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Total Synthesis of Siomycin A: Completion of the Total Synthesis
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Abstract: The total synthesis of siomy-
cin A (1), a representative compound
of the thiostrepton family of peptide
antibiotics, was achieved by incorporat-

pling with the [-phenylselenoalanine
dipeptide segment D (5) at the seg-
ment C portion followed by lactamiza-
tion between the segments A and D

gave segment A-C-D (27). This was
amidated with the pentapeptide seg-
ment B (3) at the segment A portion
followed by one-pot cyclization (be-

ing the five synthetic segments A (2),
B (3), C (4), D (5), and E (6). The de-
hydropiperidine segment A (2) was es-
terified with the dihydroquinoline seg-
ment C (4), and the subsequent cou-

products -
total synthesis

Introduction

In the preceding article,! we described, as the early stage of
the total synthesis of siomycin A (1), the construction of the
five practical synthetic segments: the tetrasubstituted dehy-
dropiperidine segment A (2), the pentapeptide segment B
(3), the tetrasubstituted dihydroquinoline segment C (4),
and the PB-phenylselenoalanine dipeptide segments D (5)
and E (6; Figure 1). In this article, the segment couplings
and the completion of the total synthesis of siomycin A (1)
are described.
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tween segments A and B) and elonga-
tion (with the [(-phenylselenoalanine
dipeptide segment E (6) at the seg-
ment A portion), thus furnishing sio-
mycin A (1).

natural
siomycin A -

Results and Discussion

Intramolecular Epoxide Opening for the A-Ring
Construction'”!

As already described in the preceding article,V) our strategy
for the total synthesis of siomycin A (1) is as follows. After
the A-ring construction from three segments (segments A
(2), C (4), and D (5)), it is coupled with segment B (3) fol-
lowed by cyclization (lactamization) of the resulting cou-
pling product and elongation of the side-chain segment E
(6) onto the cyclization product (Figure 1). We anticipated
as the first plan that the cyclic core segment A-C-D (A ring)
could be obtained by an intramolecular epoxide-opening re-
action of several epoxy amines having the masked dehy-
droalanine structures (for example, the L- and/or D-B-phe-
nylselenoalanine substructures) or the dehydroalanine struc-
ture (R!,R*=R?, R*=m bond; Figure 2).

To this end, we prepared the cyclization precursor 13 by
the route shown in Scheme 1. Segment D (5)!! was con-
densed with Bpoc-L-Val-OH (7)P! (Bpoc = 1-(4-biphenyl)-1-
methylethoxycarbonyl) using 2-chloro-1,3-dimethylimidazo-
lidium hexafluorophosphate (CIP)* and 1-hydroxy-7-aza-
benzotriazole (HOALt) to afford tripeptide 8 in 77% yield
from the NHBoc (Boc=tert-butoxycarbonyl) derivative of
5.1 Deprotection of the 9-fluorenylmethyl (Fm) ester in 8
was realized using diethylamine® in CH,Cl, to give acid 9 in
95% yield. On the other hand, segment A (2)!! was treated
with dilute trifluoroacetic acid (TFA)F! in CH,Cl, at room
temperature for 0.5h to produce amine 10 in 91% yield.
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Figure 1. Siomycin A and its synthetic segments. Boc=tert-butoxycarbonyl, Bpoc =1-(4-biphenyl)-1-methylethoxycarbonyl, TMSE = trimethylsilylethyl,
TES =triethylsilyl, Teoc =2-(trimethylsilyl)ethoxycarbonyl, TBS = fert-butyldimethylsilyl, Fm =9-fluorenylmethyl.

Figure 2. Intramolecular epoxide opening for the A-ring construction.

Condensation of acid 9 and amine 10 was conducted with 4-
(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM)®! and N-methylmorpholine (NMM) in
MeOH to afford 11 in 75% yield. The esterification of 11
with the epoxy—quinoline derivative 12! was then exam-
ined. Using DCC-DMAP (DCC =1,3-dicyclohexyl carbodii-
mide, DMAP =4-(dimethylamino)pyridine), BOP-Cl-tri-
ethylamine-DMAP  (BOP-Cl= N,N-bis(2-oxa-3-oxazolidi-
nyl)phosphordiamidic chloride),”’ and BOP-triethylamine
(BOP =benzotriazol-1-yloxy-tris(dimethylamino)phosphoni-
um hexafluorophosphate)® as the condensation reagents re-
sulted in no reaction. In contrast, it was found that the
CIPY_DMAP-iPr,NEt conditions were effective for this
esterification, affording 13 in 84 % yield.
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Deprotection of the Bpoc group in 13 by Mg(ClO,),”” in
acetonitrile at 40°C for 1 h afforded the free amine, which
was used for the intramolecular epoxide-opening reaction.
Although extensive reaction conditions, for example, Lewis
acid (LiCl1O,,™ Mg(Cl0,),," LiOTf™ Yb(OTf),"? (Tf=
trifluoromethanesulfonyl)), solvent, and reaction tempera-
ture, were investigated, all efforts resulted in failure, either
with no reaction or decomposition (probably aromatization
after the epoxide opening) of 13. Expecting a conformation-
al change in the cyclization precursor, other substrates 14,
15,51 16,3 and 17" were prepared (Figure 3) and subject-
ed to a variety of cyclization conditions after deprotection
of the Bpoc group. Unfortunately, either no reaction or de-
composition of the substrates occurred just as in the case of
13.

Model Studies for Intermolecular Epoxide Opening with
Amine!

Since the intramolecular epoxide opening for the A-ring
construction was unsuccessful, we next investigated the in-
termolecular epoxide-opening reaction using the model
quinoline epoxide 18" (racemate) and 1-Val-OBn 19 (Bn=
benzyl) in the presence of several types of Lewis acids as an
epoxide activator. The relevant experimental data are
shown in Table1. By our reported procedure!' using
LiClO,,"™ a 1:1 mixture of the coupling product 20 (40%
yield of isolated product as a 1:1 diastereomeric mixture)
and the aromatized 8-hydroxyquinoline (21) were obtained
(Table 1, entry 1). Other Lewis acids such as Ti(iPrO),,["”!
Zn(OTf),," Cu(OTf),,"™ and CeCl;7H,0" were not ef-
fective for this coupling (Table 1, entries 2-5). In the case of
Yb(OTf);, which had been used as a catalyst for the epoxide
openings with amines by the Crotti!'® and Yamamoto
groups,'®! the success depended on the solvent used. In
CH,Cl1,,"” the reaction resulted in a decomposition (Table 1,
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Scheme 1. Synthesis of precursor 13 for the A-ring cyclization. CIP =2-chloro-1,3-dimethylimidazolidium hexafluorophosphate, HOAt=1-hydroxy-7-aza-
benzotriazole, TFA =trifluoroacetic acid, DMTMM = 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride, NMM = N-methylmorpholine,

DMAP =4-(dimethylamino)pyridine.
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Figure 3. Five precursors for the A-ring cyclization.

entry 6). In THF,"®! compounds 20 and 21 were obtained in
a 1:1 ratio (Table 1, entry 7). The best result so far obtained
was when a 1:10 CH,Cl,-H,O mixture was used as a bipha-
sic solvent, affording 20 in 73 % yield of isolated product
without the formation of 21 (Table 1, entry 8). The presence
of water seems to be crucial to this epoxide-opening reac-
tion.”! The substrates 18 and 19 dissolve in CH,Cl,, and Yb-
(OTf); dissolves in water. This biphasic reaction medium
seems to match our demand to softly activate epoxide 18;
the strong activation of 18 with a Lewis acid induces the for-
mation of the aromatized 21.
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Table 1. Model studies for intermolecular epoxide opening.[*!

+ HoN 0
X N
(e]
18 (1.0 equiv) 19 (1.1 equiv) 20
OH
_N
+ |
X
21
Entry Lewis acid Solvent T t  Ratio® of 20/21/
(equiv) [°C] [h] 18
1 LiClO, (5.0) CH,;CN 70 15 49:51:01
2 Ti(iPrO), (2.0) THF reflux 25 10:0:90
3 Zn(OTf), (1.0) CH;CN RT 22 decomp.
4 Cu(OTf), (0.1) CH;CN 70 22 0:79:21
5 CeCly7H,0 9:1 CH;CN- RT 22 no reaction
0.5) H,0
6 Yb(OTt); (0.5) CH,CL, RT 21 decomp.
7 Yb(OTf); (0.1) THF reflux 30  30:30:40
8 Yb(OTf); (0.2) 1:10 CH,Cl,- RT 24 91:0:9'
H,0

[a] Bn=benzyl. [b] The ratio of 20/21/18 was based on 'H NMR analysis
of the crude products. [c] Yield of isolated 20 after silica-gel column chro-
matography was 40% (entry 1) and 73 % (entry 8).

These results prompted us to investigate the coupling of
18 with tripeptide 22a®!! (1-valine-L-alanine-L-alanine struc-
ture) and 22b® (L-valine-L-B-phenylselenoalanine-L-B-phe-
nylselenoalanine structure; Scheme 2). Quinoline epoxide
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Scheme 2. Model studies for intermolecular epoxide opening with tripep-
tides.

18 (1.0 equiv) was treated with 22a (1.1 equiv) in 1:10
CH,Cl,-H,O in the presence of a catalytic amount
(0.2 equiv) of Yb(OTf); at room temperature for 48h,
giving a 76:9:15 mixture of 23a, 21, and 18. In contrast, the
coupling of 18 with 22b under the same conditions afforded
a 56:44 mixture of 21 and 18; unfortunately, no 23b was ob-
tained. Therefore, we selected, as segment C, compound 4
(Figure 1), which was prepared by the epoxide opening with
L-Val-OFm as already described in the preceding article.!"

M. Nakata, K. Hashimoto et al.

Synthesis of Segments A-C-D (27):*! Successful A-Ring
Construction

Condensation of 1.2 equiv of segment A (2)!"! and 1.0 equiv
of segment C (4) was realized with CIP/ DMAP, and
iPr,NEt in CH,Cl, to give 24 in 67% yield (Scheme 3).
After deprotection of the Fm ester in 24 with 1:1 diethyl-
amine—-CH,CL,"”! the resulting carboxylic acid (1.0 equiv)
was coupled with 1.2 equiv of segment D (5)!!) with CIP,¥
HOALt, and iPr,NEt in CH,Cl, to give 25 in 94 % yield from
24. Deprotection of the Bpoc group in 25 with Mg(ClO,),"!
in acetonitrile followed by deprotection of the Fm group®
afforded the cyclization precursor 26 in 67 % yield. The cru-
cial cyclization into segment A-C-D (27) was carried out
under a variety of condensation conditions, which are com-
piled in Table 2. Under the EDC-HOAt-NMM (EDC=1-
[3-(dimethylamino)propyl]-3-ethylcarbodiimide  hydrochlo-
ride) and PyBOP-iPr,NEt? (PyBOP =benzotriazolyloxy-
tris(pyrrolidino)-phosphonium hexafluorophosphate) condi-
tions, the yield of isolated 27 was 49% in each case
(Table 2, entries 1 and 2). The DPPA-Pr,NEt*! (DPPA =
diphenylphosphoryl azide) conditions did not meet our de-
mands, being accompanied by decomposition (19 % yield of
27, Table 2, entry 3). After investigating a variety of reaction
conditions using 2-(1-oxy-7-azabenzotriazol-3-yl)-1,1,3,3-tet-
ramethylguanidium hexafluorophosphate (HATU)?! (i.e.,
base and solvent, Table 2, entries 4-8), we found that the
best conditions were 5.0 equiv of HATU and 5.0 equiv of

segment A (2)

\NH

segment A-C-D (27)

CIP, DMAP, iPr,NEt
CH,Cly, RT, 67%

“gePh  HATU, NMM

H< @)
Njﬁ\ )K(
H o CH,Cly RT, 79% /
H ~——  TMSEO
HOTBS --w<

1. Mg(ClOy),, acetonitrile, 40 °C
2. Et)NH-CH,Cl,, RT, 67% (2 steps)

SePh

1. EtNH-CH,Clp, RT

J\( "SgePh | 2.5, CIP, HOAL, iProNEt
NH, CH,Cly, 0 °C, 94% (2 steps)

segment D (5) o

C 25: R' = NHBpoc, R? = CO,Fm
26: R" = NH,, R? = CO,H

Scheme 3. Synthesis of segment A-C-D (27). HATU =2-(1-oxy-7-azabenzotriazol-3-yl)-1,1,3,3-tetramethylguanidium hexafluorophosphate.
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Completion of the Total Synthesis of Siomycin A

Table 2. A-ring cyclization.!”!

