –25.7 (c 1.0, CHCl3); Rf = 0.25 (CHCl3–MeOH, 12:1).

IR (KBr): 2957 (w), 2858 (w), 1731 (s), 1715 (s), 1505 (m), 1394
(m), 1368 (m), 1166 (s), 840 cm–1 (s).
1H NMR (400 MHz, CDCl3): δ = 0.02 [s, 3 H, Si(CH3)2], 0.88 [s, 9
H, SiC(CH3)3], 1.42 [s, 9 H, CO2C(CH3)3], 2.23–2.09 (m, 1 H, H3),
2.30 (dd, J = 6.8, 14.5 Hz, 1 H, H3), 4.46–4.33 (m, 2 H, H2, H4),
5.15 (s, 2 H, CH2Ph), 5.46 (d, J = 7.2 Hz, 1 H, NH), 7.40–7.30 (m,
5 H, Ph).
13C NMR (100.6 MHz, CDCl3): δ = –5.4, –4.9, 18.3, 25.9, 28.5,
36.0, 51.2, 67.2, 69.8, 80.6, 128.7, 128.8, 135.4, 156.3, 172.9,
176.6.

HRMS (ESI): m/z [M + Na]+ calcd for C23H37NO7SiNa: 490.2232;
found: 490.2227. 

Anal. Calcd for C23H37NO7Si: C 59.1; H 8.0; N 3.0. Found: C 58.8;
H 8.0; N 2.6.

Et3SiH (0.52 mL, 3.3 mmol) was added to allyl (R)-2-azido-3-
(tritylthio)propanoate (1.29 g, 3.0 mmol) in CH2Cl2–TFA (20 mL,
9:1) and the mixture was stirred for 10 min at r.t. The volatiles were
removed, and co-evaporated with toluene under high vacuum. The
resulting free thiol was dissolved in CH2Cl2, treated with glutamic
acid prepared above (1.18 g, 2.5 mmol), HOBt (574 mg, 3.8 mmol),
Et3N (0.52 mL, 3.8 mmol), and EDC·HCl (600 mg, 3.1 mmol) fol-
lowing GP1. Purification by column chromatography (silica gel,
150 g, PE–EtOAc, 9:1) gave 23a (1.36 g, 2.1 mmol, 86%) as a col-
orless oil.

[α]D
20 –53.5 (c 2.0, CHCl3); Rf = 0.50 (PE–EtOAc, 2:1).

IR (KBr): 3366 (br m), 3068 (w), 2931 (s), 2118 (s), 1505 (m), 1457
(m), 1392 (m), 1169 (m), 840 (s), 783 cm–1 (s).
1H NMR (400 MHz, CDCl3): δ = 0.02, 0.04 [s, 3 H, Si(CH3)2], 0.90
[s, 9 H, SiC(CH3)3], 1.45 [s, 9 H, CO2C(CH3)3], 2.32–2.00 (m, 2 H,
H3′), 3.17 (dd, J = 7.9, 13.9 Hz, 1 H, CHHS), 3.35 (dd, J = 5.4,
13.8 Hz, 1 H, CHHS), 4.06 (dd, J = 5.4, 7.9 Hz, 1 H, CHN3), 4.37
(dd, J = 3.0, 8.9 Hz, 1 H, H2′), 4.46 (td, J = 3.8, 8.7 Hz, 1 H, H4),
4.76–4.62 (m, 2 H, CH2CH=CH2), 5.14 (s, 2 H, CH2Ph), 5.43–5.22
(m, 2 H, CH=CH2), 5.55 (d, J = 7.9 Hz, 1 H, NH), 5.92 (ddt, J = 5.8,
10.4, 16.2 Hz, 1 H, CH=CH2), 7.40–7.30 (m, 5 H, Ph).
13C NMR (100.6 MHz, CDCl3): δ = –5.3, –4.8, 18.3, 25.9, 28.5,
30.3, 36.5, 58.4, 61.5, 66.9, 67.3, 69.7, 80.7, 119.7, 128.8, 131.3,
135.4, 155.3, 168.4, 172.6, 200.8.

HRMS (ESI): m/z [M + H]+ calcd for C29H45N4O8SSi: 637.2722;
found: 637.2719.

