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Abstract: The thiopeptide (or thiostrepton) antibiotics are a class of sulfur containing highly modified cyclic
peptides with interesting biological properties, including reported activity against MRSA and malaria.
Described herein is the total synthesis of the thiopeptide natural product amythiamicin D, which utilizes a
biosynthesis-inspired hetero-Diels—Alder route to the pyridine core of the antibiotic as a key step. Preliminary
studies using a range of serine-derived 1-ethoxy-2-azadienes established that hetero-Diels—Alder reaction
with N-acetylenamines proceeded efficiently under microwave irradiation to give 2,3,6-trisubstituted pyridines.
The thiazole building blocks of the antibiotic were obtained by either classical Hantzsch reactions or by
dirhodium(ll)-catalyzed chemoselective carbene N—H insertion followed by thionation, and were combined
to give the bis-thiazole that forms the left-hand fragment of the antibiotic. The key Diels—Alder reaction of
a tris-thiazolyl azadiene with benzyl 2-(1-acetylaminoethenyl)thiazole-4-carboxylate gave the core tetrathia-
zolyl pyridine, which was elaborated into the natural product by successive incorporation of glycine and
bis-thiazole fragments followed by macrocyclization.

Introduction tors®7 Alternatively, other thiopeptides such as GE2270A act
directly on the elongation factor proteins, inhibiting their acfion.

The thiop_eptide_(or thiost_r_e-pton) gntibio;ics are a clas_,s of Despite the fascinating biological activity of the thiopeptide
sulfur containing highly modified cyclic peptides characterized antibiotics, relatively few synthetic studies have been carried

by several common structural features: the presence of thiazoley i 1o date, and only two members of this series of natural

and, in some cases, oxazole rings, unusual and dehydro aminQ,qycts, which numbers over 75 in total, have succumbed to
acids, and a heterocyclic centerpiece consisting of a tri- or tetra-; .-, synthesis to date, although, the syntheses of various

substituted pyridine all in a macrocyclic arréyrhe five- fragments of other thiopeptides have been reported:; for example

mem_bered hetero_cycles are _derived from am?no _acids bY the pyridine clusters of dimethyl sulfomycinam&#€ nosihep-
nonribosomal peptide synthegis, followed by cyclization of tide 11 A1025512 and GE2270A3.14

serine, threonine, or cysteine side chains. Many of the Com- e grycture of micrococcin P1 was originally assigned by

pounds such as the micrococcins (€.g., micrococcir)Fand Walker et al. in 197725 but was corrected by Bycroft and
thiostrepton? itself (Figure 1) have been known for over 50 Gowland the following yea#® Initially, synthesis served to

years, aIt_hough in many cases, the structures have only beer’&onfuse rather than clarify the structure of micrococcin P1, since
fully elucidated more recently, and even now some structural ye firg reported success actually described a compound that is

uncertainties remain (see below). . ~ epimeric with the Bycroft-Gowland structutsn the isoalaninol
Most of the thiopeptide antibiotics inhibit protein synthesis

H ; ; (6) Draper, D. E. InThe Many Faces of RNAggleston, D. S., Prescott, C.

'n_ bQCte”a' and share common mOdeS_ of ’a{lCIIOﬂ. They ac_t by D., Pearson, N. D., Eds.; Academic Press: San Diego, 1998; p 123

binding to the complex of 23SrRNA with ribosomal protein  (7) Porse, B. T.; Leviev, L.; Mankin, A. S.; Garrett, R. A.Mol. Biol. 1998

i : ; 276, 391-404.

L11, inhibiting the action of GTP-dependent elongation fac- g {iefiron, s. E.: Jurnak, FBiochemistry200Q 39, 37—45.

(9) Kelly, T. R.; Lang, F.J. Org. Chem1996 61, 4623-4633.

(10) Bagley, M. C.; Dale, J. W.; Xiong, X.; Bower, Qrg. Lett.2003 5, 4421~

4424,

T University of Exeter.