26 _—

segment A-C-D (27)

RT

Entry Reagents and solvent”! t [h] Yield [% ]!
1 EDC, HOAt, NMM, DMF 25 49

2 PyBOP, iPr,NEt, CH,Cl, 45 49

3 DPPA, iPr,NEt, CH,Cl, 45 191!

4 HATU, 2,4,6-collidine, CH,Cl, 24 46

5 HATU, iPr,NEt, CH,Cl, 2 58

6 HATU, NMM, CH,Cl, 24 79

7 HATU, NMM, DMF 25 45

8 HATU, NMM, THF 45 141

[a] EDC=1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide  hydrochlo-

ride, PyBOP =benzotriazolyloxy-tris(pyrrolidino)-phosphonium hexa-
fluorophosphate, DPPA =diphenylphosphoryl azide. [b] 5.0 equiv (for 26)
of each reagent and 1 mm (for 26) solvent were used. [c] Yield of isolated
product after silica-gel column chromatography. [d] Multispot on TLC.

NMM in CH,CI, at room temperature for 24 h, affording 27
in 79 % yield (Table 2, entry 6). The structure of 27 was con-
firmed by the mass spectrum and the 'H and “C NMR spec-
tra, including H-H COSY, HMQC, and HMBC.

Completion of the Total Synthesis of Siomycin A (1)

With segment A-C-D (27; A ring) in hand, we pursued the
final goal. The Boc group in 27 was deprotected with 4m

AN
N © "SePh
HN._.O

H
HOTBS ...<
A _NH

H  HCl-dioxane, RT

)
¢ o)
OTMSE slg)f'
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HCl-dioxane to afford mono-tert-butyldimethylsilyl (TBS)
ether 28 along with a small amount of di-TBS ether 29
(Scheme 4). It is noted that these compounds must be treat-
ed as the HCI salt because the corresponding free amines
easily undergo O —N acyl-group migration at the segment
A-C junction. This crude mixture was coupled with segment
B (3)!%! using HATUP and iPr,NEt in CH,Cl,, giving 30
and its TBS ether 31 in 60% and 8% yields, respectively.
We first attempted selectively deprotecting one of the two
trimethylsilylethyl (TMSE) esters in 30. It was anticipated
that ZnCl,, which had been used as a deprotection reagent
for the 2-(trimethylsilyl)ethoxycarbonyl (Teoc) group,?”
would be applicable to the deprotection of the TMSE ester,
and additionally, the simultaneous deprotection of the Teoc
and acetonide groups would occur. However, under the con-
ditions of 100 equiv of ZnCl,—ether in nitromethane at room
temperature for 24 h, we could not realize this selective de-
protection; the dicarboxylic acid and a mixture of the mono-
carboxylic acids were nonselectively obtained, although the
Teoc and acetonide groups were smoothly cleaved.”! In the
total synthesis of thiostrepton, Nicolaou et al. also encoun-
tered the uncontrollable deprotection and B-ring cyclization
sequence (Figure 4).") Bis-methyl ester 33 was treated with
Me;SnOH in 1,2-dichloroethane to afford an inseparable
mixture (ca. 2:1) of monoacids (34 + 35) in 52% combined
yield, accompanied by a 14% yield of diacid 36 and 28 %

Q

HY 2
WS OH
o H
PhSe H HNA(N,
H ITH
o .

TESOHoTES
segment B (3)

H'NH,

HATU, iProNEt
CH,Cly, 0 °C
then RT

TBSO H
28: R = H (HCl salt)
29: R = TBS (HCl salt)

o) OTMSE s

87% from 30 X_ NTeoc e ~H
H™ = H'
o NH
l_r"}l o -
Ws o: WA TBSO™ “H
Phse H HN' ,
H 30: R =H (60% from 27)
[OJRY 31: R = TBS (8% from 27)

Scheme 4. Coupling of segment A-C-D (27) and segment B (3). DAST =diethylaminosulfur trifluoride.
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L. (37 +38) — 39
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Figure 4. Uncontrollable deprotection and B-ring cyclization by the Nicolaou group. Alloc =allyloxycarbonyl.

yield of the starting material 33. Reduction of the azide
group in this mixture (34 + 35) with PMe;—H,O led to the
corresponding amino acids (37 + 38), which were cyclized
by HATU-HOAt-iP1,NEt to afford a single product 39 in
32% yield from acids 34 and 35. They claimed that the un-
desired 38 was unable to cyclize upon activation, being in-
stead consumed during the reaction through polymerization
or decomposition pathway.

We then turned our attention to the regioselective cycliza-
tion—elongation of the dicarboxylic acid. Prior to this, 30
was first treated with diethylaminosulfur trifluoride
(DAST)[M2) in CH,LCI, to give thiazoline 32 in 87 % yield
(Scheme 4). Deprotection of three kinds of protecting
groups (Teoc, acetonide, and TMSE) in 32 was cleanly real-
ized using 100 equiv of ZnCl,—ether™ in nitromethane at
room temperature for 48 h, thus producing the cyclization—
elongation precursor 40 (Scheme 5). The one-pot reaction
was carried out under the conditions shown in Table 3. First
(Table 3, entry 1), to a solution of 1.0 equiv of 40 in DMF
(1 mm) were added at 0°C EDC and HOAt. After 3h at
0°C, 5.0 equiv of segment E (6)!"! was added and the mix-
ture was stirred at room temperature for 24 h, affording the
crude products including 41 after removing the excess 6 by
Sephadex LH-20 eluted with CHCI;. Since the structure of
41 could not be confirmed at this stage, we further proceed-
ed to the two-step transformation into siomycin A. These
crude products were treated with HF-pyridine-THF
(1:4)803% to afford the crude products including 42, which
were finally subjected to oxidative elimination with 4Mm
TBHP-CH,Cl, (TBHP =tert-butyl hydroperoxide) in 1:5
TFE-CH,CI, (TFE =2,2,2-trifluoroethanol) at room temper-
ature for 1h,220203031 giving siomycin A (1) in only 1%
yield from 32, along with 4% yield of the regioisomeric cyc-
lization—elongation product 43 (Figure 5). The structure of

1018
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43 was tentatively assigned on the basis of the 'H NMR and
MS spectra. We next examined the HATUP*—;Pr,NEt con-
ditions in several solvents, that is, DMF (Table 3, entry 2),
THF (Table 3, entry3), dioxane (Table3, entry4),
DMF-CH;CN (Table 3, entryS5), and 1:4 DMF-CH,Cl,
(Table 3, entry 6). The best conditions were entry 6, giving
siomycin A (1) and its isomer 43 in 7% and 8% yields, re-
spectively, from 32. The synthetic siomycin A was identical
to the natural siomycin A based on the '"H NMR, “C NMR,
IR, and MS spectra, TLC, and optical rotation. This four-
step sequence (32—1) consists of 14 chemical transforma-
tions (deprotection of seven protecting groups, B-ring cycli-
zation, elongation of segment E, Z-olefin formation, and ox-
idative dehydroselenation of four phenylselenoalanines);
therefore, the 7% overall yield of 1 from 32 corresponds to
an average of about 83 % yield. It is noteworthy that the
final two-step operation could not be reversed, in contrast
to Nicolaou’s thiostrepton synthesis,®®3" because it was
found that siomycin A gradually changed into siomycin B,
which is the side-chain degradation product of siomycin A,
under the HF-pyridine-THF (1:4) conditions (RT, during
24 h). In addition, when the model pentapeptide 44"°! was
subjected to the HF-pyridine-THF (1:4) conditions (RT,
4h), the Z olefin 45 was obtained in 70% yield as the sole
product (Scheme 6). The stereochemistry of 45 was con-
firmed by NOE analysis of the '"H NMR spectrum, and addi-
tionally, by transformation with triethylsilyl trifluorometha-
nesulfonate (TESOTf) and 2,6-lutidine into 46, which was
identical to the sample® derived from 44 by syn elimination
using TBHP. These facts indicate that the dehydroselenation
next to the thiazoline C2 position affords the thermodynam-
ically stable Z olefin by equilibration that originated from
the protonation of the nitrogen atom in the thiazoline ring,
and therefore, account for the Z selectivity from 41 to 42.

Chem. Asian J. 2008, 3, 1013 -1025
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SePh

“SePh
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DMF—-CH4Cly, 0 °C
then 6, RT

TBHP-CH,Cl,
TFE-CH,Cl,
RT, 7% from 32

Scheme 5. Completion of the total synthesis of siomycin A (1). TBHP =tert-butyl hydroperoxide, TFE =2,2 2-trifluoroethanol.

Table 3. One-pot cyclization—elongation of 40.
1. reagents and solvent

(0°C,3h)

2. segment E (6), RT, 24h

M = 1+43

Entry  Reagents!? Solvent®! Yield [%]™
1 43
1 EDC, HOAt, iPr,NEt DMF 1 4
2 HATU, iPr,NEt DMF 2 18
3 HATU, iPr,NEt THF 0 3
4 HATU, iPr,NEt dioxane 3 0
5 HATU, iPr,NEt 1:4 DMF-MeCN 4 8
6 HATU, iPr,NEt 1:4 DMF-CH,Cl, 7 8

[a] 5.0 equiv (for 40) of each reagent and 1 mm (for 40) solvent were
used. [b] Isolated yield (preparative TLC on silica gel) from 32 after con-

version of the crude products including 41 to siomycin A (1) and its
isomer 43 through further two steps.
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Figure 5. Structure of regioisomeric cyclization-elongation product 43.
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Scheme 6. Model studies for dehydroselenation.

Conclusions

We have succeeded in the total synthesis of siomycin A, a
representative compound of the thiostrepton family of pep-
tide antibiotics, by the coupling of the five practical synthet-
ic segments: the tetrasubstituted dehydropiperidine seg-
ment A (2), the pentapeptide segment B (3), the tetrasubsti-
tuted dihydroquinoline segment C (4), and the -phenylsele-
noalanine dipeptide segments D (5) and E (6). Because the
intramolecular epoxide-opening reaction with the amino
function for the synthesis of segment A-C-D (27) was a fail-
ure, segment A-C-D (27) was prepared by the condensation
(esterification) of segment A (2) with segment C (4), which
was derived from the epoxyquinoline derivative by the inter-
molecular epoxide opening with the L-valine derivative, fol-
lowed by the coupling (amidation) with segment D (5) and
cyclization (lactamization). The amidation of segment A-C-
D (27) with segment B (3) and thiazoline formation afford-
ed 32. After deprotection of the Teoc, acetonide, and TMSE
groups, the resulting diacid was subjected to a one-pot cycli-
zation—elongation (with segment E (6)), deprotection, and
oxidative elimination to furnish siomycin A (1).

Experimental Section

General

The melting points were determined on a micro-hot-stage Yanaco MP-S3
and were uncorrected. Optical rotations were measured on a JASCO
DIP-360 polarimeter. IR spectra were recorded on a JASCO FT IR-200
spectrometer. 'H and "C NMR spectra were measured on a JEOL GSX-
270 spectrometer, a JEOL LAMBDA 300 spectrometer, a Varian MER-
CURY plus 300 spectrometer, or a Bruker AV-600 spectrometer. Chemi-
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cal shifts of "HNMR spectra are expressed in ppm relative to TMS
(0 ppm) in CDCl; or to the solvent residual signal CDCl; (7.26 ppm),
CD;CN (1.94 ppm), 4:1 CDCL-CD;OD (7.38 ppm), or [Dg]THF
(3.57 ppm) as an internal standard unless otherwise noted. Chemical
shifts of "C NMR spectra are expressed in ppm relative to the solvent
signal in CDCl; (77.00 ppm), CD;CN (118.26 ppm), or [Dg]THF
(24.55 ppm) as an internal standard unless otherwise noted. Low- and
high-resolution mass spectra were recorded on a JEOL GCmate (EI and
FAB) and JEOL Accu TOF JMS-T100 LCS (ESI). Silica-gel TLC and
preparative TLC (PTLC) were performed on a Merck 60F-254. Silica-gel
column chromatography was performed on a Fuji-Davison PSQ100B.
Air- and/or moisture-sensitive reactions were carried out under an atmos-
phere of argon with oven-dried glassware. In general, the organic sol-
vents were purified and dried by appropriate procedures, and evapora-
tion and concentration were carried out under reduced pressure below
30°C.