Thiazole 24a
The crude thiazoline was obtained by GP2 from thioester 23a
(859 mg, 1.3 mmol) and Ph3P (530 mg, 2.0 mmol). After removal
of the volatiles, the residue was oxidized with DBU (0.6 mL,
4.0 mmol) and BrCCl3 (0.2 mL, 2.0 mmol) following GP3. Purifi-
cation by column chromatography (silica gel, 150 g, PE–EtOAc,
6:1) gave 24a (735 mg, 1.2 mmol, 92%) as a colorless oil.

[α]D
20 –33.4 (c 1.0, CHCl3); Rf = 0.27 (PE–EtOAc, 4:1).

IR (KBr): 3355 (w), 3093 (w), 2931 (m), 2858 (w), 1715 (s), 1505
(m), 1367 (m), 1174 (m), 840 cm–1 (s).

1H NMR (400 MHz, CDCl3): δ = –0.02, 0.00 [s, 3 H, Si(CH3)2],
0.89 [s, 9 H, SiC(CH3)3], 8.09 (s, 1 H, H5), 1.42 [s, 9 H,
CO2C(CH3)3], 2.45 (dd, J = 4.7, 8.3 Hz, 2 H, H2′), 4.43 (dd, J = 4.1,
8.2 Hz, 1 H, H3′), 4.83 (dt, J = 1.3, 5.8 Hz, 2 H, CH2CH=CH2),
5.23–5.05 (m, 3 H, H1′, CH2Ph), 5.28 (dq, J = 1.2, 10.4 Hz, 1 H,
CH=CHH), 5.39 (dq, J = 1.5, 17.2 Hz, 1 H, CH=CHH), 5.81 (d,
J = 7.8 Hz, 1 H, NH), 6.01 (ddt, J = 5.8, 10.4, 16.2 Hz, 1 H,
CH=CH2), 7.42–7.29 (m, 5 H, Ph).
13C NMR (100.6 MHz, CDCl3): δ = –5.3, –4.8, 18.3, 25.9, 28.5,
38.9, 50.5, 66.1, 67.2, 69.8, 80.4, 119.0, 127.9, 128.7, 128.8, 132.1,
135.4, 147.2, 155.3, 161.1, 172.8, 174.2. 

HRMS (ESI): m/z [M + H]+ calcd for C29H43N2O7SSi: 591.2555;
found: 591.2551.

Bisthiazole 4a
N-Boc-protected amine 24a (325 mg, 0.55 mmol) was dissolved in
CH2Cl2–TFA (5 mL, 7:3) with stirring for 1 h. Toluene was added
and co-evaporated under high vacuum to completely remove TFA
(2 × 10 mL). Amide formation following GP1 with the crude
amine, carboxylic acid 18 (281 mg, 0.52 mmol), HOBt (120 mg,
0.78 mmol), Et3N (0.11 mL, 0.78 mmol), and EDC·HCl (125 mg,
0.65 mmol) followed by after column chromatography purification
(silica gel, 30 g, PE–EtOAc, 4:1) gave 4a (312 mg, 0.30 mmol,
58%) as a colorless foam.

[α]D
20 +3.6 (c 1.0, CHCl3); Rf = 0.19 (PE–EtOAc, 2:1).