’f’Ast_raZe_neca. ) (11) Umemura, K.; Noda, H.; Yoshimura, J.; Konn, A.; Yonezawa, Y.; Shin,
§ University of Nottingham. C. G.Bull. Chem. Soc. Jpri.998 71, 1391-1396.
(1) Bagley, M. C.; Dale, J. W.; Merritt, E. A.; Xiong, XChem. Re. 2005 (12) Umemura, K.; Ikeda, S.; Yoshimura, J.; Okumura, K.; Saito, H.; Shin, C.
105 685-714. G. Chem. Lett1997 1203-1204.
(2) Li, Y. M.; Milne, J. C.; Madison, L. L.; Kolter, R.; Walsh, C. Tcience (13) Okumura, K.; Saito, H.; Shin, C.; Umemura, K.; Yoshimurd&ull. Chem.
1996 274, 1188-1193. Soc. Jpn1998 71, 1863-1870.
(3) Roy, R. S.; Gehring, A. M.; Milne, J. C.; Belshaw, P. J.; Walsh, Q\at. (14) Heckmann, G.; Bach, TAangew. Chem., Int. EQ2005 44, 1199-1201.
Prod. Rep.1999 16, 249-263. (15) Walker, J.; Olesker, A.; Valente, L.; Rabanal, R.; LukacsJGChem.
(4) Schwarzer, D.; Finking, R.; Marahiel, M. Aat. Prod. Rep2003 20, Soc. Chem. Commuh977, 706—708.
275-287. (16) Bycroft, B. W.; Gowland, M. SJ. Chem. Soc. Chem. Comm878 256—
(5) Sieber, S. A.; Marahiel, M. AChem. Re. 2005 105, 715-738. 258.
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\ o) . . . . .
HN 5 f micin D 8 by a route that, like Nicolaou’s synthesis of thio-
Me™\H strepton, uses a biomimetic strategy to establish the 2,3,6-tri-
=N o substituted pyridine core of the natural prodefct.
NI
Me O o S Results and Discussion
Me
3 promothiocin A; R =H The amythiamicins (AD, 5—8) (Figure 2) are among the

4 promothiocin B; R = C(=CH,)CONHC(=CHZ)CONH, most interesting thiopeptide antibiotics, and were isolated from

Figure 1. Structures of the thiopeptide antibiotics micrococcin P1, a strain ofAmycolatopsisp. MI481-42F4, and their structures
thiostrepton, and the promothiocins. determined by degradative and spectroscopic techn§u#s.

They are among the very few thiopeptides thatndd contain
side-chain'-'8 Subsequently, Ciufolini’s elegant synthesis of a dehydroalanine residdegnd they are also some of the most
structurel,’® together with his detailed NMR studigglarified biologically active. Not only are they reported to inhibit the
the situation: the Bycroft-Gowland structutéor micrococcin growth of Gram-positive bacteria, including methicillin-resistant
P1is correct in terms of connectivity of residues, but contains Staphylococcus aure1RSA),?8 they have also been shown
a stereochemical misassignment at one or more centers. Hencep inhibit the action of elongation factor Tu (EF-Tu), a GTP-
in view of the structural uncertainty associated with micrococcin dependent translation factor. Such inhibitors exhibit antimalarial
P1, the first definitive synthesis of a thiopeptide natural product
was the preparation of promothiocin 3, carried out in our (23) Nicolaou, K. C.; Safina, B. S.; Zak, M.; Estrada, A. A.; Lee, SAHgew.
own Iab_orat_ory in 199822 Very recently, in a landmark (24) (l\:lr:ceorraotljmKEgzoz(ﬁfl\:jl5(8)2;;20828 Lee, S. H.; Estrada, AAAgew.
synthesis, Nicolaou and co-workers have reported the prepara- ° Chem., Int. Ed2004 43, 5092-5097.

(25) Nicolaou, K. C.; Safina, B. S.; Zak, M.; Lee, S. H.; Nevalainen, M.; Bella,
M.; Estrada, A. A.; Funke, C.; Zecri, F. J.; Bulat, 8. Am. Chem. Soc.

