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The lack of new lead structures is a major obstacle in
developing drugs for the treatment of bacterial infections. A
promising yet under-investigated source for such compounds
is ribosomally synthesized and posttranslationally modified
peptides (RiPPs), a growing group of peptides, mostly
produced by microorganisms.'!l Besides the cyclic azole
peptides of the cyanobactin type (patellamides, ulithiacycla-
mide)? ! and thiopeptides (thiostrepton, noshiheptide),>*!
the linear azole-containing peptides (LAPs), which include
prominent natural products such as microcin B17 and goad-
sporin,”'! are an important subgroup of the RiPPs. The
distinguishing structural features of LAPs are oxazoles and
thiazoles, heterocyclic amino acids derived from Ser/Thr and
Cys!"!l by enzymatic cyclodehydration and dehydrogenation
reactions.”? Recently, we extended the LAP family with
plantazolicin A (1a) and B (1b; Figures 1 and 2). These are
produced from the Gram-positive soil bacterium Bacillus
amyloliquefaciens FZB42,31 which is also used in the
industrial production of a-amylase and serine proteases.!
Interestingly, studies reported that plantazolicin A showed
a selective growth inhibition against nine Bacillus species,™>1°]
but not against Staphylococcus or Enterococcus species. Thus,
plantazolicin can be considered as a new lead compound to
fight Bacillus anthracis (anthrax) infections.

The structure of plantazolicin A was elucidated by “N-
labeling studies facilitated by B. amyloliquefaciens cultures
growing in "“N-enriched media. This approach provided
crucial signals from "N nuclei in 2D NMR spectra (‘H-""N-
HSQC, 'H-"N-HMBC) to solve the structure. From the
structure elucidation of 1la, information concerning the
functions of enzymes of the corresponding biosynthesis gene
cluster (pzn cluster) was deduced (Figure 1). Hence, the
structural gene PznA codes for a ribosomally synthesized
linear 41-mer precursor peptide with the 14-mer core peptide
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Figure 1. Structure of plantazolicin A (1a) and suggested course of the
biosynthesis from a ribosomally synthesized prepeptide: multiple
cyclodehydration (PznB/C/D), removal of the leader (PznE), and N,N-
bismethylation (PznL).['*"

RCTCTTIISSSSTE. The trimeric protein complex PznBCD
(cyclodehydratase, dehydrogenase, and docking/scaffolding
protein) likely encodes posttranslational modifications, that is
ten cyclodehydrations followed by nine dehydrogenations.™!
After protease PznE cleaves off the leader peptide to yield
desmethylplantazolicin 1b, a final N,N-bismethylation by
methyltransferase PznL gives 1a.

Structurally, plantazolicin comprises of two unprece-
dented extended stretches of contiguous heterocycles. The
configuration of the only non-oxidized methyloxazoline (5-
MeOxH") stereocenters were assigned as 4S,5R from the
biosynthesis logic of it being derived from L-Thr."?) Fermen-
tation only yielded minute amounts of 1a, thus hampering
further studies on the molecule and its mode of action.
Furthermore, the complex structure of 1a also represents an
attractive synthetic target for total synthesis. In this study, we
present the first total synthesis of plantazolicin A (1a). Our
synthetic route is designed in such a way that structural
analogues for structure-activity relationship (SAR) studies
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Figure 2. Structure of plantazolicin A (1a) and its retrosynthetic analysis by dissection into two main peptide fragments and breakdown into

single heterocyclic amino acid building blocks.

can be readily prepared by iterative couplings of precursor
fragment peptides.

Our retrosynthesis strategy (Figure 2) was inspired by
enzymatic cyclodehydrations, which represent key steps in the
biosynthesis of 1. To begin with, we identified the two
extended stretches of contiguous heterocycles including one
acid-sensitive oxazoline as well as the selective N,N-bisme-
thylation of the arginyl residue as major synthetic challenges.
For the synthesis of the heterocycles we selected dimethyl-
aminosulfur trifluoride (DAST) as the cyclodehydration
agent to synthesize oxazolines from the respective amino-
acyl-Ser or aminoacyl-Thr precursor peptides.””’ As an
alternative, cyclodehydrations with catalytic amounts of
molybdenum oxide (MoO,) under azeotropic removal of
water were considered."®!