IR (KBr): 3387 (br w), 2976 (m), 2857 (m), 1726 (s), 1696 (s), 1532
(m), 1488 (s), 1228 (s), 813 (s), 758 cm–1 (m).
1H NMR (400 MHz, CDCl3): δ = 0.00, 0.01 [s, 3 H, Si(CH3)2], 0.89
[s, 9 H, SiC(CH3)3], 1.20 (d, J = 6.4 Hz, 3 H, H4′′′′), 1.35 [s, 9 H,
OC(CH3)3], 1.88 (d, J = 7.2 Hz, 3 H, H3′′′), 2.78–2.61 (m, 2 H, H2′),
4.32–4.23 (m, 2 H, H3′′′, Fmoc-CH), 4.47–4.41 (m, 3 H, Fmoc-
CH2, H2′′′′), 4.49 (dd, J = 4.6, 8.1 Hz, 1 H, H3′), 4.85 (dt, J = 1.4,
5.8 Hz, 2 H, CH2CH=CH2), 5.09 (d, J = 12.1 Hz, 1 H, CHHPh),
5.14 (d, J = 12.1 Hz, 1 H, CHHPh), 5.30 (dq, J = 1.2, 10.4 Hz, 1 H,
CH=CHH), 5.41 (dq, J = 1.5, 17.2 Hz, 1 H, CH=CHH), 5.75 (td,
J = 5.1, 8.9 Hz, 1 H, H1′), 6.04–5.98 (m, 2 H, CH=CH2, Fmoc-NH),
6.70 (q, J = 7.1 Hz, 1 H, H2′′′), 7.38–7.29 (m, 7 H, Fmoc, Ph), 7.42
(t, J = 7.5 Hz, 2 H, Fmoc), 7.62 (d, J = 7.3 Hz, 2 H, Fmoc), 7.78 (d,
J = 7.5 Hz, 2 H, Fmoc), 7.95 (d, J = 8.8 Hz, 1 H, 1′-NH), 8.06 (s, 1
H, H5′′), 8.12 (s, 1 H, H5), 8.67 (s, 1 H, 1′′′-NH).
13C NMR (100.6 MHz, CDCl3): δ = –5.2, –4.8, 14.3, 17.2, 18.4,
25.9, 28.5, 39.3, 47.4, 47.9, 59.1, 66.1, 67.0, 67.2, 67.3, 69.5, 76.4,
119.0, 120.2, 123.8, 125.3, 126.6, 127.3, 128.0, 128.1, 128.3, 128.6,
128.8, 132.1, 135.5, 141.6, 143.9, 147.0, 149.7, 156.3, 160.9, 161.1,
167.2, 168.4, 171.9, 173.0.

HRMS (ESI): m/z [M + H]+calcd for C54H66N5O10S2Si: 1036.4015;
found: 1036.4031.

Benzyl Ester 57a
The free amine 26a (32 mg, 39 μmol) was added to the stirred soln
of free acid 56 (64 mg, 52 μmol), DEPBT (74 mg, 0.25 mmol) and
NaHCO3 (40 mg, 0.48 mmol) in anhyd THF (0.5 mL), the mixture
was stirred for 19 h at r.t. (TLC monitoring). The mixture was dilut-
ed with pH 7.0 phosphate buffer (20 mL) and extracted with CH2Cl2

(3 × 30 mL), and the combined organic layers were dried (Na2SO4)
and concentrated. Purification by column chromatography (silica
gel, 20 g, CH2Cl2–MeOH, 50:1) gave the coupling product 57a
(69 mg, 34 μmol, 87%) of as a colorless glass, suitable for further
elaboration. Rigorous purification by preparative HPLC gave the
coupling product (37.7 mg, 19 μmol, 47%) as a colorless glass.

[α]D
20 +4.8 (c 0.8, CHCl3); Rf = 0.59 (CH2Cl2–MeOH, 10:1).