(17) Okumura, K.; Ito, A.; Yoshioka, D.; Shin, C.-Gleterocyclesl998 48, 2005 127, 11159-11175.
1319-1324. (26) Nicolaou, K. C.; Zak, M.; Safina, B. S.; Estrada, A. A.; Lee, S. H,;
(18) Okumura, K.; Suzuki, T.; Nakamura, Y.; Shin, C.&ull. Chem. Soc. Jpn. Nevalainen, M.J. Am. Chem. SoQ005 127, 11176-11183.
1999 72, 2483-2490. (27) Hughes, R. A.; Thompson, S. P.; Alcaraz, L.; Moody, €llem. Commun.
(19) Ciufolini, M. A.; Shen, Y.-COrg. Lett.1999 1, 1843-1846. 2004 946-948.
(20) Fenet, B.; Pierre, F.; Cundliffe, E.; Ciufolini, M. Aetrahedron Lett2002 (28) Shimanaka, K.; Kinoshita, N.; linuma, H.; Hamada, M.; Takeuchi).T.
43, 2367-2370. Antibiotics 1994 47, 668-674.
(21) Moody, C. J.; Bagley, M. Cl. Chem. Soc. Chem. Comma®98 2049- (29) Shimanaka, K.; Takahashi, Y.; linuma, H.; Naganawa, H.; Takeuchi, T.
2050. Antibiotics 1994 47, 1145-1152.
(22) Bagley, M. C.; Bashford, K. E.; Hesketh, C. L.; Moody, CJ.JAm. Chem. (30) Shimanaka, K.; Takahashi, Y.; linuma, H.; Naganawa, H.; TakeuchHi, T.
Soc.200Q 122 3301-3313. Antibiotics 1994 47, 1153-1159.
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Scheme 1. Retrosynthetic Analysis of Amythiamicin D 8. Scheme 2. Bycroft—Floss Hypothesis for the Biosynthesis of the
Pyridine Core of the Thiopeptide Antibiotics.
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A\ N]Y BocHN\/l%O A 3,2122we also used a ring synthesis approach, employing the
1w © 10 little known Bohlmann-Rahtz reactiéhas a route to the pyri-

dine core of the natural produt.On this occasion, however,

activity againstPlasmodium falciparupii' the parasite that  we elected to draw our inspiration from Nature, and use a
causes the majority of malarial infections in humans, the most biosynthesis-mimicking DietsAlder route to the pyridine core
potent being amythiamicin A (1§ 0.01u«M). It was shown that of the antibiotic as a key step.
the thiopeptide binds tB. falciparumEF-Tu, thereby blocking In 1978, Bycroft and Gowland, in addition to reporting the
protein synthesis in the parasite, and suggesting that drugs whichstructure of micrococcin P, suggested that its pyridine ring
target this mechanism might be useful in the treatment of this (as well as the tetrahydropyridine in thiostrepton) could result
disease. biogenetically “from the interaction of two dehydroalanine

Although the detailed structural assignment of amythiamicin units,” themselves derived from serine residues. This interesting
D 8 was reported? the stereochemistry of the three chiral cen- proposal for the biosynthesis of the pyridine ring in thiopeptides
ters was not disclosed. Therefore, we assumed that they deriveyas subsequently supported by isotopic labeling experiments
from naturalL-amino acids, an assumption supported by the by Floss and co-workers, who showed that serine, the precursor
structure of the very closely related antibiotic GE22ASA0Our of dehydroalanine, was incorporated into the pyridine as
synthetic strategy is indicated in Scheme 1, and “obvious” predicted by such a propos&iRFloss also viewed the Bycroft
disconnections at the amide bonds reveal the building blocks proposal for the biosynthesis of the pyridine ritias a formal
as the core pyridin®, a simple glycine derivativel0, and Diels—Alder cycloaddition (i.e.13, but not necessarily con-
two thiazoles11 and 12. However, it is the synthesis of the  certed) followed by aromatization as shown in Scheme 2, the

core pyridine9 that lies at the center of the problem, and in intermediate tetrahydropyridire4 being clearly related to the
view of the difficulties associated with the synthesis of poly- corresponding structural unit in thiostrepton.

substituted pyridines, we decided at the outset that we would

(32) Tavecchia, P.; Gentili, P.; Kurz, M.; Sottani, C.; Bonfichi, R.; Selva, E.;
construct the pyrldlne fragment by a nng SythSIS rather than Lociuro, S.; Restelli, E.; Ciabatti, Rtetrahedron1995 51, 4867-4890.
by an approach involving sequential modification and substitu- (33) Ciufolini, M. A.; Shen, Y. CJ. Org. Chem1997, 62, 3804-3805.

(34) Yonezawa, Y.; Konn, A.; Shin, C. Gleterocycle2004 63, 2735-2746.
tion of a preformed pyridine ring. In the thiopeptide arena, the 35) Bohimann. F.. Rahtz, DChem. Ber1957 90, 2265-2272.
latter approach is by far the most common, although there are (36)
)
)

2004 102-103.

Mocek, U.; Knaggs, A. R.; Tsuchiya, R.; Nguyen, T.; Beale, J. M.; Floss,

H. G.J. Am. Chem. Sod.993 115 7557-7568.

(31) Clough, B.; Rangachari, K.; Strath, M.; Preiser, P. R.; Wilson, R. J. M. (38) Mocek, U.; Zeng, Z.; O'Hagan, D.; Zhou, P.; Fan, L.-D. G.; Beale, J. M;
Protist 1999 150, 189-195. Floss, H. G.J. Am. Chem. S0d.993 115 7992-8001.