The assembly of acid-sensitive 5-MeOxH" (methyloxazo-
line) was planned using DAST in the penultimate step to
removal of protecting groups from the 14-mer heterocyclic
precursor of 1. For protection of the C terminus and of the
guanidine side chain (Arg'), we chose concomitantly remov-
able, fluoride-labile 2-(trimethylsilyl)ethyl ester (TMSE),
and 2-(trimethylsilyl)ethyl carbamate (Teoc),?”! respectively,
both being orthogonal to acid- and base-labile protecting
groups. Protection as an TMSE ester was considered advanta-
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geous to suppress diketopiperazine formation during coupling
reactions of dipeptides (e.g. 6 with 5).2!1 The N,N-bismethy-
lation was planned to be established on a late-stage fragment
because the purification of Boc-protected peptides is easier.

In the retrosynthetic analysis, the structure of 1 was
dissected at the amide bond between Ile” and 5-MeOxz° to
obtain N-terminal fragment 2 and C-terminal fragment 3, as
activation of 5-MeOxz® does not lead to racemization. The
fragments 2 and 3 were further dissected at (methyl)oxazole
rings 5-MeOxz’, 5-MeOxz®, Oxz’, and Oxz!' to obtain the
corresponding heterocyclic Thr/Ser-containing precursor pep-
tides 4 and 5. Subsequent amide-bond disconnections led to
dipeptide building blocks Thr-Phe 6, Ile-Ile 11, and hetero-
cyclic amino acids 7, 8, 9, and 10. The total synthesis
commenced with the synthesis of dipeptide building blocks
from protected Ser/Thr by using TBTU/DIPEA (see the
Supporting Information).”?! The subsequent cyclodehydra-
tion was achieved with DAST, as this reagent is known to
mediate cyclodehydrations of various Ser- and Thr-containing
dipeptides with inversion of the configuration at B-C.l'"!
Indeed the reaction of Boc-Ser(tBu)-Ser-OMe (12) with
DAST at —78°C in CH,Cl, gave the corresponding oxazoline
in >95% yield. Subsequent dehydrogenation with CBrCly/
DBU provided the protected oxazole 13 in an overall yield of
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70% (Scheme 1).”*! Analogously Boc-Thr(¢Bu)-Thr-
OMe (14) was converted into its corresponding 5-
methyloxazoline in quantitative yield, but the dehy-
drogenation to 16 was not successful with the above-
mentioned reagents (CBrCly/DBU) or under various
other conditions (CCl/DBU/pyridine,”* MnO,,*
CuBr/Cu(OAc),/tert-butyl peroxybenzoate,” and
DDAQ). This prompted us to apply Wipf’s modified
Gabriel-Robinson oxazole synthesis.””! Accordingly,
the oxidation of 14 to ketone 15 with Dess—Martin
periodinane and subsequent treatment with PMe,/I,/
NEt; provided 5-methyloxazole 16 in 68 % . Thiazoles
7 and 8 were prepared by using a modified Hantzsch
thiazole procedure.”?! Thionation of the primary
carboxamides of Boc-Thr(OrBu) or 19 with Law-
esson’s reagent followed by the KHCO;-mediated
addition of methyl bromopyruvate in 1,2-DME and
further treatment with TFAA/2,6-lutidine provided
thiazoles 18 and 20, both in an overall yield of 60 %.
Initially, the N,N-bismethylation of 7 by reductive
amination seemed to be trivial; however, consider-
able optimization was required. Finally, selective
cleavage of the Boc group in 7 with HCl followed by
imine formation with 37 % aq HCHO in the presence
of NaOAc at 0°C and reduction with NaCNBH; at
0°C gave 21 in quantitative yield.?"

Having the heterocyclic amino acids in hand,
their iterative coupling was performed (Scheme 2).
For the synthesis of N-terminal fragment 4, a HATU/
DIPEA-mediated coupling of 8 and 9 yielded 22 in
60 %, which was followed by cleavage of the Boc and
Bu groups with HCl to give the bisheterocyclic
compound 23. Further coupling of dipeptide 7 in the
presence of HATU/DIPEA furnished heterocyclic
peptide 24 in 45 % yield.