1H NMR (400 MHz, CD3OD): δ = –0.05 (s, 3 H, TBS), –0.03 (s, 3
H, TBS), 0.85 (s, 9 H, TBS), 1.08, 1.10 (21 H, TIPS), 1.26 (t,
J = 4.6 Hz, 3 H, CH3), 1.32 (s, 9 H, t-Bu), 1.90 (d, J = 7.2 Hz, 3 H,
CH3), 2.29 (s, 3 H, CH3), 2.65 (dd, J = 8.0, 5.2 Hz, 3 H, CH, CH2),
2.73 (dd, J = 9.0, 5.6 Hz, 1 H, CH), 4.15 (dd, J = 5.2 Hz, 1 H, CH2),
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4.24 (dd, J = 4.7 Hz, 1 H, CH2), 4.37 (dd, J = 4.7, 1.7 Hz, 1 H, CH),
4.52 (dd, J = 5.3, 2.9 Hz, 4 H, 2 CH2CH=CH2), 4.69 (dd, J = 4.6,
3.3 Hz, 1 H, CH), 4.74 (dd, J = 8.2, 3.0 Hz, 1 H, CH), 4.79 (d,
J = 5.4 Hz, 2 H, CH2), 5.09 (s, 2 H, CH2Ph), 5.17 (d, J = 10.3 Hz, 1
H, CH2CH=CH2), 5.25 (d, J = 10.6 Hz, 1 H, CH2CH=CH2), 5.30 (d,
J = 17.9 Hz, 1 H, CH2CH=CH2), 5.38 (dd, J = 17.2, 1.4 Hz, 1 H,
CH2CH=CH2), 5.69 (dd, J = 5.7, 3.1 Hz, 1 H, CH), 5.87–5.92 (m, 1
H, CH2CH=CH2), 5.98–6.05 (m, 1 H, CH2CH=CH2), 6.80 (dd,
J = 7.3 Hz, 1 H, CHCH3), 7.15–7.34 (m, 22 H, trityl, Ph, tosyl), 7.69
(d, J = 8.1 Hz, 2 H, tosyl), 7.99 (s, 1 H, CH), 8.11 (s, 1 H, CH), 8.18
(s, 1 H, CH), 8.25 (s, 1 H, CH), 8.28 (s, 1 H, CH), 8.32 (s, 1 H, CH),
8.49 (d, J = 8.0 Hz, 1 H, NH).
13C NMR (100.6 MHz, CDCl3): δ = –5.4, –5.1, 1.0, 11.8, 14.05,
14.09, 14.11, 14.14, 17.92, 17.94, 21.6, 25.7, 28.3, 29.7, 36.81,
36.82, 39.0, 47.7, 52.0, 54.7, 63.5, 65.89, 65.93, 66.4, 66.9, 67.5,
69.3, 117.9, 118.8, 122.1, 123.5, 126.1, 126.4, 126.9, 127.2, 127.5,
127.69, 127.74, 127.9, 128.09, 128.15, 128.2, 128.4, 128.5, 128.6,
129.5, 129.7, 130.1, 131.8, 132.6, 133.1, 133.66, 133.67, 133.71,
135.3, 135.6, 135.68, 135.70, 137.7, 141.9, 144.26, 144.32, 146.0,
146.8, 148.96, 148.99, 149.6, 151.4, 151.76, 151.78, 156.8, 160.6,
160.8, 161.1, 164.6, 171.7, 172.8.

HRMS (ESI): m/z [M + 2 H]2+ calcd for C99H118N12O17S7Si2:
1013.3155; found: 1013.3174.

Nosiheptide A-Ring 2a
Pd(PPh3)4 (2.1 mg, 1.8 μmol) in anhyd CH2Cl2 (400 μL) was added
to a soln of pyridine 57a (17.9 mg, 8.8 μmol) and PhSiH3 (6 μL, 45
μmol) in anhyd CH2Cl2 (3 mL) at r.t. The resulting mixture was
stirred for 10 min (TLC monitoring). Toluene (3 mL) was added to
the mixture. The solvents and volatiles were removed under re-
duced pressure. Purification by column chromatography (silica gel,
8 g, CH2Cl2–MeOH, 20:1) gave the amino acid (16.7 mg, 8.8 μmol,
99%) as a yellow resin. The amino acid was not stable upon storage
and had to be used immediately for further transformations.

Rf = 0.2 (CH2Cl2–MeOH, 10:1).

HRMS (ESI): m/z [M + H]+ calcd for C92H109N12O15S7Si2:
1901.5713; found: 1901.5721.

The amino acid so obtained (29.0 mg, 15.0 μmol) was dissolved in
CH2Cl2 (2 mL) and added dropwise by syringe pump to HATU
(11.6 mg, 30.0 μmol) and i-Pr2NEt (10 μL, 61 μmol) in CH2Cl2

(15 mL) and DMF (1.0 mL) at r.t. over a period of 2 h. Stirring was
continued for a further 10 h. The reaction was diluted with phos-
phate buffer (pH 7.0, 15 mL) and EtOAc (150 mL). The layers were
separated, and the aqueous layer was extracted with CH2Cl2

(3 × 20 mL). The combined organic extracts were washed with sat.
NaCl soln (15 mL), dried (Na2SO4), and concentrated. Purification
by column chromatography (silica gel, 10 g, CH2Cl2–MeOH, 100:1
to 20:1) yielded macrolactam 2a (23.6 mg, 13.0 μmol, 82%) as a
colorless resin. Purification by preparative HPLC of another batch
prepared from amino acid (16.7 mg) gave 2a (9.2 mg, 4.9 μmol,
56%) as a colorless resin.