Bagley, M. C.; Dale, J. W.; Jenkins, R. L.; Bower,Chem. Commun.
some exception®34Indeed in our synthesis of promothiocin (37
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Table 1. Preparation of 1-alkoxy-2-azabutadienes 19 Scheme 3. LR = Lawesson’s Reagent.
OAc 18
Et CONH
S MeOH BocHN S
O _NH, EtOPFs g0, NH  NHoHCI CO.R BocHN 2 100%% oc 169
R? CH,Cl, R2 CH,Cl, EtOW‘?N
then R2
" 17 DBU 1. LR, CH,Cl,, 89%
19 2. KHCO3, Et0,CCOCH,Br
DME, -40 °C
R? 17 yield/% R 19 yield/% then TFAA, 2,6-lutidine
a Ph a Me 48 DME, -28402
b 4-Cl—CgHa b Me 55
c 2-thienyl b Me 65
d 2-pyridyl b Me 3& CONH, CO.Et
e 2-Me-4-thiazolyl b Me x N N
f Ph a PNBS 64 1Y agNH, N
g Ae b Me 31 %—(’N s ~§_<N s
h Bf ~100 PNE 50 | MeOH |
BocHN S 98%  BocHN S
16h 21

aCommercial ethyl benzimidate hydrochloride usktimidate used
directly in next step® Yield is over the two steps. PNB = 4-nitrobenzyl.
eA = (9-2-(24ert-butoxycarbonylamino-3-methyl)propylthiazol-4-yB
= (9-2-[(2-tert-butoxycarbonylamino-3-methyl)propylthiazol-4-yl]thiazol-
4-yl.

Although the case for a DietlsAlderase enzyme remains the
subject of debaté® 42 it does not invalidate biosynthesis-
inspired Diels-Alder approaches to target molecules. Our first
task was, therefore, to realize Bycroft's original biosynthesis
proposal in a biomimetic cycloaddition route to 2,3,6-trisubsti-
tuted pyridines, involving the DietsAlder reaction of serine-

steps) using the modified Hantzsch procedure to avoid racem-
ization#° Conversion into the amidk6gwas quantitative, and
thionation and a second Hantzsch reaction, again under Holza-
pfel’s modified conditions, gave the bis-thiaz@gin excellent
yield. To check the stereochemical integrity of the bis-thiazole
21, it was converted int@-methoxye.-trifluoromethyl pheny-
lacetic acid (Mosher) amides. Removal of fdoc-group with

TFA was followed by separate coupling reactions Ry (@nd
(9-Mosher’s acid to give the corresponding amides. Analysis

derived 1-alkoxy-2-azadienes with dehydroalanine derivatives by F NMR spectroscopy established the purity of each dia-

(cf. 13).#3 The dienes chosen for study were the 1-alkoxy-2-
azadiened 9, which mimic the dehydroalanine dipeptide diene
proposed by Bycroft and Floss, by fixing it in the required ‘enol’
form (cf. Scheme 2j#4% The dienes were prepared from
O-acetylserine estefs8 by reaction with the imidatek7, which
are commercially available 8= Ph) or obtained by reaction
of the corresponding carboxamides with triethyloxonium
hexafluorophosphat¥,using a procedure based on a literature
route to 2-azadien&9a4’ As summarized in Table 1, a range
of 2-azadienesl9 incorporating aryl {9a 19b, 19f) and
heteroaryl 19c — €) groups was prepared. The 1-ethoxy-1-
phenyl-2-azadiene system was prepared with both metiog) (
and 4-nitrobenzyl (PNB)19f) esters groups, the latter being

stereomeric amide, confirming that no racemization had occurred
in the synthesis of the thiazole rings. The ester grouiliwas
finally converted into the corresponding amitigh by treatment
with ammonia (Scheme 3).

In keeping with the desire to mimic Nature, the first dieno-
philes investigated were the serine derivigdicetyldehydro-
alanine ester@4a and 24b, the NHAc group mimicking the
N-terminus peptide chain in the proposed biosynthetic route (cf.
Scheme 2). Although not commonly used as dienophiles be-
cause of their poor reactivity, dehydroalanine derivatives do par-
ticipate in Diels-Alder reaction$°-57 On the other hand, there
is no precedent for simple enamides such as the phenyl sub-
stituted enamid®4c acting as a dienophile, and therefore this

chosen to offer the possibility of selective ester deprotection at compound, along with the more relevant 2-thiazolyl sub-

a subsequent stage.