DAST-mediated cyclode-
hydration of peptide 24 gave
25 in 86 % yield. However, the
dehydrogenation of 5-methyl-
oxazolines with CBrCl/DBU
proved difficult. Complete
dehydrogenation of one of
the newly formed methyloxa-
zolines was observed after 6 h
at 0°C (26-H,, LC-MS analy-
sis), but only trace amounts of
the twofold dehydrogenated
compound 26 were observed.
Finally we found that an
excess of reagents in a reaction
over three days was needed to
effect dehydrogenation of the
second oxazoline, although it
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Scheme 1. Synthesis of heterocyclic amino acids (7, 8, 9, and 10): Reagents and
conditions: a) DAST, CH,Cl,, —78°C, 2 h, 95%. b) DBU, CBrCl;, CH,Cl,, —10°C,
1hto 25°C, 2 h, 79%. c) TFA, Et;SiH, CH,Cl,, 25°C, 40 h, 99%. d) Dess—Martin
periodinane, CH,Cl,, 25°C, 0.5 h, 95%. €) PMe,/l,/NEt,, CH,Cl,, —40°C, 2 h,
68 %. f) Piperidine, EtOAc (1:5, v/v), 25°C, 0.5 h, 99%. g) CICO,Et, NEt;, THF,
0°C, 0.5 h, then 30% aq NH;, 25°C, 3 h, 99%. h) Lawesson’s reagent, CH,Cl,,
40°C, 3 h, 72%. i) BrCH,COCO,Me, KHCO;, DME, —40°C, 0.5 hto —17°C, 14 h;
then TFAA, 2,6-lutidine, 0°C, 14 h, 86%. j) LIOH, THF, MeOH, H,0 (1:1:1),
25°C, 3 h, 99%. k) SiMe,Cl, NEt,, CH,Cl,, 0°C, 0.5 h, 40°C, 0.5 h, then (CH,),Si-
C,H,-OCO-Suc (Teoc-OSu), NEt;, 25°C, 3 days, 99%. |) 4m HCl in dioxane,
25°C, 0.5 h. m) 37% HCHO (in H,0), THF, H,O (2:1), NaOAc 0°C, 10 min,
then NaCNBH;, 0°C, 1 h, 99%. DBU =1,8-diazabicyclo[5.4.0Jundec-7-ene, TFA=
trifluoroacetic acid, TFAA=trifluoroacetic anhydride.
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did not drive the reaction to
completion. Fortunately, the
mono- and bisoxidized prod-
ucts could be separated by
flash chromatography (yields:
15% 26-H, and 50 % 26). N,N-
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Scheme 2. Synthesis of N-terminal fragment 2: Reagents and conditions: a) HATU, DIPEA, CH,Cl,, 0°C to
25°C, 14 h, then MeOH, 90% (60% of 22, 30% of 18). b) 4m HCl in dioxane, 25°C, 6 h, 99%. c) HATU,
DIPEA, DMF 25°C, 14 h, then MeOH, 56 % (45 % of 24, 11 % of 20). d) DAST, CH,Cl,, —78°C, 14 h, 86 %.
e) DBU, CBrCl;, CH,Cl,, 0°C to 25°C, 3 days, 60% (45% of 26, 15% of 26-H,). f) 37% aq HCHO, THF/
H,O (2:1), NaOAc, 0°C, 10 min, then NaCNBHs3, 0°C, 1 h. g) Me;SnOH, 1,2-DCE, 85°C, 18 h, 97%

(3 steps). HATU = O-(7-azabenzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium hexafluorophosphate,

DIPEA = N,N-diisopropylethylamine, DCE =1,2-dichloroethane.
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Bismethylation was carried out on fragment 26 by reductive
amination under the conditions optimized for 21. Final
hydrolysis of the methyl ester with Me;SnOH provided the
N-terminal fragment 2 in 97 % yield.