[α]D
20 +27.3 (c 0.15, CHCl3); Rf = 0.56 (CH2Cl2–MeOH, 10:1).

IR (KBr): 3447 (br), 2923 (s), 2361 (s), 1699 (s), 1654 (s), 1647 (s),
1570 (s), 1523 (s), 1458 (s), 1104 (s), 799 cm–1 (s).
1H NMR (400MHz, DMSO): δ = –0.07 (s, 3 H, TBS), –0.01 (s, 3 H,
TBS), 0.81 (s, 9 H, TBS), 1.01, 1.02 (21 H, TIPS), 1.23 (s, 9 H, t-
Bu), 1.33 (d, J = 6.1 Hz, 3 H, CH3), 1.79 (d, J = 6.9 Hz, 3 H,
CHCH3), 2.00 (dd, J = 7.8 Hz, 2 H, CH2), 2.29 (d, J = 6.6 Hz, 3 H,
CH3), 2.29 (s, 3 H, CH3), 2.91 (dd, J = 6.6 Hz, 1 H, CH), 4.01–4.10
(m, 2 H, CH2), 4.22 (dd, J = 5.5 Hz, 1 H, CH), 4.39 (dd, J = 5.9 Hz,
1 H, CH), 4.52 (dd, J = 10.0 Hz, 1 H, CH), 4.61 (d, J = 4.5 Hz, 1 H,
CH), 4.81 (t, J = 7.4 Hz, 1 H, CH), 5.54 (t, J = 7.0 Hz, 1 H, CH),
6.45 (dd, J = 6.9 Hz, 1 H, CHCH3), 7.21–7.31 (m, 22 H, trityl, Ph,
tosyl), 7.61 (s, 2 H, CH2Ph), 7.68 (d, J = 8.5 Hz, 1 H, NH), 7.70 (d,
J = 8.6 Hz, 2 H, tosyl), 7.79 (d, J = 6.5 Hz, 1 H, NH), 7.97 (d,
J = 8.4 Hz, 2 H, 2 NH), 8.10 (s, 1 H, CH), 8.21 (s, 2 H, 2 CH), 8.24

(s, 2 H, 2 CH), 8.31 (s, 1 H, NH), 8.42 (s, 1 H, CH), 9.17 (s, 1 H,
NH2), 9.68 (s, 1 H, NH2).

HRMS (ESI): m/z [M + H]+ calcd for C92H107N12O14S7Si2:
1883.5608; found: 1883.5611.

Acknowledgment

This work was funded in part by a grant from the DFG (AR 493/1-2). 

Supporting Information for this article is available online at
http://www.thieme-connect.com/ejournals/toc/synthesis.Supporting InformationSupporting Information

References

(1) Author’s present address: ChemRoutes Corporation, 9719-
42 Ave., Edmonton, Alberta, T6E 5P8, Canada.

(2) Author’s present address: BayerCropScience, Alfred-Nobel-
Str. 50, 40789 Monheim, Germany.

(3) (a) Rhone-Poulenc, S. A. FR 1392453, 1961. (b) Benazet, 
F.; Cartier, M.; Florent, J.; Godard, C.; Jung, G.; Lunel, J.; 
Mancy, D.; Pascal, C.; Renaut, J.; Tarridec, P.; Theilleux, J.; 
Tissier, R.; Dubost, M.; Ninet, L. Experientia 1980, 36, 414.

(4) Bagley, M. C.; Dale, J. W.; Merritt, E. A.; Xiong, X. Chem. 
Rev. 2005, 105, 685.

(5) Reviews: (a) Hughes, R. A.; Moody, C. J. Angew. Chem. Int. 
Ed. 2007, 46, 7930. (b) Nicolaou, K. C.; Chen, J. S.; 
Edmonds, D. J.; Estrada, A. A. Angew. Chem. Int. Ed. 2009, 
48, 660.