Also, two model thiopeptide diene$qg, 19h), incorporating
a more complex thiazole and a bis-thiazole at the 1-position,
were prepared from theS)-thiazole-4-carboxamide$6g and
16h, obtained from the known thiazole-4-carboxyl@@*® as
shown in Scheme 3. The chiral thiaz@ewas readily obtained
from N-Boc-valine on a 520 g-scale £65% vyield over three

stituted derivative24d—24f, formed part of our early fea-
sibility studies. Methyl 2-acetamidoacrylate4a is com-
mercially available, and its ethyl analog@db was prepared
from the corresponding acid. Dienophilec—24f were
prepared by reduction of the corresponding oxirg8susing
iron with acetic anhydrideacetic acid in toluen&® The two
thiazolyl ketone22eand22f were prepared as shown in Scheme

(39) Laschat, SAngew. Chem., Int. Ed. Endl996 35, 289-291.

(40) Stocking, E. M.; Williams, R. MAngew. Chem., Int. E@003 42, 3078~
3115.

(41) Ose, T.; Watanabe, K.; Mie, T.; Honma, M.; Watanabe, H.; Yao, M,
Oikawa, H.; Tanaka, INature 2003 422 185-189.

(42) Guimaraes, C. R. W.; Udier-Blagovic, M.; Jorgensen, WI.IAm. Chem.
Soc.2005 127, 3577-3588.

(43) Moody, C. J.; Hughes, R. A.; Thompson, S. P.; Alcaragihem. Commun.
2002 1760-1761.

(44) Buonora, P.; Olsen, J. C.; Oh, Tetrahedron2001, 57, 6099-6138.

(45) Jayakumar, S.; Ishar, M. P. S.; Mahajan, MT@trahedror2002 58, 379~
471.

(46) Pattenden, G.; Thom, $.Chem. Soc., Perkin Trans1993 1629-1636.

(47) Balsamini, C.; Bedini, A.; Galarini, R.; Spadoni, G.; Tarzia, G.; Hamdan,
M. Tetrahedron1994 50, 12375-12394.

(48) Downing, S. V.; Aguilar, E.; Meyers, A. IIl. Org. Chem1999 64, 826—
831.

(49) Bredenkamp, M. W.; Holzapfel, C. W.; vanZyl, W. Synth. Commun.

199Q 20, 2235-2249.

(50) WuIff, G.; Lindner, H. J.; Bohnke, H.; Steigel, A.; Klinken, H. Tiebigs

Ann. 1989 527-531.

(51) Cativiela, C.; Lopez, P.; Mayoral, J. Aetrahedron-AsymmetrdQ9Q 1,
379-388.

(52) Crossley, M. J.; Stamford, A. WAust. J. Chem1994 47, 1695-1711.

(53) Burkett, B. A.; Chai, C. L. L.; Hockless, D. C. Rust. J. Chem1998 51,

993-997.

(54) Burkett, B. A.; Chai, C. L. LTetrahedron Lett1999 40, 7035-7038.

(55) Burkett, B. A.; Chai, C. L. LTetrahedron Lett200Q 41, 6661-6664.

(56) Avenoza, A.; Cativiela, C.; Busto, J. H.; Fernandez-Recio, M. A.; Peregrina,
J. M.; Rodriguez, FTetrahedron2001, 57, 545-548.

(57) Avenoza, A.; Barriobero, J. |.; Cativiela, C.; Fernandez-Recio, M. A,
Peregrina, J. M.; Rodriguez, Fetrahedron2001, 57, 2745-2755.

(58) Burk, M. J.; Casy, G.; Johnson, N. B. Org. Chem.1998 63, 6084~
6085.
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Scheme 4
1. HCI*H-Cys-OEt, KHCO3

0 aq EtOH 0 N-_COR

»-cHo < ]/
Me 2. MnO,, MeCN, 60 °C Me S
55% over 2 steps
22e R=Et Cs,C03, ag MeOH
100%
R=H BnBr, EtsN
22f R=Bn EtOAc, 89%

Scheme 5. 24a, R® = CO,;Me; 24b, R3 = CO,Et; 24c, R3 = Ph;
24d, R3® = 2-thiazolyl; 24e, R3 = 4-EtO,C-2-thiazolyl; 24f, R3 =
4-Bn0O,C-2-thiazolyl.