For the construction of the C-terminal fragment
(Scheme 3), Boc-Ile-Ile-OH (11) was coupled with oxazole
10 in the presence of HATU/DIPEA to obtain peptide 27 in
64 % yield. Cyclodehydration with DAST proceeded quanti-
tatively; however, dehydrogenation with MnQO, in hot toluene
gave 28 in 26% yield only. Here, dehydrogenation with
CBrCl;/DBU was not successful, even after prolonged
reaction times, presumably for steric reasons. After hydrolysis
of the methyl ester with LiOH, a second coupling of 10 in the
presence of HATU/DIPEA gave 30 in 57 % yield. Saponifi-
cation of the methyl ester with LiOH set the stage for the
third coupling of dipeptide 6. To our delight, HATU-
mediated coupling proceeded smoothly to give the 8-mer
fragment 32 in 81 % yield. The DAST-mediated oxazoline
formation and CBrCly/DBU dehydrogenation readily gave
the contiguous tetraoxazole product 33 in 75% yield. Con-
current removal of the Boc and /Bu protecting groups with
HCI gave the C-terminal fragment 3 ready for final coupling
with N-terminal fragment 2. This optimized fragment cou-
pling route enables the synthesis of plantazolicin analogues,
i.e. the introduction of labels via fragment 6.

At this point we consider it necessary to discuss other
attempts and problems we encountered during the synthesis
of plantazolicin, which were mostly related to heterocyclic
ring formation and dehydrogenation reactions. In our initial
approaches, a “zipper”-like multiple cyclodehydration was
pursued on protected linear peptides, synthesized by Fmoc-
based solid-phase synthesis. Reaction of N-terminal fragment
Boc-Arg(Z),-Cys-Thr(Bn)-Cys-Thr(Bn)-Thr(Bn)-OMe with
MoO, gave two thiazolines along with multiple eliminations

Angewandte
itermationalediion. CHEIMIIE

of benzyl groups to yield dehydroalanine-type products.*"
Likewise the use of Tf,0O/OPPh; gave an intractable mixture
of by-products.®? Similarly, the reaction of C-terminal frag-
ment Boc-Ile-Ile-Ser-Ser-Ser-Ser-Thr(:Bu)-Phe-OMe  with
DAST resulted in four cyclodehydrations, but the oxidation
was incomplete when either CBrCly/DBU or MnO, in hot
toluene was used, as well as a variety of other methods
mentioned above during the synthesis of 16. During the
stepwise synthesis of the contiguous tetraoxazole peptide
Boc-Ile-Ile-Oxz’-Oxz'’-Oxz"'-Oxz'>-OMe, the cyclodehydra-
tion of Boc-lle-Ile-Oxz’-Oxz'’-Ser''-Oxz'>-OMe with DAST
followed by CBrCly/DBU gave the desired tetraoxazole
product, but it turned out that its solubility in a range of
organic solvents was too low to continue along this route. The
solubility of the azoles also caused difficulties in later stages
of the total synthesis, especially during chromatographic
purifications, which could be attributed to low yields in later
steps.

Having heterocylic fragments 2 and 3 in hand, fragment
condensation with HATU/DIPEA provided the 14-mer
heterocyclic peptide 34 in 30 % yield (Scheme 4). As planned,
DAST-mediated final cyclodehydration went smoothly to
afford 5-methyloxazoline 35 in 81 % yield. Deprotection with
TBAF trihydrate in DMF did remove the TMSE, but only one
of the guanidine Teoc protecting groups. Excess reagent and
prolonged reaction times did not yield the desired product.
The use of TFA, TFA/NEt;, or NEt;-:3HF cleaved all the
protecting groups, but also reopened the acid-labile 5-
MeOxH". Finally, the mild reagent hexafluoroisopropanol
(HFIP) was able to remove the remaining Teoc group and
provided the title compound, plantazolicin 1a in 91 % yield.