(6) Haste, N. M.; Thienphrapa, W.; Tran, D. N.; Lösgen, S.; 
Sun, P.; Nam, S. J.; Jensen, P. R.; Fenical, W.; Sakoulas, G.; 
Nizet, V.; Hensler, M. E. J. Antibiot. 2012, 65, 593.

(7) (a) Harms, J. M.; Wilson, D. N.; Schlünzen, F.; Connell, S. 
R.; Stachelhaus, T.; Zaborowska, Z.; Spahn, C. M. T.; 
Fucini, P. Mol. Cell 2008, 30, 26. (b) Baumann, S.; Schoof, 
S.; Bolten, M.; Häring, C.; Takagi, M.; Shin-ya, K.; Arndt, 
H.-D. J. Am. Chem. Soc. 2010, 132, 6973.

(8) (a) Depaire, H.; Thomas, J. P.; Brun, A.; Lukacs, G. 
Tetrahedron Lett. 1977, 18, 1395. (b) Depaire, H.; Thomas, 
J. P.; Brun, A.; Olesker, A.; Lukacs, G. Tetrahedron Lett. 
1977, 18, 1403.

(9) (a) Houck, D. R.; Chen, L. C.; Keller, P. J.; Beale, J. M.; 
Floss, H. G. J. Am. Chem. Soc. 1987, 109, 1250. (b) Houck, 
D. R.; Chen, L. C.; Keller, P. J.; Beale, J. M.; Floss, H. G. 
J. Am. Chem. Soc. 1988, 110, 5800. (c) Mocek, U.; Knaggs, 
A. R.; Tsuchiya, R.; Nguyen, T.; Beale, J. M.; Floss, H. G. 
J. Am. Chem. Soc. 1993, 115, 7557.

(10) (a) Prange, T.; Ducruix, S.; Pascard, C.; Lunel, J. Nature 
(London) 1977, 265, 189. (b) Pascard, C.; Ducroix, A.; 
Lunel, J.; Prange, T. J. Am. Chem. Soc. 1977, 99, 6418.

(11) Yu, Y.; Duan, L.; Zhang, Q.; Liao, R. J.; Ding, Y.; Pan, H.-
X.; Wendt-Pienkowski, E.; Tang, G. L.; Shen, B.; Liu, W. 
ACS Chem. Biol. 2009, 4, 855.

(12) For a discussion see: Arndt, H.-D.; Schoof, S.; Lu, J.-Y. 
Angew. Chem. Int. Ed. 2009, 48, 6770; and references cited 
therein.

(13) Benazet, F.; Cartier, J. R. Poult. Sci. 1980, 59, 1405.
(14) (a) Jayasuriya, H.; Herath, K.; Ondeyka, J. G.; Zhang, C.; 

Zink, D. L.; Brower, M.; Gailliot, F. P.; Greene, J.; Birdsall, 
G.; Venugopal, J.; Ushio, M.; Burgess, B.; Russotti, G.; 
Walker, A.; Hesse, M.; Seeley, A.; Junker, B.; Connors, N.; 
Salazar, O.; Genilloud, O.; Liu, K.; Masurekar, P.; Barrett, J. 
F.; Singh, S. B. J. Antibiot. 2007, 60, 554. (b) Zhang, C.; 
Herath, K.; Jayasuriya, H.; Ondeyka, J. G.; Zink, D.h. L.; 
Occi, J.; Birdsall, G.; Venugopal, J.; Ushio, M.; Burgess, B.; 

D
ow

nl
oa

de
d 

by
: Q

ue
en

's
 U

ni
ve

rs
ity

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.



FEATURE ARTICLE Nosiheptide A-Ring Lessons 1311

© Georg Thieme Verlag  Stuttgart · New York Synthesis 2013, 45, 1300–1311

Masurekar, P.; Barrett, J. F.; Singh, S. B. J. Nat. Prod. 2009, 
72, 841.

(15) Thiopeptide total synthesis work after 2009: (a) Lefranc, D.; 
Ciufolini, M. A. Angew. Chem. Int. Ed. 2009, 48, 4198. 
(b) Ammer, C.; Bach, T. Chem. Eur. J. 2010, 16, 14083. 
(c) Aulakh, V. S.; Ciufolini, M. A. J. Am. Chem. Soc. 2011, 
133, 5900.