Tripeptide 8: To a solution of amine 5 (416 mg, 6.41 x 10" mmol) in dry
CH,Cl, (6.4mL) at 0°C under Ar atmosphere were added iPr,NEt
(0.274 mL, 1.57 mmol), Bpoc-L-Val-OH (7)P (251 mg, 7.06 x 10~" mmol),
HOAt (105 mg, 7.71x10"" mmol), and CIP (215 mg, 7.71x 10~ mmol).
After stirring at room temperature for 3 h, the reaction mixture was
quenched with H,O (10 mL) and saturated aqueous NaHCO; (1 mL).
The mixture was extracted with CHCl; (10 mLx3). The combined ex-
tracts were dried over Na,SO,, filtered through celite, and evaporated.
The residue was chromatographed on silica gel (30% AcOEt/hexane) to
afford tripeptide 8 (484 mg, 77 % from the NHBoc derivativel!! of 5) as a
colorless foam: R;=0.53 (40% AcOEt/hexane); [a]® —17.5 (¢ 1.00,
CHCL;); IR (KBr): #=3295, 3060, 2965, 1700, 1650, 1505, 1485, 1200,
1145, 1100, 1020, 760, 740, 695 cm™'; '"H NMR (CDCL,): 6 =7.81-7.68 (m,
2H, PhSe), 7.60-7.06 (m, 25H, Fm, biphenyl, and PhSe), 6.94 (brd, J=
7.2Hz, 1H, CONH), 6.64 (brd, /J=7.0 Hz, 1H, CONH), 5.20 (brd, /=
8.2 Hz, 1H, NHBpoc), 470 (m, 1H, PhSeAla H-a), 4.47 (m, 1H, PhSeA-
la H-a), 424 (dd, /=6.4, 9.8 Hz, 1H, Fm CH,), 4.12-3.96 (m, 2H, Fm
CH, and Fm H-9), 3.88 (m, 1H, Val H-a), 3.30-2.98 (m, 4H, PhSeAla H-
px4), 2.14 (m, 1H, Val H-B), 1.81 (s, 6H, Bpoc Mex2), 093 (d, J=
6.8 Hz, 3H, Val Me-B), 0.87 ppm (d, J=6.8 Hz, 3H, Val Me-$); “C NMR
(CDCly): 6=171.21, 169.55, 169.25, 155.14, 145.10, 143.29, 143.21, 141.25,
141.19, 140.68, 139.76, 133.64, 132.85, 129.28, 129.13, 128.67, 127.86,
127.63, 127.47, 127.16, 127.12, 127.04, 124.98, 124.92, 124.65, 120.00, 81.31,
67.26, 59.91, 52.74, 52.54, 46.42, 30.66, 29.10, 28.95, 19.33, 17.47 ppm;
HRMS (ESI): m/z [M+Na]* calcd for Cs;Hs;N;NaO*Se,: 1010.2163;
found: 1010.2155.

Model A-D (11): To a solution of 8 (83.3 mg, 8.45x 10~ mmol) in CH,Cl,
(0.42mL) at 0°C was added HNEt, (0.42 mL). The reaction mixture was
stirred at room temperature for 1.5 h and then evaporated. The residue
was chromatographed on silica gel (30 %-50 % acetone/hexane) to afford
carboxylic acid 9 (64.7 mg, 95%) as a colorless foam. On the other hand,
segment A (2; 21.3 mg, 1.90x 107> mmol) was dissolved in 0.5% TFA-
CH,Cl, (0.190 mL) at 0°C. After stirring at room temperature for 30 min,
the reaction mixture was evaporated. To the residue was added H,O
(I mL) and this was washed with hexane (1 mLx3). The aqueous layer
was basified with saturated aqueous NaHCO; and the mixture was ex-
tracted with AcOEt (1 mL x3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated. The residue was chroma-
tographed on silica gel (40% acetone/hexane) to afford amine 10
(152 mg, 91%) as a yellow foam. To a solution of amine 10 (17.9 mg,
2.03x 1072 mmol), carboxylic acid 9 (19.7 mg, 2.44x10>mmol), and
NMM (0.0030 mL, 2.7 x 10~ mmol) in MeOH (0.2 mL) at room tempera-
ture was added DMTMM (6.8 mg, 2.5x 107> mmol). After stirring at
room temperature for 2 h, the reaction mixture was quenched with H,O
(1 mL) and the mixture was extracted with AcOEt (2 mL x3). The com-
bined extracts were dried over Na,SO,, filtered through celite, and
evaporated. The residue was chromatographed on silica gel (50%
AcOEt/hexane) to afford 11 (25.4 mg, 75% from 10) as a yellow foam:
R;=0.87 (100% AcOE); [«]5 —13.3 (c 1.00, CHCL,); IR (KBr): #=3315,
2955, 1715, 1500, 1365, 1250, 1175, 1100, 1020, 935, 840, 765, 740,
695 cm™'; '"H NMR (CDCl;): 6=8.14 (s, 1 H, thiazole H-5), 8.04 (brs, 1H,
piperidine 5-NHCO), 7.85 (s, 1H, thiazole H-5), 7.60-7.11 (m, 20H, bi-
phenyl, PhSe x2, and Ala CONH), 7.10-7.00 (m, 1H, PhSeAla CONH),
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6.80-6.68 (m, 1H, PhSeAla CONH), 6.76 (s, 1H, thiazole H-5), 5.85
(brd, /=82 Hz, 1H, BocNH), 5.43 (brs, 1H, piperidine H-6), 5.27-5.06
(m, 1H, BpocNH), 4.88 (brd, J=8.8 Hz, 1H, Thr H-u), 4.67-4.55 (m,
1H, Thr H-p), 4.52-4.27 (m, SH, PhSeAla H-a, CH,CH,SiMe; x 2), 4.27—
4.09 (m, 2H, PhSeAla H-a and Ala H-a), 3.81-3.68 (m, 1H, Val H-a),
3.56-3.42 (m, 1H, piperidine H-4), 3.36-2.66 (m, 7H, piperidine H-4 and
H-3x2, and PhSeAla H-fx4), 2.20-2.03 (m, 1H, Val H-B), 1.95 (brs, 1 H,
OH), 1.81 (s, 3H, Bpoc Me), 1.78 (s, 3H, Bpoc Me), 1.48 (s, 9H, Boc),
1.31-1.20 (m, 6H, Ala Me-a and Thr Me-f), 1.20-1.08 (m, 4H,
CH,CH,SiMe;x2), 0.93 (d, 3H, J=6.4 Hz, Val Me-B), 0.89 (d, 3H, J=
6.4Hz, Val Me-p), 0.08 (s, 9H, CH,CH,SiMe,), 0.06 ppm (s, 9H,
CH,CH,SiMe;); C NMR(CDCl;): 6=175.02, 172.01, 171.92, 170.12,
169.68, 169.32, 162.97, 161.45, 161.40, 155.76, 152.32, 148.00, 147.03,
144.66, 140.40, 139.97, 132.99, 132.73, 130.20, 129.52, 129.24, 128.73,
128.34, 127.86, 127.67, 127.37, 127.29, 127.07, 126.97, 124.64, 118.22, 82.05,
80.13, 68.33, 66.47, 63.76, 63.49, 60.80, 59.94, 57.79, 53.69, 53.13, 50.30,
49.89, 30.02, 29.25, 28.79, 28.34, 26.98, 24.67, 22.09, 20.10, 19.28, 18.27,
17.76, 1739, —1.47 ppm; HRMS (ESI): m/z [M+Na]* caled for
CreHosN ,NaO58,%Se,Si,: 1693.4244; found: 1693.4239.

Model A-C-D (13): To a solution of 11 (32.2 mg, 1.93x 10~ mmol), 12
(20.1 mg, 5.78x10>mmol), DMAP (14.1 mg, 1.15x107' mmol), and
iPr,NEt (0.0200 mL, 1.15x 10" mmol) in CH,Cl, (0.2 mL) at room tem-
perature under Ar atmosphere was added CIP (16.1mg, 5.78x
1072 mmol). After stirring at room temperature for 1 h, the reaction mix-
ture was quenched with H,O (1 mL). The mixture was extracted with
CHCl; (1mLx1) and AcOEt (1 mLx2). The combined extracts were
dried over Na,SO,, filtered through celite, and evaporated. The residue
was chromatographed on silica gel (20% AcOEt/CHCL,;) to afford ester
13 (32.4 mg, 84% from 11) as a yellow foam: R;=0.57 (45% AcOEt/
CHCL); [a]f —11.6 (¢ 1.00, CHCL); IR (KBr): #=2955, 2855, 1720,
1500, 1365, 1300, 1255, 1160, 1100, 1040, 970, 935, 840, 780 cm™';
"HNMR (CD;CN, 50°C): 6 =8.25 (s, 1 H, quinoline H-3 or thiazole H-5),
8.15 (s, 1H, quinoline H-3 or thiazole H-5), 7.91 (brs, 1 H, piperidine 5-
NHCO), 7.70-7.03 (m, 24 H, biphenyl, PhSe x2, quinoline H-5, CONH x
3, and quinoline H-3 or thiazole H-5), 7.09 (s, 1H, thiazole H-5), 6.73
(dd, J=3.8, 10.0Hz, 1H, quinoline H-6), 6.24 (brd, J=88Hz, 1H,
NHBoc), 5.87-5.67 (m, 1H, NHBpoc), 5.72 (dq, J=3.8, 6.2 Hz, 1H, Thr
H-p), 5.56 (brs, 1H, piperidine H-6), 5.31 (q, /J=6.2 Hz, 1H, CH;CH-
(OTBS)), 5.25 (dd, J=3.8, 8.8 Hz, 1H, Thr H-a), 4.62 (d, J=3.8 Hz, 1H,
quinoline H-8), 4.52-4.26 (m, 6H, PhSeAla H-ax2 and Me;SiCH,CH, x
2), 4.14 (ddd, J=1.6, 3.8, 3.8 Hz, 1H, quinoline H-7), 4.04 (dq, /=6.4,
6.4 Hz, 1H, Ala H-a), 3.84 (brs, 1H, Val H-a), 3.40-2.78 (m, 7H, PhSe-
Ala H-p x2, piperidine H-3 and H-4), 2.57 (m, 1H, piperidine H-3 or H-
4), 2.06 (m, 1H, Val H-f), 1.75 (s, 3H, Bpoc CH;), 1.74 (s, 3H, Bpoc
CH,), 1.48-1.39 (m, 3H, Thr H-B), 1.43 (s, 9H, Boc), 1.36 (d, J=6.2 Hz,
3H, CH;CH(OTBS)), 1.19 (d, J=6.4, 3H, Ala Me-a), 1.16-1.00 (m, 4H,
Me;SiCH,CH, x2), 0.98-0.86 (m, 6H, Val Me-fx2), 0.93 (s, 9H, rBu-
Me,Si), 0.09 and 0.05 (each s, 21H, Me;SiCH,CH,x2 and BuMe,Si),
—0.04 ppm (s, 3H, BuMe,Si); "CNMR (CD;CN, 50°C): 6=176.62,
173.68, 173.43, 171.58, 171.26, 170.66, 164.48, 163.95, 162.19, 162.09,
156.74, 154.52, 154.39, 153.65, 149.15, 147.77, 147.13, 146.92, 141.60,
140.49, 133.70, 133.35, 131.58, 131.26, 131.14, 130.65, 130.51, 130.30,
129.97, 128.71, 128.46, 128.10, 127.98, 127.81, 127.57, 126.13, 126.08,
123.99, 120.00, 82.02, 81.11, 74.78, 68.40, 66.58, 64.37, 64.06, 61.78, 60.49,
59.28, 59.10, 58.33, 54.95, 54.33, 54.24, 52.19, 31.53, 30.44, 29.88, 29.54,
29.44, 29.17, 28.82, 28.62, 26.48, 26.44, 26.28, 25.81, 19.84, 18.93, 18.39,
18.17, 18.14, 18.05, 17.73, —1.22, —1.23, —4.35, —4.49 ppm; HRMS (ESI):
m/z [M+Na]* caled for CyH;yN;NaO,S;*Se,Siy: 2022.5691; found:
2022.5674.