In conclusion we achieved the first total synthesis of
plantazolicin A (1a). In our synthesis strategy, iterative
coupling of dipeptide and heterocylic building blocks were
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o) H CO,Me BocHN\)J\ N O
N 2 =
BOCHN\)k f 10, a) BOCHN\)J\K/ \://\\N b), ¢) H H \/),<\ ]\
Y H CO,H > H H H > (_\ 9] N CO,R

A )

BocHNka)Y ¢4 lﬁr”% l«”’

b), e)

OtBu

COZTMSE<—
6,a)

N
OH R=Me, 28
o
R=H, 29

J1o, a)
o
\)L N O HJ\\\ COR
BocHN N /J/QNBYN SN
H :
© SOH
R= Me, 30

d)
R=H, 31

o
o
N o
RWHN\‘)LN /\7/<\ \ N [¢] \ H
TN L/ N J/<\ N... N7 >CO,TMSE
(\ (e} N H
° OR?

R'= Boc, R?=tBu, 33

R'=H,R?=H,3 "

Scheme 3. Synthesis of C-terminal fragment 3: Reagents and conditions: a) HATU, DIPEA, DMF, —30°C to 25°C, 20 h, 64 %. b) DAST, CH,Cl,,
—78°C to —20°C, 4 h. c) MnO,, toluene, 70°C, 3 days, 26 %. d) LiOH, THF, H,0, 25°C, 2 h. ) DBU, CBrCl;, CH,Cl,, —20°C to 25°C, 3 days,

75%. f) 4m HCl, dioxane, 25°C, 5 h.
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Scheme 4. Final stages of the total synthesis of plantazolicin A (1a): coupling of N-terminal and C-terminal peptides, oxazoline formation, and

deprotection. Reagents and conditions: a) HATU, DIPEA, DMF, 25°C, 14 h, 30%. b) DAST, CH,Cl,, —78°C, 12-16 h, 81%.
3).CHOH, 25°C, 48 h, 91 % (2 steps). TBAF =tetra-n-butylammonium fluoride.

1.5 h. d) (CF

used, which are amenable to the synthesis of analogues. A
distinguishing feature of our route is the broad applicability of
DAST in cyclodehydration reactions, which even proved
successful with bulky substrates such as the 14-mer peptide.
Further studies towards the investigation of the plantazolicin
biosynthesis and target identification are currently ongoing
and will be reported in due course.

Received: March 17, 2013
Published online: June 11, 2013

antibiotics - Bacillus anthracis -
linear azole-containing peptides - thiazoles

Keywords: Oxazol -
cyclodehydration -

[1] P.G. Arnison, M. J. Bibb, G. Bierbaum, A. A. Bowers, T.S.
Bugni, G. Bulaj, J. A. Camarero, D. J. Campopiano, G. L. Challis,
J. Clardy, P. D. Cotter, D. J. Craik, M. Dawson, E. Dittmann, S.
Donadio, P. C. Dorrestein, K.-D. Entian, M. A. Fischbach, J. S.
Garavelli, U. Goransson, C. W. Gruber, D.H. Haft, T. K.
Hemscheidt, C. Hertweck, C. Hill, A. R. Horswill, M. Jaspars,
W. L. Kelly, J. P. Klinman, O.P. Kuipers, A.J. Link, W. Liu,
M. A. Marahiel, D. A. Mitchell, G. N. Moll, B.S. Moore, R.
Muller, S.K. Nair, I. F. Nes, G. E. Norris, B. M. Olivera, H.
Onaka, M. L. Patchett, J. Piel, M. J. T. Reaney, S. Rebuffat, R. P.
Ross, H.-G. Sahl, E. W. Schmidt, M. E. Selsted, K. Severinov, B.
Shen, K. Sivonen, L. Smith, T. Stein, R. D. Stissmuth, J. R. Tagg,
G.-L. Tang, A. W. Truman, J. C. Vederas, C.T. Walsh, J. D.
Walton, S. C. Wenzel, J. M. Willey, W. A. van der Donk, Nat.
Prod. Rep. 2013, 30, 108 -160.

[2] C.M.Ireland, A. R. Durso, R. A. Newman, M. P. Hacker, J. Org.
Chem. 1982, 47, 1807 -1811.

[3] C. Ireland, P.J. Scheuer, J. Am. Chem. Soc. 1980, 102, 5688 -
5691.