(16) Synthesis of indole fragments: (a) Koerber-Plé, K.; Massiot, 
G. Synlett 1994, 759. (b) Shin, C.-g.; Yamada, Y.; Hayashi, 
K.; Yonezawa, Y.; Umemura, K.; Tanji, T.; Yoshimura, J. 
Heterocycles 1996, 43, 891. (c) Bentley, D. J.; Fairhurst, J.; 
Gallagher, P. T.; Manteuffel, A. K.; Moody, C. J.; Pinder, J. 
L. Org. Biomol. Chem. 2004, 2, 701. Synthesis of thiazole 
fragments: (d) Iwakama, M.; Kobayashi, Y.; Ikuta, S.; 
Yoshimura, J. Chem. Lett. 1982, 1975. (e) Koerber-Plé, K.; 
Massiot, G. J. Heterocycl. Chem. 1995, 32, 1309. (f) Shin, 
C.; Nakamura, Y.; Yamada, Y.; Yonezawa, Y.; Umemura, 
K.; Yoshimura, J. Bull. Chem. Soc. Jpn. 1995, 68, 3151. 
(g) Umemura, K.; Tate, T.; Yamaura, M.; Yoshimura, J.; 
Yonezawa, Y.; Shin, C.-g. Synthesis 1995, 1423. 
(h) Belhadj, T.; Nowicki, A.; Moody, C. J. Synlett 2006, 
3033. Synthesis of the 3-hydroxypyridine core: 
(i) Umemura, K.; Noda, H.; Yoshimura, J.; Konn, A.; 
Yonezawa, Y.; Shin, C.-g. Tetrahedron Lett. 1997, 38, 3539. 
(j) Yonezawa, Y.; Konn, A.; Shin, C.-g. Heterocycles 2004, 
63, 2735. (k) Taddei, D.; Poriel, C.; Moody, C. J. ARKIVOC 
2007, 11, 56.

(17) (a) Nicolaou, K. C.; Lee, S. H.; Estrada, A. A.; Zak, M. 
Angew. Chem. Int. Ed. 2005, 44, 3736. (b) Nicolaou, K. C.; 
Estrada, A. A.; Freestone, G. C.; Lee, S. H.; Alvarez-Mico, 
X. Tetrahedron 2005, 63, 6088.

(18) Kimber, M. C.; Moody, C. J. Chem. Commun. 2008, 591.
(19) Lu, J.-Y.; Riedrich, M.; Mikyna, M.; Arndt, H.-D. Angew. 

Chem. Int. Ed. 2009, 48, 8137.
(20) (a) Riedrich, M.; Harkal, S. D.; Arndt, H.-D. Angew. Chem. 

Int. Ed. 2007, 46, 2701. (b) Loos, P.; Riedrich, M.; Arndt, 
H.-D. Chem. Commun. 2009, 1900.

(21) (a) Lu, J.-Y.; Arndt, H.-D. J. Org. Chem. 2007, 72, 4205. 
(b) Lu, J.-Y.; Shen, W.-Z.; Preut, H.; Arndt, H.-D. Acta 
Crystallogr., Sect. E 2008, 64, o602. (c) Lu, J.-Y.; Keith, J.; 
Shen, W.-Z.; Schürmann, M.; Preut, H.; Jacob, T.; Arndt, 
H.-D. J. Am. Chem. Soc. 2008, 130, 13219.

(22) Herbert, J. M. Tetrahedron Lett. 2004, 45, 817.
(23) Lapatsanis, L. Tetrahedron Lett. 1978, 19, 4697.
(24) Grieco, P. A.; Gilman, S.; Nishizawa, M. J. Org. Chem. 

1976, 41, 1485.
(25) (a) Miller, M. J. J. Org. Chem. 1980, 45, 3131. (b) Fukase, 

K.; Kitazawa, M.; Sano, A.; Shimbo, K.; Horimoto, S.; 
Fujita, H.; Kubo, A.; Wakamiya, T.; Shibe, A. Bull. Chem. 
Soc. Jpn. 1992, 65, 2227. (c) Bayó, N.; Jiménez, J. C.; Rivas, 
L.; Nicolás, E.; Albericio, F. Chem. Eur. J. 2003, 9, 1096.