Compound A-C (24): To a solution of segment A (2; 25.0 mg, 2.24x
102 mmol), segment C (4; 141mg, 1.86x10~>mmol), iPr,NEt
(0.0080 mL, 4.6 x 10> mmol), and DMAP (1.1 mg, 9.0x 10~* mmol) in dry
CH,Cl, (0.2 mL) at 0°C under Ar atmosphere was added CIP (6.2 mg,
2.2x 1072 mmol). After stirring at room temperature for 10 min, the reac-
tion mixture was quenched with H,O (1 mL) and the mixture was ex-
tracted with CHCIl; (1 mLx3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated. The residue was chroma-
tographed on silica gel (30% AcOEt/hexane) to afford 24 (23.2 mg,
67%) as a yellow foam: R;=0.40 (30% AcOEt/hexane); [a]5 —15.1 (¢
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1.00, CHCLy); IR (KBr): 7#=2955, 2860, 1725, 1490, 1365, 1250, 1100, 840,
780, 700 cm™'; "H NMR ([D¢]DMSO, 50°C): 6 =8.51 (s, 1 H, quinoline H-
3 or thiazole H-5), 8.47 (s, 1 H, piperidin 5-NHCO), 8.09 (s, 1H, quinoline
H-3 or thiazole H-5), 7.83 (m, 2H, Ph), 7.70-7.20 (m, 19H, quinoline H-3
or thiazole H-5, thiazole H-5, Fm, biphenyl, NHBpoc, and NHBoc), 6.87
(d, J=9.8 Hz, 1 H, quinoline H-5), 6.12 (dd, /=3.8, 9.8 Hz, 1 H, quinoline
H-6), 5.59 (m, 1H, Thr H-f), 5.47 (brs, 1H, piperidine H-6), 522 (q, /=
6.4 Hz, 1H, CH(CH;)OTBS), 5.13 (m, 1H, Thr-a), 4.67 (d, /J=6.0 Hz,
1H, quinoline H-8), 4.56 (d, /J=6.0 Hz, 2H, Fm CH,), 4.46—4.18 (m, 5H,
Me;SiCH,CH, x2 and Fm H-9), 3.78 (m, 1H, Ala H-a), 3.37 (m, 1H,
quinoline H-7), 3.32 (m, 1H, piperidine H-4), 3.10-2.76 (m, 2H, piperi-
dine H-3), 3.02 (m, 1H, Val H-a), 2.55 (m, 1H, piperidine H-4), 1.68-
1.45 (m, 1H, Val H-), 1.54 and 1.52 (each s, 6H, Bpoc Me x2), 1.42-1.17
(m, 9H, Thr Me-f3, Ala Me-a, and CH(CH;)OTBS), 1.34 (brs, 9H, Boc),
1.14-0.96 (m, 4H, Me;SiCH,CH, x2), 0.86 (s, 9H, SiMe,Bu), 0.79 (s, 9H,
SiMe,tBu), 0.68 (d, /J=6.4 Hz, 3H, Val Me-f), 0.62 (d, J=6.4 Hz, 3H,
Val Me-f3), 0.07 and 0.03 (each s, 24 H, Me,SiCH,CH, x2 and SiMe,/Bu x
2), —0.03 (s, 3H, SiMe,tBu), —0.08 ppm (s, 3H, SiMe,/Bu); *C NMR
([D]DMSO, 50°C): 6=175.02, 173.70, 172.88, 168.77, 163.25, 162.09,
160.47, 160.36, 156.21, 151.99, 150.05, 146.84, 145.60, 145.56, 144.48,
143.47, 143.40, 140.64, 139.76, 138.27, 132.15, 131.19, 128.60, 127.92,
127.36, 127.02, 126.82, 126.74, 126.49, 126.31, 126.06, 124.60, 121.62,
121.49, 119.79, 119.76, 119.25, 79.84, 78.79, 73.98, 72.22, 66.38, 65.31,
64.89, 63.08, 62.65, 62.35, 58.85, 56.28, 55.67, 51.35, 46.38, 30.74, 30.39,
29.40, 27.84, 25.52, 25.44, 25.21, 18.65, 17.81, 17.76, 17.53, 16.97, 16.77,
—1.65, —1.69, —4.42, —5.06, —5.26, —5.34 ppm; HRMS (FAB): m/z [M +
H]* caled for CosH,py CN,yO45S5Si,: 1879.7779; found: 1879.7780.

Compound A-C-D (25): To a solution of 24 (20.6 mg, 1.11 x 10~ mmol)
in CH,Cl, (0.55mL) at 0°C was added Et,NH (0.55mL). The reaction
mixture was stirred at room temperature for 1 h and then evaporated.
The residue was chromatographed on silica gel (30 % acetone/hexane) to
afford carboxylic acid (18.6 mg, quantitative yield) as a yellow foam. To a
solution of this carboxylic acid (18.6 mg, 1.11x1072 mmol), segment D
(5; 8.6 mg, 1.33x 1072 mmol), iPr,NEt (0.0050 mL, 2.9x 107> mmol), and
HOAt (1.8 mg, 1.3x107> mmol) in dry CH,Cl, (0.11 mL) at 0°C under
Ar atmosphere was added CIP (3.7 mg, 1.3x107> mmol). The reaction
mixture was stirred at 0°C for 0.5h and then at room temperature for
0.5 h. The mixture was quenched with H,O (1 mL) and saturated aqueous
NaHCO; (0.1 mL), and the mixture was extracted with CHCI; (1 mL x 3).
The combined extracts were dried over Na,SO,, filtered through celite,
and evaporated. The residue was chromatographed on silica gel (40%
AcOEt/hexane) to afford 25 (24.0 mg, 94%) as a yellow foam: R;=0.69
(50% AcOEt/hexane); [a]% —29.0 (¢ 1.00, CHCL); IR (KBr): #=2955,
2860, 1720, 1500, 1365, 1250, 1220, 1100, 930, 840, 780, 760, 740, 700 cm™';
'"HNMR ([D¢]DMSO, 50°C): 6=8.62 (d, J=7.4Hz, 1H, PhSeAla
CONH), 8.52 (s, 1 H, quinoline H-3 or thiazole H-5), 8.48 (brs, 1 H, piper-
idine 5-NHCO), 832 (d, /=84 Hz, 1H, PhSeAla CONH), 8.28 (s, 1H,
quinoline H-3 or thiazole H-5), 8.10 (s, 1 H, quinoline H-3 or thiazole H-
5), 7.91-7.80 (m, 3H, PhSe), 7.68-7.12 (m, 27H, NHBpoc, NHBoc, bi-
phenyl, Fm, PhSe x2 and thiazole H-5), 6.91 (d, /=10.2 Hz, 1H, quino-
line H-5), 6.40 (dd, J=4.0, 10.2 Hz, 1 H, quinoline H-6), 5.60 (m, 1H, Thr
H-B), 547 (brs, 1H, piperidine H-6), 522 (q, /J=62Hz, 1H, CH-
(CH,)OTBS), 5.14 (m, 1H, Thr H-q), 4.77-4.63 (m, 1H, PhSeAla H-a),
4.68 (d, J=5.8 Hz, 1H, quinoline H-8), 4.50-4.25 (m, 7H, PhSeAla H-a,
Fm CH,, and Me;SiCH,CH, x2), 4.20 (dd, /=6.2, 6.2 Hz, 1H, Fm H-9),
3.78 (m, 1H, Ala H-a), 3.57 (m, 1H, quinoline H-7), 3.31-3.16 (m, 1H,
PhSeAla H-B), 3.14-2.78 (m, 6 H, PhSeAla H- x3, Val H-a, and (piperi-
dine H-3 or H-4) x2), 2.57 (m, 1H, piperidine H-3 or H-4), 2.23 (m, 1H,
piperidine H-3 or H-4), 1.62 (m, 1H, Val H-f), 1.54 (s, 3H, Bpoc Me),
1.52 (s, 3H, Bpoc Me), 1.40-1.21 (m, 9H, CH(CH;)OTBS, Ala Me, and
Thr Me-f), 1.34 (brs, 9H, Boc), 1.16-0.94 (m, 4H, Me;SiCH,CH, x2),
0.84 (s, 9H, SiMe,tBu), 0.82-0.71 (m, 6H, Val Me-fx2), 0.77 (s, 9H, Si-
Me,tBu), 0.07 and 0.04 (each s, 24H, Me,;SiCH,CH, x2 and SiMe,/Bux
2), —0.04 (s, 3H, SiMe,tBu), —0.11 ppm (s, 3H, SiMe,/Bu); “C NMR
([Dg]DMSO, 50°C): 6=175.05, 173.22, 172.89, 170.03, 169.74, 168.77,
163.30, 162.10, 160.49, 160.34, 156.35, 151.97, 149.93, 146.84, 145.62,
144.50, 143.28, 143.17, 140.60, 140.55, 139.76, 138.28, 131.92, 131.85,
131.80, 131.19, 129.78, 129.02, 128.94, 128.83, 128.60, 127.49, 127.02,
126.88, 126.64, 126.56, 126.33, 126.08, 124.86, 124.80, 124.60, 121.59,

www.chemasianj.org 1021



FULL PAPERS

121.06, 119.86, 119.27, 79.82, 78.79, 74.39, 72.17, 66.35, 65.97, 63.60, 62.65,
62.35, 62.29, 58.86, 55.85, 52.19, 52.14, 51.74, 51.35, 46.15, 31.06, 29.62,
29.40, 27.86, 27.26, 26.57, 25.55, 25.44, 25.19, 24.16, 19.22, 18.51, 17.77,
17.53, 17.08, 16.98, 16.77, —1.64, —1.69, —4.40, —5.11, —5.24, —5.32 ppm;
LRMS (MALDI): m/z [M+Na]* caled for C,;,;H,;;N;;NaO,S;¥Se, Si,:
2332.7; found: 2332.9; HRMS (ESI): m/z [M+Na]* caled for
Cp1H,N NaO,,S:5Se, Siy: 2332.7444; found: 2332.7452.

Amino acid A-C-D (26): To a solution of 25 (221 mg, 9.57 x10~> mmol)
in dry CH;CN (1.5 mL) under Ar atmosphere was added Mg(ClO,),
(107 mg, 4.49x 10" mmol). After stirring at 40°C for 5.5 h, the reaction
mixture was quenched with H,O (3.0mL) and saturated aqueous
NaHCO; (0.5 mL), and the mixture was extracted with AcOEt (4 mL x
3). The combined extracts were dried over Na,SO,, filtered through
celite, and evaporated to afford the crude amine as a yellow foam. To a
solution of this crude amine in CH,Cl, (1.4 mL) at 0°C was added Et,NH
(0.15mL). The reaction mixture was stirred at room temperature for
2.5h and then evaporated. The residue was chromatographed on silica
gel (100% AcOEt, 5% MeOH/CHCL) to afford 26 (122 mg, 67 %) as a
yellow foam: R;=0.36 (5% MeOH/CHCL); [a]3 —33.8 (c 1.00, CHCL);
IR (KBr): #=2955, 2860, 2360, 1720, 1500, 1370, 1250, 1220, 1100, 935,
840, 780, 740, 695 cm™'; '"H NMR ([D,]DMSO, 80°C): 6=8.47 (s, 1H,
quinoline H-3 or thiazole H-5), 8.22 (brd, /J=8.0Hz, 1H, PhSeAla
CONH), 8.16-8.10 (m, 2H, PhSeAla CONH and piperidine 5-NHCO),
8.09 (s, 1H, quinoline H-3 or thiazole H-5), 7.98 (s, 1 H, quinoline H-3 or
thiazole H-5), 7.54-7.39 (m, 4H, PhSe), 7.32-7.17 (m, 7H, thiazole H-5
and PhSe), 7.04 (brd, /=8.0 Hz, 1H, NHBoc), 6.87 (d, /=9.8 Hz, 1H,
quinoline H-5), 6.41 (dd, /J=4.4, 9.8 Hz, 1H, quinoline H-6), 5.60 (m,
1H, Thr H-B), 5.53 (brs, 1H, piperidine H-6), 5.24 (q, J=6.2Hz, 1H,
CH(CH;)OTBS), 5.16 (dd, J=6.0, 8.0 Hz, 1H, Thr H-a), 4.69 (d, J=
5.2 Hz, 1H, quinoline H-8), 4.76-4.58 (m, 1H, PhSeAla H-a), 4.48-4.27
(m, 5H, PhSeAla H-a and Me;SiCH,CH, x2), 3.58 (m, 1H, quinoline H-
7), 3.46 (q, J=6.8 Hz, 1H, Ala H-a), 3.39-2.80 (m, 8H, PhSeAla H- x2,
Val H-a, piperidine H-3 and H-4), 2.69-2.55 (m, 1H, piperidine H-3 or
H-4), 1.69 (m, 1H, Val H-f), 1.42-1.23 (m, 6H, Thr H-y and CH-
(CH;)OTBS), 1.37 (brs, 9H, Boc), 1.20 (d, J=6.8 Hz, 3H, Ala Me-f),
1.16-1.00 (m, 4H, Me;SiCH,CH, x2), 0.87 (s, 9H, SiMe,/Bu), 0.84-0.72
(m, 6H, Val Me-fx2), 0.78 (s, 9H, SiMe,tBu), 0.09 and 0.06 (each s,
24H, Me,;SiCH,CH,x2 and SiMe,Bux2), —0.05 (s, 3H, SiMe,Bu),
—0.07 ppm (s, 3H, SiMe,tBu); *C NMR ([D{]DMSO, 80°C): §=174.92,
174.46, 173.10, 170.89, 169.49, 169.07, 168.65, 163.10, 162.03, 160.28,
156.05, 154.43, 151.93, 149.82, 146.79, 145.58, 144.46, 133.01, 131.74,
131.53, 130.85, 129.93, 129.71, 128.69, 128.64, 127.60, 126.37, 126.33,
121.25, 120.78, 118.78, 78.80, 74.22, 71.78, 65.99, 65.31, 63.67, 62.45, 62.15,
58.63, 55.78, 52.53, 52.08, 49.99, 30.86, 29.51, 28.63, 27.72, 26.41, 25.38,
25.33, 25.28, 24.98, 24.27, 19.76, 19.05, 18.13, 17.53, 17.35, 16.65, 16.32,
—1.83, —1.86, —4.63, —5.25, —5.49 ppm; LRMS (MALDI): m/z [M+
Na]* caled for CgH »;N;;NaO,5S;*'Se,Siy: 1916.6; found: 1916.5; HRMS:
(ESI) m/z [M+Na]* caled for CgH,»N;NaO;5S;*'Se,Siy: 1916.5667;
found: 1916.5691.