[4] X. Fu, T. Do, F. J. Schmitz, V. Andrusevich, M. H. Engel, J. Nat.
Prod. 1998, 61, 1547-1551.

www.angewandte.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

c) TBAF, DMF, 25°C,

[5] F. Benazet, M. Cartier, J. Florent, C. Godard, G. Jung, J. Lunel,
D. Mancy, C. Pascal, J. Renaut, P. Tarridec, J. Theilleux, R.
Tissier, M. Dubost, L. Ninet, Experientia 1980, 36, 414—-416.

[6] J. D. Dutcher, J. Vandeputte, Antibiot. Annu. 1955, 3, 560-561.

[7] M. C. Bagley, J. W. Dale, E. A. Merritt, X. Xiong, Chem. Rev.
2005, 105, 685-714.

[8] R. A.Hughes, C. J. Moody, Angew. Chem. 2007, 119,8076-8101;
Angew. Chem. Int. Ed. 2007, 46, 7930—-7954.

[9] A.Bayer, S. Freund, G. Nicholson, G. Jung, Angew. Chem. 1993,
105, 1410-1413; Angew. Chem. Int. Ed. Engl. 1993, 32, 1336—
1339.

[10] Y.Igarashi, Y. Kan, K. Fujii, T. Fujita, K.-I. Harada, H. Naoki, H.
Tabata, H. Onaka, T. Furumai, J. Antibiot. 2001, 54, 1045 -1053.

[11] C.T. Walsh, M. G. Acker, A. A. Bowers, J. Biol. Chem. 2010,
285, 27525-27531.

[12] K. L. Dunbar, J. O. Melby, D. A. Mitchell, Nat. Chem. Biol. 2012,
8, 569-575.

[13] R. Scholz, K. J. Molohon, J. Nachtigall, J. Vater, A. L. Markley,
R. D. Siissmuth, D. A. Mitchell, R. Borriss, J. Bacteriol. 2011,
193,215-224.

[14] B. Kalyon, S.E. Helaly, R. Scholz, J. Nachtigall, J. Vater, R.
Borriss, R. D. Siissmuth, Org. Lett. 2011, 13, 2996 —2999.

[15] M. Schallmey, A. Singh, O. P. Ward, Can. J. Microbiol. 2004, 50,
1-17.

[16] K.J. Molohon, J. O. Melby, J. Lee, B. S. Evans, K. L. Dunbar,
S. B. Bumpus, N. L. Kelleher, D. A. Mitchell, ACS Chem. Biol.
2011, 6, 1307-1313.

[17] A.J. Phillips, Y. Uto, P. Wipf, M. J. Reno, D. R. Williams, Org.
Lett. 2000, 2, 1165-1168.

[18] A. Sakakura, R. Kondo, K. Ishihara, Org. Lett. 2005, 7, 1971 —
1974.

[19] H. Gerlach, Helv. Chim. Acta 19717, 60, 3039 -3044.

[20] L. A. Carpino, J. H. Tsao, H. Ringsdorf, E. Fell, G. Hettrich,
Chem. Commun. 1978, 358 —359.

[21] K. Borsuk, F. L. van Delft, I. F. Eggen, P. B. W. ten Kortenaar, A.
Petersen, F.P.J.T. Rutjes, Tetrahedron Lett. 2004, 45, 3585—
3588.

[22] A. El-Faham, F. Albericio, Chem. Rev. 2011, 111, 6557 —6602.