CHs  HONH,*HCI CHg Fe, AcOH

RS0 Naoac RSN a0 R ONHAG
MeOH toluene

22 23 24

81-99% 45-57%

Scheme 6. 25a, R = Me, RZ = Ph, R® = CO,Me; 25b, R = Me,
R2 = Ph, R3 = CO»Et.

\’COzH
EtO.. N
“”{2 Ji:rcoz.ﬂ ~ CO,R
R
N N
R2 R2
RS” “NHAc 2 %
24

4, and the preparation of the enamide dienophitesis
summarized in Scheme 5.

Initial experiments on the DielsAlder reactions of the
2-azadienes were carried out with the 1-phenyl digdaand
methyl acetamidoacryla@taas dienophile. Prolonged heating
of the two components in xylene resulted in a 42% vyield of
the pyridine 25a after chromatography (Scheme 6), thereby
establishing for the first time the viability of the ‘biomimetic’
Diels—Alder-aromatization sequence, albeit under thermal rather
than ‘biological’ conditions. Interestingly, the pyridingsa
was also formed slowly in 79% vyield on heating the diéSa
alone. That the dehydroalanine dienophile e@#a was ac-
tually involved in the cycloaddition was shown by the use of
the corresponding ethyl esté@4b that gave pyridine25b,
together with25a formed by competing ‘dimerization’ of the
2-azadiene. The reaction was also investigated under micro-
wave irradiatior?? and these conditions were applied to a range
of other 1-ethoxy-2-azadienesd and enamide dienophiles
24 to give the corresponding pyridineZs in modest yield
(Table 2, Supporting Information). Crucially, in terms of our
planned synthesis of a thiopeptide pyridine core, thiazole rings
could be incorporated into both diene and dienophile compo-
nents, resulting in the synthesis of a series of 2,3-dithiazolyl-
pyridines (Table 2, Supporting Information). In particular,
pyridine250is fully functionalized, with orthogonal protecting
groups, for further elaboration although in the event, it was
not used in the final synthesis of amythiamicin D, since the
selective deprotection could not be carried out satisfactorily.
The Diels-Alder reactions were regiospecific and gave the
2,3,6-trisubstituted pyridine®5 as evidenced by theitH
NMR spectra, which showed two doublet £ 8 Hz) for
the two adjacent pyridine ring protons. There was no evidence
for the formation of the alternative 2,4,6-substituted regioiso-
mers.

15648 J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005

Most of the Diels-Alder reactions described in Table 2 suffer
from competing ‘dimerization’ of the 2-azadiene to give
pyridines26. For completeness, a series of separate ‘dimeriza-
tion’ experiments were carried out as summarized in Table 3
(Supporting Information). With the exception of dieb@h, all
azadienes investigated gave pyridirg& presumably by way
of a Diels—Alder dimerizatior-aromatization sequence with
the loss of ethanol and the imidate. Similar ‘dimerizations’ of
2-azadienes to give pyridines have been noted previdfsly.

The yields of the desired 2,3,6-trisubstituted pyridines are
somewhat variable, although no attempts were made to optimize
the reactions, and probably reflect the fact that the diene
dienophile components are not ideally matched in terms of their
electronic properties for an efficient Dield\lder process.
Additionally, although initial Diels-Alder adducts were never
observed, the subsequent aromatization sequence may not be
trivial given the relatively poor natures of the acetamide anion
and ethoxide as potential leaving groups. Nevertheless, that is
what the ‘biomimetic’ Diels-Alder-aromatization sequence
requires, albeit under ‘biological’ conditions, rather than the
simple thermal conditions described here.

The above feasibility study has established for the first time
the viability of the long-standing proposal for the biosynthesis
of the pyridine ring in the thiopeptide antibiotics involving a
cycloaddition of two serine-derived dehydroalanine type frag-
ments. Thus, it has not only resulted in the realization of
Bycroft's original idea, but also allowed us to adopt such a
cycloaddition approach to the core pyridief the amythia-
micins as the keystone of our overall strategy.