Segment A-C-D (27): To a solution of 26 (122 mg, 6.44x 107> mmol) and
NMM (0.0354 mL, 3.22x 10~ mmol) in CH,Cl, (64 mL) at 0°C under Ar
atmosphere was added HATU (122 mg, 3.21x 107" mmol). After stirring
at room temperature for 24 h, the reaction mixture was quenched with
H,O0 (30 mL) and the mixture was extracted with CHCl; (30 mL x 3). The
combined extracts were dried over Na,SO,, filtered through celite, and
evaporated. The residue was chromatographed on silica gel (50%
AcOEt/hexane) to afford segment A-C-D (27; 95.5 mg, 79 %) as a yellow
foam: R;=0.49 (50% AcOEt/hexane); [a]] —85.2 (¢ 1.00, CHCL); IR
(KBr): 7=2955, 2895, 2860, 2360, 1720, 1500, 1480, 1405, 1255, 1220,
1095, 840, 780, 695 cm™'; 'H NMR (CD;0D, 40°C): 6=8.28 (s, 1 H, quin-
oline H-3), 8.26 (s, 1H, thiazole H-5), 7.94 (s, 1H, thiazole H-5), 7.53—
7.40 (m, 4H, PhSe), 7.30-7.12 (m, 6H, PhSe), 7.27 (s, 1H, thiazole H-5),
6.89 (d, /=10.0 Hz, 1H, quinoline H-5), 6.40 (dd, J=5.4, 10.0 Hz, 1H,
quinoline H-6), 5.85 (m, 1H, Thr H-B), 5.52 (brs, 1H, piperidine H-6),
5.31 (q, J=62Hz, 1H, CH(CH;)OTBS), 521 (m, 1H, Thr H-a), 4.94
(brs, 1H, quinoline H-8), 4.74-4.60 (m, 2H, PhSeAla H-a x2), 4.52-4.33
(m, 4H, Me;SiCH,CH, x2), 420 (q, /=7.0 Hz, 1H, Ala H-a), 3.52-2.68
(m, 9H, PhSeAla H-, piperidine H-3, H-4, and Val H-0), 3.38 (dd, /=
1.2, 54 Hz, 1H, quinoline H-7), 2.01 (brs, 1H, Val H-f), 1.40 (d, /=
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6.2 Hz, 3H, CH(CH,)OTBS), 1.40 (d, /=6.2 Hz, 3H, Thr Me-f), 1.33 (s,
9H, Boc), 130 (d, J=7.0Hz, 3H, Ala Me), 1.20-1.04 (m, 4H,
Me;SiCH,CH,), 0.98 (d, /=7.0Hz, 3H, Val Me-f), 0.95 (s, 9H, Si-
Me,¢Bu), 0.81 (d, /=6.8 Hz, 3H, Val Me-), 0.69 (s, 9H, SiMe,Bu), 0.10
and 0.08 (each s, 24 H, Me;SiCH,CH, x2 and SiMe,fBux2), —0.01 (s, 3H,
SiMe,fBu), —0.30 ppm (s, 3H, SiMe,/Bu); *C NMR (CD;0D, 40°C): 6 =
176.55, 176.34, 175.14, 172.43, 171.13, 170.75, 165.85, 164.55, 162.84,
156.91, 156.85, 153.77, 152.49, 149.01, 148.05, 146.55, 134.21, 133.89,
132.36, 132.02, 131.60, 130.28, 130.20, 128.92, 128.44, 128.21, 128.09,
123.74, 122.94, 120.98, 81.55, 74.02, 73.08, 68.45, 67.77, 67.68, 67.29, 64.71,
64.59, 61.46, 61.29, 54.95, 52.63, 32.78, 30.40, 28.94, 28.85, 28.15, 26.44,
26.24, 25.95, 19.83, 19.10, 18.86, 18.29, 18.16, 17.98, —1.36, —1.41, —3.98,
—4.15, —4.58, —4.65 ppm; LRMS (MALDI): m/z [M+Na]* caled for
CgH;5N,;O,NaS;*Se,Si,: 1898.6; found: 1898.5; HRMS (ESI): m/z
[M+Na]* caled for CgH;y,N;;NaO,,S;¥Se,Si,: 1898.5562; found:
1898.5578.

Compound A-B-C-D (30) and its TBS ether 31: Segment A-C-D (27,
110 mg, 0.0587 mmol) was dissolved in 4.0m HCI in dioxane (1.2 mL).
After stirring at room temperature for 25 min, the reaction mixture was
evaporated to afford a mixture of 28 and 29. To a solution of this mixture
in dry CH,CL, (1.8 mL) at 0°C under Ar atmosphere were successively
added iPr,NEt (0.0511mL, 0.293 mmol), segment B (3; 64.7 mg,
0.0586 mmol), and HATU (22.3 mg, 0.0586 mmol). The reaction mixture
was stirred at 0°C for 0.5 h and at room temperature for 6 h. The reac-
tion mixture was quenched with H,O (3 mL) and extracted with CHC,
(4mLx3). The combined extracts were dried over Na,SO,, filtered
through celite, and evaporated. The residue was chromatographed on
silica gel (50% AcOEt/hexane) to afford 30 (95.9 mg, 60%) as a pale
yellow foam and 31 (13.2mg, 8%) as a pale yellow foam. 30: R;=0.27
(50% AcOEt/hexane); [a]? —16.6 (¢ 1.00, CHCL;); IR (KBr): #=3340,
2955, 2880, 1680, 1500, 1415, 1345, 1250, 1210, 1120, 1095, 940, 860, 840,
740, 695 cm™'; 'TH NMR (CD;CN, 50°C): 6=8.87 (brs, 1H), 8.25 (brd,
J=6.8Hz, 1H), 8.13 (s, 1H), 8.04 (s, 1H), 8.02 (s, 1H), 7.98 (brs, 1H),
7.89 (s, 1H), 7.73 (brd, J=6.4 Hz, 1H), 7.65 (brd, /J=8.5 Hz, 1H), 7.60—
7.37 (m, 7H), 7.33-7.02 (m, 11H), 7.16 (s, 1H), 6.77 (d, /=9.8 Hz, 1H),
6.36 (dd, /=6.0, 9.8 Hz, 1H), 5.89 (brs, 1H), 5.66-5.48 (m, 1H), 5.55
(brs, 1H), 5.32 (d, J=8.5Hz, 1H), 5.14 (dq, /=4.4, 6.2 Hz, 1H), 5.06 (m,
1H), 4.89 (brs, 1H), 4.76 (m, 1H), 4.73 (brs, 1H), 4.51 (m, 1H), 4.46—
4.26 (m, 4H), 4.24-3.96 (m, 6H), 3.96-3.76 (m, 3H), 3.76-3.64 (m, 2H),
3.40-3.13 (m, 3H), 3.28 (d, /=6.0 Hz, 1H), 3.13-2.90 (m, SH), 2.62-2.47
(m, 1H), 2.16-2.00 (m, 1H), 1.57 (s, 3H), 1.53 (s, 3H), 1.43 (d, /=6.2 Hz,
3H), 1.38-1.24 (m, 9H), 1.21-1.00 (m, 15H), 0.98-0.78 (m, 21 H), 0.76—
0.50 (m, 15H), 0.66 (s, 9H), 0.07, 0.03, and —0.02 (each s, 30H),
—0.27 ppm (s, 3H); *C NMR (CD;CN, 50°C): §=202.93, 176.32, 174.72,
173.89, 171.65, 171.37, 170.77, 170.55, 169.84, 165.67, 163.94, 162.22,
162.08, 156.34, 153.41, 152.50, 149.33, 149.21, 147.98, 146.78, 135.68,
133.72, 133.57, 132.28, 131.80, 130.85, 130.44, 130.39, 130.17, 129.13,
128.93, 128.32, 128.22, 127.93, 122.89, 122.65, 121.18, 95.98, 80.22, 75.54,
74.59, 73.44, 72.87, 68.87, 68.32, 67.14, 65.72, 64.40, 64.23, 62.14, 61.42,
60.85, 57.49, 54.53, 53.49, 51.81, 43.20, 32.51, 30.84, 29.77, 28.64, 27.85,
26.40, 25.71, 25.38, 20.50, 20.12, 18.89, 18.69, 18.56, 18.26, 18.21, 17.92,
7.83,7.67, 625, —1.14, —1.17, —=3.68, —3.97 ppm; HRMS (ESI): m/z [M +
Na]* calcd for Cp,0H,7sN¢NaO,;Ss*'Se;Sis: 2769.7965; found: 2769.7969.
31: R;=0.50 (50% AcOEt/hexane); 'HNMR (CD;CN, 50°C): 6=8.80
(m, 1H), 8.16 (brs, 2H), 8.05-7.93 (m, 1H), 8.00 (brs, 2H), 7.93-7.82 (m,
1H), 7.68-7.40 (m, 8H), 7.37-7.17 (m, 12H), 7.08 (brs, 1H), 6.84 (brd,
J=9.8Hz, 1H), 6.42 ( brdd, /=54, 9.8 Hz, 1H), 5.76 (dd, J=7.0, 7.5 Hz,
1H), 5.62 (brq, J=7.0 Hz, 1H), 5.58 (m, 1H), 5.34 (brd, /=8.4 Hz, 1H),
5.26 (q, /J=6.5Hz, 1H), 5.05-4.91 (m, 1H), 491-4.73 (m, 4H), 4.55 (m,
1H), 4.48-4.30 (m, SH), 4.22-3.67 (m, 7H), 3.66 (m, 1H), 2.96-2.38 (m,
9H), 2.64-2.46 (m, 1H), 2.10-1.84 (m, 1H), 1.59 (s, 3H), 1.56 (s, 3H),
1.43-0.82 (m, 48H), 0.92 (s, 9H), 0.79 (d, /=6.8 Hz, 3H), 0.70-0.51 (m,
12H), 0.63 (s, 9H), 0.10, 0.06, and —0.01 (each s, 36H), —0.32 (s, 3H).

Thiazoline 32: To a solution of 30 (16.3 mg, 0.00593 mmol) in dry CH,Cl,
(0.5 mL) at —78°C under Ar atmosphere was added 0.076m DAST in dry
CH,Cl, (0.125 mL, 0.00950 mmol). The reaction mixture was stirred at
—78°C for 1 h and then at 0°C for 1 h. The mixture was quenched with
saturated aqueous NaHCO; (1 mL) and the mixture was extracted with
CHCI; (1 mLx3). The combined extracts were dried over Na,SO,, fil-
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tered through celite, and evaporated. The residue was chromatographed
on silica gel (45% AcOEt/hexane) to afford thiazoline 32 (14.1 mg,
87%) as a yellow foam: R;=027 (50% AcOEt/hexane); 'HNMR
(CDCly): =827 (brd, J=7.2 Hz, 1H), 8.15 (brs, 1H), 8.10 (s, 1H), 8.01
(brs, 1H), 791 (d, /=8.8Hz, 1H), 7.76-7.65 (m, 2H), 7.64-7.10 (m,
19H), 6.97 (brs, 1H), 6.75 (d, /=10.0 Hz, 1H), 6.70 (m, 1H), 6.28 (dd,
J=6.0,10.0 Hz, 1H), 5.88 (m, 1H), 5.81-5.60 (m, 1H), 5.48 (d, /=8.8 Hz,
1H), 5.24-5.07 (m, 1H), 5.11 (brdd, /=54, 6.8 Hz, 1H), 5.02 (dd, /=
10.2, 102 Hz, 1H), 471 (m, 1H), 4.63 (brs, 1H), 4.54-4.01 (m, 9H),
3.98-3.67 (m, 3H), 3.58-2.90 (m, 11H), 2.72 (m, 1H), 2.36 (brs, 1H, Val-
B), 1.65 (brs, 3H, IP), 1.60 (brs, 3H, IP), 1.56 (d, J=6.0 Hz, 3H), 1.50 (d,
J=70Hz, 3H), 141 (d, /J=6.0Hz, 3H), 1.35 (m, 3H), 1.30-1.18 (m,
9H), 1.18-0.80 (m, 27H), 0.74-0.47 (m, 15H), 0.66 (s, 9H, rBuMe,Si),
0.08, 0.04, and —0.01 (each s, 30H, Me;SiCH,CH,x3 and rBuMe,Si),
—0.36 (s, 3H rBuMe,Si).