(26) Dessolin, M.; Guillerez, M.-G.; Thieriet, N.; Guibe, F.; 
Loffet, A. Tetrahedron Lett. 1995, 36, 5741.

(27) Bowers-Nemia, M. M.; Joullié, M. M. Heterocycles 1983, 
20, 817.

(28) (a) Zhang, X.; Schmitt, A. C.; Jiang, W. Tetrahedron Lett. 
2001, 42, 5335. (b) Waldmann, H.; He, Y.-P.; Tan, H.; Arve, 
L.; Arndt, H.-D. Chem. Commun. 2008, 5562. (c) Review: 
Plietker, B. Synthesis 2005, 2453.

(29) Sakaitani, M.; Ohfune, Y. J. Org. Chem. 1990, 55, 870.
(30) Kruse, P. F.; Geurkink, N.; Grist, K. L. J. Am. Chem. Soc. 

1954, 76, 5796.
(31) Kuhn, R.; Dury, K. Justus Liebigs Ann. Chem. 1951, 571, 44.
(32) Delgado, O.; Müller, H. M.; Bach, T. Chem. Eur. J. 2008, 

14, 2322.
(33) Luo, Y.; Evindar, G.; Fishlock, D.; Lajoie, G. A. 

Tetrahedron Lett. 2001, 42, 3807.
(34) Nicolaou, K. C.; Estrada, A. A.; Zak, M.; Lee, S. H.; Safina, 

B. S. Angew. Chem. Int. Ed. 2005, 44, 1378.
(35) Li, H.; Jiang, X.; Ye, Y.-H.; Fan, C.; Romoff, T.; Goodman, 

M. Org. Lett. 1999, 1, 91.
(36) Lu, J.-Y. Dissertation; TU-Dortmund: Germany, 2009.
(37) Dawson, P. E.; Muir, T. W.; Clark-Lewis, I.; Kent, S. B. H. 

Science (Washington, D. C.) 1994, 266, 773.
(38) Bang, D.; Kent, S. B. H. Angew. Chem. Int. Ed. 2004, 43, 

2534.
(39) Riedrich, M. Dissertation; TU-Dortmund: Germany, 2009.
(40) Isidro-Llobet, A.; Álvarez, M.; Albericio, F. Chem. Rev. 

2009, 109, 2455.
(41) Kaiser, E.; Picart, F.; Kubiak, T.; Tam, J. P.; Merrifield, R. 

B. J. Org. Chem. 1993, 58, 5167.
(42) (a) Coleman, R. S.; Shah, J. A. Synthesis 1999, 1399. 

(b) Felix, A. M.; Heimer, E. P.; Lambros, T. J.; Tzougraki, 
C.; Meienhofer, J. J. Org. Chem. 1978, 43, 4194. 
(c) Brastianos, H. C.; Vottero, E.; Patrick, B. O.; van Soest, 
R.; Matainaho, T.; Mauk, A. G.; Andersen, R. J. J. Am. 
Chem. Soc. 2006, 128, 16046.

(43) Anson, M. S.; Montana, J. G. Synlett 1994, 219.
(44) Crich, D.; Vinogradova, O. J. Org. Chem. 2007, 72, 3581.
(45) (a) Li, W. R.; Lin, Y. S.; Yo, Y. C. Tetrahedron Lett. 2000, 

41, 6619. (b) Tsuji, T.; Kataoka, T.; Yoshioka, M.; Sendo, 
Y.; Nishitani, Y.; Hirai, S.; Maeda, T.; Nagata, W. 
Tetrahedron Lett. 1979, 20, 2793.

(46) Kamal, A.; Laxman, E.; Rao, N. V. Tetrahedron Lett. 1999, 
40, 371.

(47) Saady, M.; Lebeau, L.; Mioskowski, C. J. Org. Chem. 1995, 
60, 2946.

(48) Further experimental procedures and data can be found in 
the Supporting Information.

(49) Zinc powder was suspended in 2% HCl, stirred for 1 min, 
drained, and washed with 2% HCl (3 ×), H2O (3 ×), EtOH 
(3 ×) and Et2O.

D
ow

nl
oa

de
d 

by
: Q

ue
en

's
 U

ni
ve

rs
ity

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.