With the key methodology established for the synthesis of
2,3,6-trisubstituted pyridines relevant to the core pyridired
the amythiamicins, attention turned to the preparation of the
thiazolesl1and12that were also required by the retrosynthetic
analysis (Scheme 1). Although the Hantzsch reaction discovered
in 1889 remains one of the most reliable routes to thiazoles,
and has been used by others for the synthesis of the thiazole
building block 12 common to GE2270A and the amythia-
micins®! we elected to use the versatile rhodium carbereN
insertion method developed in our own laboraté#ifhe sub-
strate for the rhodium reaction was the aspartate-derived amide
28, readily obtained from commercially availabl&){N-Boc-
aspartic acid benzyl est2r using the mixed anhydride method.
The amide28 underwent chemoselective-NH insertion with
the rhodium carbene derived from methyl 2-diazo-3-oxobutano-
ate by dirhodium tetraoctanoate catalyzed reaction. The resulting
1,4-dicarbonyl compound, ketoami@8, formed as a mixture
of diastereoisomers, was readily converted into the thia20le
upon treatment with two equivalents of Lawesson’s reagent in
boiling THF %2 Use of less reagent or lower temperatures re-
sulted in poorer yields. It thus remained to install the correct
side-chain and this was achieved by hydrogenolysis of the
benzyl ester followed by amide formation to gi8#&, although
the first step was not without difficulty: fairly forcing condi-

(59) Microwave Assisted Organic Synthesierney, J. P., Lidstim, P., Eds.;
Blackwell Publishing Ltd: Oxford, 2005.
60) Palacios, F.; Alonso, C.; Rubiales, G.; Ezpeleta, JEM. J. Org. Chem.

)
)
2001, 2115-2122.
(61)
55, 835-840.
)
)

—~

Suzuki, T.; Nagasaki, A.; Okumura, K.; Shin, C. Beterocycles2001,
(62) Davies, J. R.; Kane, P. D.; Moody, C. Tetrahedron2004 60, 3967
3977.
(63) Gordon, T. D.; Singh, J.; Hansen, P. E.; Morgan, BTAtrahedron Lett.
1993 34, 1901-1904.
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Scheme 7. Oct = Octanoate; LR = Lawesson’s Reagent.

Scheme 8. BTEAC = Benzyltriethylammonium Chloride: EDCI =
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide Hydrochloride;

1. EtO,CCl, EtzN -
BroC TH|2:, 0°C BnO,C HOBt = 1-hydroxybenzotriazole.
NH. BocHN S : CIH-H.N S
BocHN™ "CO,H 2. aquGH3, THF BocHN 2 (¢ 1 HClI, dioxane 2 e 1
% o) <N —_ X
CO5R 88% N CO. B
27 28 A\ 2 ° \ »BuU
20 R=Et LIOH, aq MeOH 1
N,-COsMe | RhyOct, s Ao h 100 q
0~ "Me 74% 33 R=1tBu K>COg, aq THF 12
° 0,
92% EDCI
HOBt
o i-ProNEt
BnO,C ThE Bn0;C D'\QF
N reflux H 5%
BocHN -— M
” s/\/fcone 65%  BocHN NZC% e
(¢] o) o
Me 07 "Me
30 29 > >\'—

1. Pd/C, MeOH, H, (60 psi), 50 °C

80%

2. EtOQCCL Et3N, CH2C|2, then

MeHN  7—NH,-HCI MeHN NHBoc
s/\(_ s/\(

Me HCI, dioxane Me
0 88% 0

MeNH,, THF, 0 °C HN S
73% M Ry
_\* N OBu —\ N OtBu
MeHN aquiﬁaHOH MeHN Scheme 9. LR = Lawesson’s Reagent.
N N
> BocHN = X OTBDPS
BocHN z )—COMe 799, S\/z—cozH MeO.C aq NHg, MeOH
S 2“~otsops HoN
Me Me NHBoc 100% NHBoc
31 12
36 37 X=0 LR
CH,Cl,

tions and high catalyst loadings were required to achieve good 38 X=5 91%
yields. Finally, lithium hydroxide hydrolysis revealed the free
thiazole-4-carboxylic acid2 for a subsequent coupling reaction
(Scheme 7).

The synthesis of the second thiazatewas readily achieved
from the known §)-ethyl thiazole-4-carboxylat@0 that, to
facilitate subsequent deprotection and coupling reactions, was 1-TT|_|BF/"F
converted into the corresponditeyt-butyl ester33. Hydrolysis Meozc—(/: $ Ohc 04% MeOZC—(/i $ OTBDPS
of the ethyl ester to the acBR was followed by re-esterification N’KH 2. AGO. py N
using phase-transfer catalyzed alkylation wignt-butyl bro- NHBoc " Chocl, NHBoc
mide® Selective removal of th&l-Boc-grouss by treatment 40 89% 39
with HCl in dioxane gave the required amifi#& isolated as its
hydrochloride salt. This was coupled to thiazolecarboxylic acid HCI
12 using carbodiimide methodology to give the bis-thiazZéde dioxane
in modest yield. Bis-thiazole84 was readied for a further
coupling reaction by a second selective removal oNaBoc- s
group in the presence oftert-butyl ester to give the bis-thiazole Meo?“"@ veo,c— 3
amine hydrochloride5 (Scheme 8). N OAc z N//K]/