Siomycin A: To a solution of thiazoline 32 (14.5 mg, 0.00531 mmol) in
CH;NO, (0.27 mL) at 0°C under Ar atmosphere was added 1.0m ZnCl,
in ether (0.54 mL, 0.54 mmol). After stirring at room temperature for
48 h, the reaction mixture was quenched with H,O (2 mL) and the mix-
ture was extracted with AcOEt (3 mLx3). The combined extracts were
washed with 0.01m aqueous HCl (5 mLx3). The organic layers were
dried over Na,SO,, filtered through celite, and evaporated to afford the
crude dicarboxylic acid 40 (12.7 mg). To a solution of this crude dicarbox-
ylic acid 40 (12.7 mg) in DMF-CH,C], (1:4, 5.4 mL) at 0°C under Ar at-
mosphere were added 0.57M iPr,NEt in DMF (0.0475 mL, 0.0271 mmol)
and HATU (10.3 mg, 0.0271 mmol). The reaction mixture was stirred at
0°C for 3 h and then segment E (6; 12.7 mg, 0.0271 mmol) was added at
0°C. After stirring at room temperature for 24 h, the reaction mixture
was quenched with 0.01M aqueous HCI (4 mL) and the mixture was ex-
tracted with AcOEt (4 mLx3). The combined extracts were dried over
Na,SO,, filtered through celite, and evaporated. The residue was separat-
ed by gel filtration (Sephadex LH-20, CHCL;) to afford the crude prod-
ucts (16.4 mg) including the bicyclic peptide 41. To a solution of these
crude products (16.4 mg) in dry THF (1.4 mL) at 0°C under Ar atmos-
phere was added HF-pyridine (0.36 mL). After stirring at room tempera-
ture for 20 h, the reaction mixture was quenched with saturated aqueous
NaHCO; (30 mL) and the mixture was extracted with AcOEt (30 mL x
3). The combined extracts were dried over Na,SO,, filtered through
celite, and evaporated to afford the crude products (11.5 mg) including
pentaol 42. To a solution of these crude products (11.5 mg) in TFE-
CH,CI, (1:5, 1.7 mL) at 0°C was added 3.98m TBHP in CH,Cl, (0.76 mL,
3.02 mmol). After stirring at room temperature for 1 h, the reaction mix-
ture was quenched with saturated aqueous Na,S,0; (2 mL) and saturated
aqueous NaHCO; (2 mL). The resulting solution was stirred at 0°C for
0.5 h and extracted with AcOEt (4 mLx3). The combined extracts were
dried over Na,SO,, filtered through celite, and evaporated. The residue
was washed with hexane (1 mLx3) and purified by PTLC on silica gel
(10% MeOH/CHCL) to afford siomycin A (1; 0.6 mg, 7% from 32) as
pale yellow solids and the regioisomeric cyclization-elongation product
43 (0.7 mg, 8% from 32) as pale yellow solids.

Siomycin A (natural): R;=0.57 (10% MeOH/CHCL); [a]% —88.8 (c 0.10,
dioxane); IR (KBr): #=3375, 2975, 2930, 1650, 1520, 1490, 1210, 1120,
1095, 935, 895, 810, 765 cm™'; "H NMR (CDCl,, ca. 0.5 mm): 6=9.98 (brs,
1H, Deala-S-1 CONH), 9.83 (brs, 1H, ThstA CONH), 9.20 (brs, 1H,
Deala-2 CONH), 8.99 (brs, 1H, Deala-S-2 CONH), 8.60 (brs, 1H,
Deala-1 CONH), 8.48 (brs, 1H, Debut CONH), 8.29 (s, 1 H, Thstn Thz-4
H-5), 8.25 (s, 1H, ThstA Thz-1 H-5), 8.11 (s, 1 H, ThstA Thz-2 H-5), 7.56
(brd, J=9.4 Hz, 1H, Thstn CONH), 7.44 (s, 1H, ThstA Thz-3 H-5), 7.40
(brs, 1H, Q H-3), 6.95 (d, J=10.0 Hz, 1H, Q H-5), 6.89 (brs, 1H, Thr-1
CONH), 6.80 (d, /J=2.0 Hz, 1H, Deala-S-1 H-f(t)), 6.71 (d, /J=1.8 Hz,
1H, Deala-S-2 H-f(t)), 6.44 (brs, 1 H, Deala-2 H-B(t)), 6.41 (m, 1H, Thr-
2 H-B), 6.40 (m, 1H, Q H-6), 6.39 (m, 1H, Ala-1 CONH), 6.20 (q, /=
7.0 Hz, 1H, Debut H-$), 5.84 (d, J=9.2 Hz, 1H, Thr-2 H-a), 5.75 (d, /=
9.4 Hz, 1H, Thstn H-a), 5.73 (brs, 1H, Deala-1 H-f(t)), 5.57 (brs, 1H,
Deala-S-1 H-B(c)), 5.45 (brs, 1H, Deala-S-2 H-B(c)), 5.34 (bq, J=6.6 Hz,
1H, Q H-11), 5.18 (brs, 1 H, Deala-2 H-f3(c)), 5.18 (brs, 1 H, ThstA piper-
idine H-6), 5.15 (brs, 1 H, Deala-1 H-f(c)), 4.96 (dd, /=84, 13.2 Hz, 1H,
(+)-Cys H-a), 4.77 (dq, J=6.2, 7.5 Hz, 1H, Ala-1 H-a), 4.47 (dd, J=3.0,
8.2 Hz, 1H, Thr-1 H-a), 4.11 (m, 1H, ThstA piperidine H-4e), 3.79 (brq,
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J=6.2Hz, 1H, Thstn H-y), 3.71 (dd, /=8.4, 11.4 Hz, 1H, (+)-Cys H-f'),
3.61 (d, J=4.8Hz, 1H, Q H-7), 3.48 (m, 1H, ThstA piperidine H-3e),
3.12 (dd, J=11.4, 13.2 Hz, 1H, (4+)-Cys H-$), 2.98 (m, 1H, ThstA piperi-
dine H-3a), 2.96 (m, 1H, Val H-0), 2.27(m, 1H, ThstA piperidine H-4a),
2.22 (m, 1H, Val H-f), 1.69 (m, 3H, Thr-2 Me-f), 1.62 (d, J=7.0 Hz, 3H,
Debut Me-f3), 1.48 (d, J=6.2 Hz, 3H, Ala-1 Me), 1.37 (d, J=6.6 Hz, 3H,
Q 11-Me), 1.34 (d, J=6.2 Hz, 3H, Thstn Me-y), 1.25 (m, 1H, Thr-1 H-B),
1.20 (s, 3H, Thstn Me-f), 1.05 (d, J=6.6 Hz, 3H, Val Me-f), 1.09-0.99
(m, 3H, Thr-1 Me-p), 0.86 ppm (d, /=6.8 Hz, 3H, Val Me-B); HRMS
(ESI): m/z [M+Na]* caled for C,;HgN;jNaO;Ss: 1670.4508; found:
1670.4493.

Siomycin A (synthetic): R;=0.57 (10% MeOH/CHCL); [a]¥ —90.5 (¢
0.11, dioxane); IR (KBr): #=3380, 2960, 2925, 1650, 1530, 1495, 1210,
1120, 1095, 930, 895, 810, 760 cm™'; '"H NMR (CDCl,, ca. 0.5 mm): 0=
9.98 (brs, 1H, Deala-S-1 CONH), 9.83 (brs, 1H, ThstA CONH), 9.21
(brs, 1H, Deala-2 CONH), 8.99 (brs, 1H, Deala-S-2 CONH), 8.60 (brs,
1H, Deala-1 CONH), 8.49 (brs, 1H, Debut CONH), 8.29 (s, 1H, Thstn
Thz-4 H-5), 825 (s, 1H, ThstA Thz-1 H-5), 8.10 (s, 1H, ThstA Thz-2 H-
5), 7.56 (bd, J=9.4 Hz, 1H, Thstn CONH), 7.44 (s, 1H, ThstA Thz-3 H-
5), 7.38 (brs, 1H, Q H-3), 6.95 (d, J=10.0 Hz, 1H, Q H-5), 6.89 (brs,
1H, Thr-1 CONH), 6.80 (d, /=2.0 Hz, 1H, Deala-S-1 H-f(t)), 6.71 (d,
J=1.8 Hz, 1H, Deala-S-2 H-f(t)), 6.45 (brs, 1H, Deala-2 H-f(t)), 6.43
(m, 1H, Thr-2 H-B), 6.40 (m, 1H, Q H-6), 6.40 (m, 1H, Ala-1 CONH),
6.20 (q, J=7.0 Hz, 1H, Debut H-p), 5.84 (d, J=9.0 Hz, 1H, Thr-2 H-a),
5.75 (d, J=9.4 Hz, 1H, Thstn H-a), 5.73 (brs, 1H, Deala-1 H-f(t)), 5.57
(brs, 1H, Deala-S-1 H-f(c)), 5.45 (brs, 1H, Deala-S-2 H-f(c)), 5.34 (bq,
J=6.5Hz, 1H, Q H-11), 5.18 (brs, 1H, Deala-2 H-p(c)), 5.18 (brs, 1H,
ThstA piperidine H-6), 5.16 (brs, 1H, Deala-1 H-f(c)), 4.96 (dd, /=94,
13.5Hz, 1H, (+)-Cys H-a), 477 (dq, /=64, 72 Hz, 1H, Ala-1 H-0),
4.47 (dd, J=3.0, 8.8 Hz, 1H, Thr-1 H-a), 4.11 (m, 1H, ThstA piperidine
H-4e), 3.79 (bq, J=62Hz, 1H, Thstn H-y), 3.71 (dd, /=94, 11.4 Hz,
1H, (+)-Cys H-f'), 3.61 (d, /=4.8 Hz, 1H, Q H-7), 3.48 (m, 1H, ThstA
piperidine H-3e), 3.12 (dd, J=11.4, 13.5 Hz, 1H, (+)-Cys H-p), 2.97 (m,
1H, ThstA piperidine H-3a), 2.96 (m, 1H, Val H-a), 2.28 (m, 1H, ThstA
piperidine H-4a), 2.22 (m, 1H, Val H-B), 1.69 (m, 3H, Thr-2 Me-f), 1.63
(d, J=7.0 Hz, 3H, Debut Me-f3), 1.48 (d, J=6.4 Hz, 3H, Ala-1 Me), 1.36
(d, J=6.5Hz, 3H, Q 11-Me), 1.34 (d, J=6.2 Hz, 3H, Thstn Me-y), 1.25
(m, 1H, Thr-1 H-f), 1.20 (s, 3H, Thstn Me-f3), 1.05 (d, /=6.8 Hz, 3H,
Val Me-f), 1.08-0.98 (m, 3H, Thr-1 Me-f), 0.87 ppm (d, /=6.8 Hz, 3H,
Val Me-B); HRMS (ESI): m/z [M+Na]* caled for C;HgN;)NaO,S;:
1670.4508; found: 1670.4508.

BC NMR spectrum of siomycin A (natural and synthetic): Owing to a
scarcity of the synthetic siomycin A, the identity of *C NMR spectra of
the natural and synthetic siomycin A was established by comparison of
their HSQC and HMBC spectra: “CNMR ([Ds]THF, ca. 6 mw,
600 MHz): 6=174.1, 173.4, 171.7, 171.1, 170.2, 168.2, 166.3, 166.0, 164.2,
162.3, 162.0, 161.8, 161.2, 159.7, 159.0, 155.6, 152.0, 151.7, 150.5, 148.0,
135.7, 134.6, 133.9, 131.0, 130.6, 128.3, 127.9, 125.1, 123.8, 123.2, 118.3,
102.3, 101.9, 101.4, 100.0, 80.5, 78.5, 73.3, 69.3, 68.4, 68.0, 67.5, 65.3, 64.9,
61.4, 58.6, 57.0, 56.5, 54.0, 52.6, 35.7, 32.5, 30.3, 25.7, 25.4, 23.9, 23.6, 20.6,
19.6,19.2,17.9, 17.6, 15.7 ppm.