Angew. Chem. Int. Ed. 2013, 52, 9518 —9523


http://dx.doi.org/10.1039/c2np20085f
http://dx.doi.org/10.1039/c2np20085f
http://dx.doi.org/10.1021/jo00349a002
http://dx.doi.org/10.1021/jo00349a002
http://dx.doi.org/10.1021/ja00537a053
http://dx.doi.org/10.1021/ja00537a053
http://dx.doi.org/10.1021/np9802872
http://dx.doi.org/10.1021/np9802872
http://dx.doi.org/10.1007/BF01975121
http://dx.doi.org/10.1021/cr0300441
http://dx.doi.org/10.1021/cr0300441
http://dx.doi.org/10.1002/ange.200700728
http://dx.doi.org/10.1002/anie.200700728
http://dx.doi.org/10.1002/ange.19931050935
http://dx.doi.org/10.1002/ange.19931050935
http://dx.doi.org/10.1002/anie.199313361
http://dx.doi.org/10.1002/anie.199313361
http://dx.doi.org/10.7164/antibiotics.54.1045
http://dx.doi.org/10.1074/jbc.R110.135970
http://dx.doi.org/10.1074/jbc.R110.135970
http://dx.doi.org/10.1038/nchembio.944
http://dx.doi.org/10.1038/nchembio.944
http://dx.doi.org/10.1128/JB.00784-10
http://dx.doi.org/10.1128/JB.00784-10
http://dx.doi.org/10.1021/ol200809m
http://dx.doi.org/10.1139/w03-076
http://dx.doi.org/10.1139/w03-076
http://dx.doi.org/10.1021/cb200339d
http://dx.doi.org/10.1021/cb200339d
http://dx.doi.org/10.1021/ol005777b
http://dx.doi.org/10.1021/ol005777b
http://dx.doi.org/10.1021/ol050543j
http://dx.doi.org/10.1021/ol050543j
http://dx.doi.org/10.1002/hlca.19770600856
http://dx.doi.org/10.1016/j.tetlet.2004.03.054
http://dx.doi.org/10.1016/j.tetlet.2004.03.054
http://dx.doi.org/10.1021/cr100048w
http://www.angewandte.org

[23] D. R. Williams, P. D. Lowder, Y.-G. Gu, D. A. Brooks, Tetrahe-
dron Lett. 1997, 38, 331 -334.

[24] J. C. Muir, G. Pattenden, R. M. Thomas, Synthesis 1998, 613 —
618.

[25] E. Aguilar, A. I. Meyers, Tetrahedron Lett. 1994, 35, 2477 — 2480.

[26] A.I. Meyers, F. X. Tavares, J. Org. Chem. 1996, 61, 8207 —8215.

[27] P. Wipf, C. P. Miller, J. Org. Chem. 1993, 58, 3604 —3606.

[28] M. W. Bredenkamp, C.W. Holzapfel, W.J. van Zyl, Synth.
Commun. 1990, 20, 2235-2249.

Angewandte

imemationalediion . CEIMIE

[29] R. A. Hughes, S. P. Thompson, L. Alcaraz, C.J. Moody, J. Am.
Chem. Soc. 2005, 127, 15644 -15651.

[30] K. Guo, C.Ji, L. Li, Anal. Chem. 2007, 79, 8631 —8638.

[31] A. Sakakura, R. Kondo, S. Umemura, K. Ishiharaa, Adv. Synth.
Catal. 2007, 349, 1641 —1646.

[32] S.-L. You, H. Razavi, J. W. Kelly, Angew. Chem. 2003, 115, 87—
89; Angew. Chem. Int. Ed. 2003, 42, 83 -85.

Angew. Chem. Int. Ed. 2013, 52, 9518 —9523 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 9523


http://dx.doi.org/10.1016/S0040-4039(96)02344-1
http://dx.doi.org/10.1016/S0040-4039(96)02344-1
http://dx.doi.org/10.1055/s-1998-5934
http://dx.doi.org/10.1055/s-1998-5934
http://dx.doi.org/10.1016/S0040-4039(00)77148-6
http://dx.doi.org/10.1021/jo9613491
http://dx.doi.org/10.1021/jo00066a004
http://dx.doi.org/10.1080/00397919008053164
http://dx.doi.org/10.1080/00397919008053164
http://dx.doi.org/10.1021/ja0547937
http://dx.doi.org/10.1021/ja0547937
http://dx.doi.org/10.1021/ac0704356
http://dx.doi.org/10.1002/adsc.200700068
http://dx.doi.org/10.1002/adsc.200700068
http://dx.doi.org/10.1002/ange.200390029
http://dx.doi.org/10.1002/ange.200390029
http://dx.doi.org/10.1002/anie.200390059
http://www.angewandte.org