With the thiazole building blocks prepared and already co- NH HC! CH,Cly, it
joined, the stage was set to exploit the biosynthesis inspired M then j;

DBU, CHCI, NS

azadiene DielsAlder reaction. Both diene and dienophile com-

. . . 63% from 40 S
ponents are required to contain a thiazole-4-carboxylate, and NH N{
th.eref.ore the ester groups need to be differentiated. Singe amy- g N NN ,N])koa /g/«s\
thiamicin D bears a thiazole methyl ester at the pyridine-6- Sﬁs BocHN

position, this fixes the corresponding 3-substituent of the pro- 17h

posed 2-azadiene component, thereby defining the thi24dle

containing an orthogonally protected carboxyl, as the dienophile. thiazole rings was constructed from the valine-derived bis-

The 2-azadiene componet2 that contains the remaining three ~ thiazole imidatel7h described earlier and the serine-derived
thiazole41. N-Boc-Serine methyl ester was converted into the

known silyl derivative36; subsequent reaction with ammonia
gave the amideg87 and hence the thioamidag8 (Scheme 9).
Hantzsch reaction with methyl bromopyruvate established the

KHCO3, MeO,CCOCH,Br
DME, 0 °C

then TFAA, 2,6-lutidine
DME, 0 °C

88%

42

(64) Chevallet, P.; Garrouste, P.; Malawska, B.; MartineZ,elrahedron Lett.
1993 34, 7409-7412.

(65) Gibson, F. S.; Bergmeier, S. C.; Rapoport,}HOrg. Chem.1994 59,
3216-3218.
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Scheme 10. PyBOP = Benzotriazol-1-yloxy-tris(pyrrolidino)Phosphonium Hexafluorophosphate; DPPA = Diphenylphosphoryl Azide.

S
oo
AN N
EtO., N
;[ toluene 1. TFA, CHCl
Z "N
BrO.C NHAG / MW 2. Boc-Gly-OH (10)
2 33% i-ProNEt, PyBOP
= DMF
N S 95%

24f

BocHNI'(

42 9

1. Pd black, Hy
MeOH

2. 35, PyBOP
ProNEt, DMF

60% over two steps

1. TFA, CHCly

2. DPPA, i-Pr,NEt, 0 °C, DMF
73% over two steps

8 amythiamicin D a4

thiazole 39 that was prepared for azadiene formation by de- forcing conditions, reduction of the pyridine ring occurred. A

silylation and acetylation to give the thiazol®. Building on second PyBOP-mediated reaction successfully coupled the
the earlier examples, the key azadiet® was accessed by left-hand bis(thiazoleB5 to provide the cyclization precur-
reaction of amine hydrochloridél, obtained by simple HCI-  sor 44. The terminalN-Boc andtert-butyl ester groups @4

mediated deprotection &f0, with imidate 17h, followed by were simultaneously cleaved using TFA, and the resulting amino
elimination of the acetate using DBU as base (Scheme 9).  acid treated with diphenylphosphoryl azide (DPfAS° and

The synthesis had now reached the critical Digldder Hinig's base in DMF. This resulted in macrolactamization in
reaction, and heating the azadiet®with enamide dienophile  a yield of 73% (from44) to give amythiamicin D8 (Scheme
24f under microwave irradiation in toluene at 120 for 12 h 10).
gave the required 2,3,6-tris(thiazolyl)pyridir®e albeit in a Our synthetic material had properties consistent with those

modest 33% yield. Given that pyridir®eforms the core of the  reported for the natural produ#tsuggesting that our original
natural product, it was essential to establish its stereochemicalassumption about the stereochemistry of the three chiral centers
integrity, and this was again achieved by formation of Mosher was correct. Subsequent correspondence with the original
amides. Removal of thE-Boc-group with TFA was followed authors revealed that unpublish&eray crystallographic data

by separate coupling reactions ®){ and §)-Mosher’s acid to substantiates the (819S,299)-stereochemistry thereby provid-
give the corresponding amides. Analysis ¥ NMR spec- ing final confirmation that we had completed the first synthesis
troscopy established the purity of each diastereomeric amide,of the natural product amythiamicin D, and paving the way for
confirming that no racemization had occurred during the syntheses of other thiopeptide natural products.

synthesis of diend2 and hence pyridin®. . . .
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