Regioisomeric cyclization-elongation product 43: R;=0.11 (10% MeOH/
CHCLy); [a]® —19.3 (c 0.10, dioxane); IR (KBr): #=3370, 2975, 2935,
1655, 1520, 1490, 1220, 1120, 1065, 935, 895, 805, 750 cm™'; '"H NMR (4:1
CDCl;-CD;0D, ca. 4.8 mm) 0=9.64 (brs, 1H), 9.07 (brs, 1H), 8.91 (brd,
J=4.6 Hz, 1H, Thr-2 CONH), 8.66 (brs, 1H), 8.34 (brs, 1H), 822 (s,
1H), 8.15 (s, 1H), 8.10 (s, 1H), 8.09 (brd, J=9.5 Hz, 1H, Thr-1 CONH),
8.08 (brd, J=5.0 Hz, 1H, Thstn CONH), 7.84 (brd, /=9.0 Hz, 1H, Ala-1
CONH), 7.38 (s, 1H), 6.87 (d, /=2.0, 10.0 Hz, 1H, Q H-5), 6.52 (brs,
1H), 6.44 (brs, 1H, Deala H-f), 6.40 (q, /=7.2 Hz, 1 H, Thr-2 H-), 6.34
(d, J=1.2 Hz, 1H, Deala H-$), 6.23 (brs, 1H, Deala H-), 6.18 (dd, /=
2.5, 100 Hz, 1H, Q H-6), 6.04 (brs, 1H, Deala H-f), 5.80 (brs, 1H,
Deala H-), 5.78 (q, /=6.2 Hz, 1H, Debut H-), 5.74 (d, /=0.8 Hz, 1H,
Deala H-p), 5.71 (d, J=1.2 Hz, 1H, Deala H-f), 5.47 (d, J=5.0 Hz, 1H,
Thstn H-a), 5.44 (m, 1H, (4+)-Cys H-a), 5.42 (brd, J=4.6 Hz, 1H, Thr-2
H-a), 541 (brs, 1H, Deala H-), 5.10 (bq, /=6.4 Hz, 1H, Q H-11), 4.73
(d, /=10.5Hz, 1H, Q H-8), 4.54 (dd, /=12, 9.5Hz, 1H, Thr-1 H-a),
4.48 (dq, J=17.0, 9.0 Hz, 1H, Ala-1 H-a), 434 (dq, /=12, 6.2 Hz, 1H,
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Thr-1 H-B), 3.69 (q, J=6.4 Hz, 1H, Thstn H-y), 3.60 (m, 2H, (+)-Cys H-
B and H-f'), 3.60-3.48 (m, 2H, ThstA piperidine H-3e and H-4e), 3.50
(m, 1H, Q H-7), 3.23 (d, J=4.0 Hz, 1H, Val H-a), 3.02 (m, 1H, ThstA
piperidine H-3a), 2.74 (m, 1H, ThstA piperidine H-4a), 2.27 (m, 1H, Val
H-$), 1.84 (d, J=7.2 Hz, 3H, Thr-2 Me-f), 1.45 (d, J=6.4 Hz, 3H, Q 11-
Me), 1.42 (d, J=7.0 Hz, 3H, Ala-1 Me), 1.25 (s, 3H, Thstn Me-f3), 1.22
(d, J=6.2 Hz, 3H, Thstn Me-y), 1.15 (d, /=7.0 Hz, 3H, Val Me-f), 1.01
(d, /=7.0Hz, 3H, Val Me-f), 0.87 (d, J=6.2 Hz, 3H, Thr-1 Me-f), 0.69
(d, J=6.2 Hz, 3H, Debut Me-f); HRMS (ESI): m/z [M+Na]* caled for
C;;Hg N gNaOSs: 1670.4508; found: 1670.4500.

Compound 45: To a solution of 44! (7.8 mg, 0.00815 mmol) in dry THF
(1.9 mL) at 0°C under Ar atmosphere was added HF-pyridine (0.47 mL).
After stirring at room temperature for 4 h, the reaction mixture was
quenched with saturated aqueous NaHCO; (45 mL) and the mixture was
extracted with AcOEt (40 mL x3). The combined extracts were dried
over Na,SO,, filtered through celite, and evaporated. The residue was pu-
rified by PTLC on silica gel (40 % acetone/hexane) to afford 45 (4.2 mg,
70%) as a colorless foam: R;=0.55 (50% acetone/hexane); '"H NMR
(CDCl;) 6=8.60 (brs, 1H, Ile CONH), 8.07 (s, 1H, thiazole H-5), 7.74
(brs, 1H, AAbu CONH), 6.34 (q, /J=7.0 Hz, 1H, AAbu H-$), 5.44 (d, J=
8.6 Hz, 1H, Ile H-a), 5.20 (dd, /=8.0, 8.0 Hz, 1H, thiazoline H-4), 4.67
(brs, 1H, OH), 4.44-4.28 (m, 1H, oxazolidine H-5), 4.38 (q, /J=7.2 Hz,
2H, CO,CH,CHs;), 4.18 (m, 2H, Me;SiCH,CH,), 4.05 (d, /=7.0 Hz, 1H,
oxazolidine H-4), 3.78-3.56 (m, 4H, thiazoline H-5x2, Ile H-y, and OH),
1.83 (d, /=7.0 Hz, 3H, AAbu Me-f}), 1.65 (s, 6H, oxazolidine 2-Me x2),
147 (d, J=6.0Hz, 3H, oxazolidine 5-Me), 1.39 (t, /=72 Hz, 3H,
CO,CH,CHs;), 1.27 (s, 3H, Ile Me-p), 1.23 (d, /=6.2 Hz, 3H, Ile Me-y),
1.00 (m, 2H, Me;SiCH,CH,), 0.02 (s, 9H, Me;SiCH,CH,) (irradiation at
1.83 ppm produced a 0.7% NOE enhancement at 7.74 ppm and a 3.9%
NOE enhancement at 6.34 ppm).

Compound 46: To a solution of 45 (3.1 mg, 0.00426 mmol) in dry CH,Cl,
(021mL) at 0°C under Ar atmosphere were added 2,6-lutidine
(0.005 mL, 0.043 mmol) and TESOT{ (0.0049 mL, 0.022 mmol). After
stirring at room temperature for 0.5h, the reaction mixture was
quenched with H,O (2mL) and the mixture was extracted with CHCl,
(2mLx3). The combined extracts were dried over Na,SO,, filtered
through celite, and evaporated. The residue was purified by PTLC on
silica gel (30% AcOEt/hexane) to afford 46 (2.9 mg, 71%) as a colorless
foam: R;=0.60 (30% AcOEt/hexane); [a]¥ —22.0 (¢ 1.00, CHCL); IR
(CHCL): 7=3685, 3620, 3405, 1706, 1520, 1478, 1420, 1338, 1118,
1046 cm™'; "TH NMR (CDCl,): 6=8.09 (s, 1H, thiazole H-5), 7.73 (brs,
1H, CONH), 7.55 (d, /=8.6 Hz, 1H, CONH), 6.48 (q, J=7.0Hz, 1H,
AAbu H-), 545 (d, J=8.6 Hz, 1H, Ile H-a), 5.02 (dd, /=9.2, 11.0 Hz,
1H, thiazoline H-4), 4.42-4.24 (m, 1H, oxazolidine H-5), 4.35 (q, /=
7.0 Hz, 2H, CO,CH,CH3), 4.24-4.02 (m, 2H, Me;SiCH,CH,), 3.96 (d, /=
7.4 Hz, 1H, oxazolidine H-4), 3.86-3.66 (m, 2H, thiazoline H-5, Ile H-y),
3.57 (dd, J=9.2, 11.0 Hz, 1H, thiazoline H-5), 1.82 (d, J=7.0 Hz, 3H,
AAbu Me-p), 1.67 (s, 3H, oxazolidine 2-Me), 1.64 (s, 3H, oxazolidine 2-
Me), 1.46 (d, /=5.6 Hz, 3H, oxazolidine 5-Me), 1.36 (t, J=7.0 Hz, 3H,
CO,CH,CHs), 1.35 (s, 3H, Ile Me-p), 1.12 (d, /=6.0 Hz, 3H, Ile Me-y),
1.06-0.87 (m, 2H, Me;SiCH,CH,), 0.94 (t, J=7.6 Hz, 9H, (MeCH,)Si),
0.87 (t, J=7.6 Hz, 9H, (MeCH,);Si), 0.72-0.42 (m, 12H, MeCH,Si x6),
0.20 ppm (s, 9H, Me;SiCH,CH,); "C NMR (CDCl,): =171.11, 170.86,
168.74, 167.34, 161.37, 152.80 (br), 146.01, 131.99, 128.16, 95.29, 79.47,
79.14, 74.65 (br), 72.02, 67.76, 63.79, 61.11, 59.37, 36.16, 27.15 (br), 25.20,
19.26, 18.95, 17.95, 17.78, 15.08, 14.33, 7.20, 6.91, 6.76, 5.08, —1.60 ppm;
HRMS (FAB): m/z [M+H]* caled for Cy3H7gN5O,S,Si5: 956.4519; found:
956.4548. This 46 was identical with the sample derived from 44 by syn
elimination using TBHP.

Acknowledgements

We thank Dr. Kazuyuki Minagawa (Shionogi & Co., LTD.) for kindly
providing natural siomycin A. We are indebted to Mr. Minoru Ogata and
Mr. Yasushi Ono (Japan Tobacco Inc.) for the measurement of the
HSQC and HMBC spectra of siomycin A. This research was partially
supported by a Grant-in-Aid for the 21st Century COE program

1024 www.chemasianj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

M. Nakata, K. Hashimoto et al.

“KLCC” (T.M), for Scientific Research on Priority Areas (A) “Exploita-
tion of Multi-Element Cyclic Molecules” (M.N), and on Priority Areas
17035076 and 18032067 (M.N) from the Ministry of Education, Culture,
Sports, Science and Technology, Japan (MEXT).

[1] T. Mori, S. Higashibayashi, T. Goto, M. Kohno, Y. Satouchi, K.
Shinko, K. Suzuki, S. Suzuki, H. Tohmiya, K. Hashimoto, M.
Nakata, Chem. Asian J. 2008, 3, 984—-1012.

[2] T. Mori, H. Tohmiya, Y. Satouchi, S. Higashibayashi, K. Hashimoto,
M. Nakata, Tetrahedron Lett. 2005, 46, 6423 —-6427.

[3] a) P. Sieber, B. Iselin, Helv. Chim. Acta 1968, 51, 622-632; b) S.-S.
Wang, R. B. Merrifield, Int. J. Protein Res. 1969, 1, 235-244.

[4] a) K. Akaji, N. Kuriyama, Y. Kiso, Tetrahedron Lett. 1994, 35, 3315-
3318; b) K. Akaji, N. Kuriyama, Y. Kiso, J. Org. Chem. 1996, 61,
3350-3357.

[5] B. Henkel, L. Zhang, E. Bayer, Liebigs Ann./Recl. 1997, 2161-2168.

[6] a) M. Kunishima, C. Kawachi, F. Iwasaki, K. Terao, S. Tani, Tetrahe-

dron Lett. 1999, 40, 5327-5330; b) M. Kunishima, J. Morita, C. Ka-

wachi, F. Iwasaki, K. Terao, S. Tani, Synlett 1999, 1255-1256; c¢) M.

Kunishima, C. Kawachi, J. Morita, K. Terao, F. Iwasaki, S. Tani, Tet-

rahedron 1999, 55, 13159-13170.

a) J. Diago-Meseguer, A.L. Palomo-Coll, J. R. Ferndndez-Lizarbe,

A. Zugaza-Bilbao, Synthesis 1980, 547-551; b) A. Arrieta, T.

Garcia, J. M. Lago, A.L. Palomo-Coll, Synth. Commun. 1983, 13,

471-487; c)M. Ballester-Rodés, A.L. Palomo-Coll, Synth.

Commun. 1984, 14, 515-520.

[8] B. Castro, G. Evin, C. Selve, R. Seyer, Synthesis 1977, 413.
[9] D. Wildemann, M. Drewello, G. Fischer, M. Schutkowski, Chem.
Commun. 1999, 1809-1810.

[10] M. Chini, P. Crotti, F. Macchia, Tetrahedron Lett. 1990, 31, 4661 -
4664.

[11] J. Augé, F. Leroy, Tetrahedron Lett. 1996, 37, 7715-7716.

[12] a) M. Chini, P. Crotti, L. Favero, F. Macchia, M. Pineschi, Tetrahe-
dron Lett. 1994, 35, 433-436; b) M. Meguro, N. Asao, Y. Yamamoto,
J. Chem. Soc. Perkin Trans. 1 1994, 2597 -2601.

[13] N-Boc-p-f3-phenylselenoalanine was prepared via (3-lactone from p-
serine by the procedure described in the preceding article.!"! Using
this compound and its L analogue, the precursors 14-16 were pre-
pared by the same procedure shown in Scheme 1.

[14] The compound 17 was prepared from 13 by treatment with 3-chloro-
peroxybenzoic acid in CH,Cl, at —80°C for 9 h in 45 % yield.

[15] S.K. Agarwal, D.R. Boyd, R.J. H. Davies, L. Hamilton, D. M.
Jerina, J. J. McCullough, H. P. Porter, J. Chem. Soc. Perkin Trans. 1
1990, 1969-1974.

[16] S. Higashibayashi, T. Mori, K. Shinko, K. Hashimoto, M. Nakata,
Heterocycles 2002, 57, 111-122.

[17] a) M. Caron, K. B. Sharpless, J. Org. Chem. 1985, 50, 1557-1560;
b) M. Canas, M. Poch, X. Verdaguer, A. Moyano, M. A. Pericas, A.
Riera, Tetrahedron Lett. 1991, 32, 6931 -6934.

[18] G. Sekar, V. K. Singh, J. Org. Chem. 1999, 64, 287-289.

[19] a) L. R. Reddy, M. A. Reddy, N. Bhanumathi, K. Rama Rao, Synthe-
sis 2001, 831-832; b) G. Sabitha, R.S. Babu, M. Rajkumar, J.S.
Yadav, Org. Lett. 2002, 4, 343-345.

[20] For the reaction of epoxides with amines in the presence of Yb-
(OTf); in an aqueous solution, see: M. Beaton, D. Gani, Tetrahedron
Lett. 1998, 39, 8549—8552. The reaction of an epoxide with NaNj; in
the presence of Yb(OTf); in an aqueous solution: F. Fringuelli, F.
Pizzo, L. Vaccaro, J. Org. Chem. 2001, 66, 3554—3558.

[21] Tripeptide 22a was prepared by condensation of Boc-L-Ala-OH, -
Ala-OMe, and Boc-L-Val-OH. Tripepetide 22b was prepared from 8
(Scheme 1) by treatment with 2% TFA in CH,Cl, at room tempera-
ture for 20 min in 98 % yield.

[22] J. Coste, D. Le-Nguyen, B. Castro, Tetrahedron Lett. 1990, 31, 205-
208.

[23] T. Shioiri, K. Ninomiya, S. Yamada, J. Am. Chem. Soc. 1972, 94,
6203 -6205.

[24] L. A. Carpino, J. Am. Chem. Soc. 1993, 115, 4397-4398.

[7

—

Chem. Asian J. 2008, 3, 1013 -1025


http://dx.doi.org/10.1016/j.tetlet.2005.07.122
http://dx.doi.org/10.1016/j.tetlet.2005.07.122
http://dx.doi.org/10.1016/j.tetlet.2005.07.122
http://dx.doi.org/10.1016/S0040-4039(00)76895-X
http://dx.doi.org/10.1016/S0040-4039(00)76895-X
http://dx.doi.org/10.1016/S0040-4039(00)76895-X
http://dx.doi.org/10.1021/jo952285h
http://dx.doi.org/10.1021/jo952285h
http://dx.doi.org/10.1021/jo952285h
http://dx.doi.org/10.1021/jo952285h
http://dx.doi.org/10.1016/S0040-4039(99)00968-5
http://dx.doi.org/10.1016/S0040-4039(99)00968-5
http://dx.doi.org/10.1016/S0040-4039(99)00968-5
http://dx.doi.org/10.1016/S0040-4039(99)00968-5
http://dx.doi.org/10.1055/s-1999-2828
http://dx.doi.org/10.1055/s-1999-2828
http://dx.doi.org/10.1055/s-1999-2828
http://dx.doi.org/10.1016/S0040-4020(99)00809-1
http://dx.doi.org/10.1016/S0040-4020(99)00809-1
http://dx.doi.org/10.1016/S0040-4020(99)00809-1
http://dx.doi.org/10.1016/S0040-4020(99)00809-1
http://dx.doi.org/10.1055/s-1980-29116
http://dx.doi.org/10.1055/s-1980-29116
http://dx.doi.org/10.1055/s-1980-29116
http://dx.doi.org/10.1080/00397918308081826
http://dx.doi.org/10.1080/00397918308081826
http://dx.doi.org/10.1080/00397918308081826
http://dx.doi.org/10.1080/00397918308081826
http://dx.doi.org/10.1055/s-1977-24420
http://dx.doi.org/10.1039/a905678e
http://dx.doi.org/10.1039/a905678e
http://dx.doi.org/10.1039/a905678e
http://dx.doi.org/10.1039/a905678e
http://dx.doi.org/10.1016/S0040-4039(00)97701-3
http://dx.doi.org/10.1016/S0040-4039(00)97701-3
http://dx.doi.org/10.1016/S0040-4039(00)97701-3
http://dx.doi.org/10.1016/0040-4039(94)85073-9
http://dx.doi.org/10.1016/0040-4039(94)85073-9
http://dx.doi.org/10.1016/0040-4039(94)85073-9
http://dx.doi.org/10.1016/0040-4039(94)85073-9
http://dx.doi.org/10.1039/p19940002597
http://dx.doi.org/10.1039/p19940002597
http://dx.doi.org/10.1039/p19940002597
http://dx.doi.org/10.1039/p19900001969
http://dx.doi.org/10.1039/p19900001969
http://dx.doi.org/10.1039/p19900001969
http://dx.doi.org/10.1039/p19900001969
http://dx.doi.org/10.1021/jo00209a047
http://dx.doi.org/10.1021/jo00209a047
http://dx.doi.org/10.1021/jo00209a047
http://dx.doi.org/10.1016/0040-4039(91)80447-E
http://dx.doi.org/10.1016/0040-4039(91)80447-E
http://dx.doi.org/10.1016/0040-4039(91)80447-E
http://dx.doi.org/10.1021/jo981196c
http://dx.doi.org/10.1021/jo981196c
http://dx.doi.org/10.1021/jo981196c
http://dx.doi.org/10.1021/ol016979q
http://dx.doi.org/10.1021/ol016979q
http://dx.doi.org/10.1021/ol016979q
http://dx.doi.org/10.1016/S0040-4039(98)01909-1
http://dx.doi.org/10.1016/S0040-4039(98)01909-1
http://dx.doi.org/10.1021/jo015564f
http://dx.doi.org/10.1021/jo015564f
http://dx.doi.org/10.1021/jo015564f
http://dx.doi.org/10.1016/S0040-4039(00)94371-5
http://dx.doi.org/10.1016/S0040-4039(00)94371-5
http://dx.doi.org/10.1016/S0040-4039(00)94371-5
http://dx.doi.org/10.1021/ja00772a052
http://dx.doi.org/10.1021/ja00772a052
http://dx.doi.org/10.1021/ja00772a052
http://dx.doi.org/10.1021/ja00772a052
http://dx.doi.org/10.1021/ja00063a082
http://dx.doi.org/10.1021/ja00063a082
http://dx.doi.org/10.1021/ja00063a082

Completion of the Total Synthesis of Siomycin A

[25] T. Mori, S. Higashibayashi, T. Goto, M. Kohno, Y. Satouchi, K.
Shinko, K. Suzuki, S. Suzuki, H. Tohmiya, K. Hashimoto, M.
Nakata, Tetrahedron Lett. 2007, 48, 1331-1335.

[26] S. Higashibayashi, M. Kohno, T. Goto, K. Suzuki, T. Mori, K. Hashi-
moto, M. Nakata, Tetrahedron Lett. 2004, 45, 3707-3712.

[27] a) C. Gioeli, N. Balgobin, S. Josephson, J. B. Chattopadhyaya, 7Tetra-
hedron Lett. 1981, 22, 969-972; b) S. Bjérkman, J. Chattopadhyaya,
Chem. Scr. 1982, 20, 201-202.

[28] a) K. C. Nicolaou, B. S. Safina, M. Zak, A. A. Estrada, S. H. Lee,
Angew. Chem. 2004, 116, 5197-5202; Angew. Chem. Int. Ed. 2004,
43, 5087-5092; b) K. C. Nicolaou, M. Zak, B. S. Safina, A. A. Estra-
da, S. H. Lee, M. Nevalainen, J. Am. Chem. Soc. 2005, 127, 11176—
11183.

[29] a) G. Burrell, J. M. Evans, G. E. Jones, G. Stemp, Tetrahedron Lett.
1990, 31, 3649-3652; b) P. Lafargue, A. Dodi, M. Ponchant, C.

CHEMISTRY

AN ASIAN JOURNAL

Garcia, M. Le Cavorsin, J.-F. Pujol, J.-P. Lellouche, Bioorg. Med.
Chem. 1994, 2, 827-835; c) P. Lafargue, P. Guenot, J.-P. Lellouche,
Heterocycles 1995, 41, 947-958; d) P. Lafargue, P. Guenot, J.-P. Lel-
louche, Synlett 1995, 171-172; ¢) A. J. Phillips, Y. Uto, P. Wipf, M. J.
Reno, D. R. Williams, Org. Lett. 2000, 2, 1165-1168.

[30] K. C. Nicolaou, M. Zak, B.S. Safina, S. H. Lee, A.A. Estrada,
Angew. Chem. 2004, 116, 5202-5207; Angew. Chem. Int. Ed. 2004,
43, 5092-5097.

[31] K. C. Nicolaou, M. Nevalainen, M. Zak, S. Bulat, M. Bella, B.S.
Safina, Angew. Chem. 2003, 115, 3540-3546; Angew. Chem. Int. Ed.
2003, 42, 3418-3424.

[32] M. Ebata, K. Miyazaki, H. Otsuka, J. Antibiot. 1969, 22, 364-368.

Received: February 2, 2008
Published online: May 7, 2008

Chem. Asian J. 2008, 3, 1013-1025

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemasianj.org 1025


http://dx.doi.org/10.1016/j.tetlet.2006.12.121
http://dx.doi.org/10.1016/j.tetlet.2006.12.121
http://dx.doi.org/10.1016/j.tetlet.2006.12.121
http://dx.doi.org/10.1016/j.tetlet.2004.03.099
http://dx.doi.org/10.1016/j.tetlet.2004.03.099
http://dx.doi.org/10.1016/j.tetlet.2004.03.099
http://dx.doi.org/10.1016/0040-4039(81)89023-5
http://dx.doi.org/10.1016/0040-4039(81)89023-5
http://dx.doi.org/10.1016/0040-4039(81)89023-5
http://dx.doi.org/10.1016/0040-4039(81)89023-5
http://dx.doi.org/10.1002/ange.200461340
http://dx.doi.org/10.1002/ange.200461340
http://dx.doi.org/10.1002/ange.200461340
http://dx.doi.org/10.1002/anie.200461340
http://dx.doi.org/10.1002/anie.200461340
http://dx.doi.org/10.1002/anie.200461340
http://dx.doi.org/10.1002/anie.200461340
http://dx.doi.org/10.1021/ja052934z
http://dx.doi.org/10.1021/ja052934z
http://dx.doi.org/10.1021/ja052934z
http://dx.doi.org/10.1016/S0040-4039(00)94467-8
http://dx.doi.org/10.1016/S0040-4039(00)94467-8
http://dx.doi.org/10.1016/S0040-4039(00)94467-8
http://dx.doi.org/10.1016/S0040-4039(00)94467-8
http://dx.doi.org/10.1016/S0968-0896(00)82182-3
http://dx.doi.org/10.1016/S0968-0896(00)82182-3
http://dx.doi.org/10.1016/S0968-0896(00)82182-3
http://dx.doi.org/10.1016/S0968-0896(00)82182-3
http://dx.doi.org/10.1055/s-1995-4886
http://dx.doi.org/10.1055/s-1995-4886
http://dx.doi.org/10.1055/s-1995-4886
http://dx.doi.org/10.1021/ol005777b
http://dx.doi.org/10.1021/ol005777b
http://dx.doi.org/10.1021/ol005777b
http://dx.doi.org/10.1002/ange.200461341
http://dx.doi.org/10.1002/ange.200461341
http://dx.doi.org/10.1002/ange.200461341
http://dx.doi.org/10.1002/anie.200461341
http://dx.doi.org/10.1002/anie.200461341
http://dx.doi.org/10.1002/anie.200461341
http://dx.doi.org/10.1002/anie.200461341
http://dx.doi.org/10.1002/ange.200351745
http://dx.doi.org/10.1002/ange.200351745
http://dx.doi.org/10.1002/ange.200351745
http://dx.doi.org/10.1002/anie.200351745
http://dx.doi.org/10.1002/anie.200351745
http://dx.doi.org/10.1002/anie.200351745
http://dx.doi.org/10.1002/anie.200351745

