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Abstract: The power of rhodium carbene methodology in chemistry igldemonstrated the synthesis of a
structurally complex polyazole antibiotic. Plantazolicin A, a novel soil ba , comprises a linear
array of 10 five-membered rings in two pentacyclic regions that deriv ide synthesis followed
by extensive post-translational modification. The compound posse icrobial activity, and is
selectively active against the anthrax causing organism. A conceptuall erent synthesis of plantazolicin A is
reported in which the key steps are the use of rhodium(ll)-catalyzed rea s of diazocarbonyl compounds to
generate up to six of the seven oxazole rings of the antibi oscopic studies and molecular
modeling, reveal a likely dynamic hairpin conformation with a hing d the two isoleucine residues.

In the one and a half centuries since August Kekulé an
carbon atom could form four bonds to other atoms (includi
species with a 6-electron valence shell has intrigued che
fleeting intermediates, such divalent species, now
the isolation of the first stable carbene in the late 1 wed by the now familiar stable N-heterocyclic
carbenes,™ that as ligands have revolutionalized ysis.[S] Also metallocarbene intermediates,
derived from diazo compounds, participate in a plethora of reactio® that are useful in chemical synthesis.[ﬁl We
now demonstrate the power of carbene chemi in the synthesis of the structurally unique, complex polyazole
antibiotic plantazolicin A, in which upto si the seven 5-membered oxazole rings of the natural product
originate from simple precursors such as ¢ i
1), -10]

chibaldtntt Co per independently proposed that a
other carbons),“’ I'the existence of divalent carbons
ists. Once regarded as mechanistic curiosities or
rbenes, have moved center stage as a result of

abolites isolated from the soil bacterium Bacillus
a linear array of 5-membered rings (azoles) that

Plantazolicin A 1 and plantazolicin
amyloliquefaciens FzB42."""4 The structu
biosynthetically derive from amino acids by
translational modification."*"'*! However, it is the p
positive organisms that has attracted much attenti
anthrax causing organism Bacillys anthracis (Ste
highly reminiscent of the thiope ntibiotics,'®;
Clostridium difficile infections,[
two pentacyclic regions represents a

. In particular, the compound is selectively active against the
).[11’13] Although the polyazole nature of plantazolicin A is
a synthetic derivative of which has entered the clinic against
ferences. Specifically, the linear nature of the antibiotic with its
r chemical synthesis that, in combination with the antimicrobial
activity, makes plantazoligjin A highly a e for further study. In this regard, the first total synthesis was
reported by Stssmuth ef, in 2013, an ery recently, a second total synthesis by Ley and co-workers,??
both syntheses rglyin ical peptide coupling. We now report a conceptually different synthesis of
plantazolicin A ba istry.

R2 dehydration

R2C=N

Rh carbene
cycloaddition | R5 =H

N-H insertion via nitrile ylide

cat. Rh2+

o
Me ‘ Rh carbene

H

N

R2 CO.R dehydration N ._-COzR
ﬂ/ —_— R2 _</ I[
o o}

07 Rs R®

Scheme 1. Oxazoles from carboxamides and nitriles via rhodium carbenes.



Our strategy was to construct the azole rings using the afore-mentioned carbene chemistry, and hence our
retrosynthetic analysis divided the molecule into two fragments 3 and 4, each adorned with appropriate protecting
groups, with the sensitive oxazoline ring in the C-terminus right hand fragment 4 to be formed by a late stage
cyclodehydration reaction (Scheme 2). In contrast with other approaches, we elected to introduce the guanidine
moiety Iater in the synthesis. Thus the starting point for our synthesis was the known orgabine-derived thiazole-4-
ester 5, readily converted into the corresponding carboxamide 6 setting the scene first carbene step
(Scheme 3). The key metallocarbene N-H insertion was carried out by slow addition
oxobutanoate to amide 6 in the presence of 2.5 mol% of rhodium(ll) acetate dimer inc
ketoamide 7, which was |mmed|ately cyclized to oxazole 8 by cyclodehydrati [ enylphoSphine and
iodine in the presence of base. 4 However, it proved difficult to isolate the produc enylphosphine oxide,
ameliorated by use of polymer-supported triphenylphosphine. The ester 8 was conve the corresponding

i ntzsch reaction
azoles to install,
. Thus ester 11 was

formed the next ring and delivered the three-azole array 11 (Scheme 3),
an iterative carbene carboxamide N-H insertion cyclodehydration seque
converted into carboxamide 12 that underwent the desired carbe ive ketoamide 13,
cyclodehydration of which gave tetra-azole 14 in 52% yield over two iteration by way of
carboxamide 15 and ketoamide 16 produced the desired penta-az yield of this last ring-
forming step was poor.
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Scheme 2. Retrosynthetic analysis of plantazolicin
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rt, 93%; b) methyl 2-diazo-3-oxobutanoate (1 4 equiv), r dlum(ll) tate dimer (2 5 mol%), CHCls, 60 °C; c)
Ponmer-Pth (1.6 equiv), I, (1.6 equiv), EtsN (3.2 e UIV 2Clo, 1 % (2 steps); d) ammonia, Me H, THF, rt,
80%; e) Lawesson’s reagent (0.7 equiv), CHCIs, rt, 55%; thyl bromopyruvate 5. 0 equiv), KHCO3 go equw

DME, -10 °C; gétrlfluoroacetlc anhydride (5 equw) 2 ,6-luti@ne (10 equiv), DME, -10 °C; h) 0 equiv),

EtO_H H.,O, rt, 71% (3 steps); i) 35% a Cj NH3 solutlon Et rt, 84A> j) methyl 2-diazo-3- oxobutanoate 14
equiv), rhodlum(ll) acetate dlmer 32 .5 mol% 2460 °C: 50| 3.5 equiv), I, (3 5 equiv), Et3N (7.0
9UIV CH.Cly, rt, 52% (2 steps); |) LiOH, tsN, THF, 35% ag Hs solution, rt,
57%; n) methyl 2-diazo-3-oxobutanoate (1.4 eq ate dimer (2.5 mol% HCls, 60 °C; o)
Ponmer-Ph3 (4.0 equiv), I, (4.0 equiv), 2Clp, 1, 11% (2 steps [DME = 1,2-
dimethoxyethane]

Scheme 3. Synthesis of intermediate penta-azole 17. Reagents and Eond/tlons a) 35% aq NHj solution, EtOH,

In view of the unsatisfactory formation o
whilst still satisfying our desire to use c
threoninamide 18 underwent rhodium(l
ester 20 in good yield, deprotection of whi

ing in the penta-azole 17, we sought an alternative,
to construct the azole rings. Thus the protected
rtion followed by cyclodehydration to give oxazole
e free threonine-oxazole 21 (Scheme 4). This amine
by simple hydrolysis of the bis-thiazolyloxazole 11
ubsequent ring closure of the threonine fragment using
dehydrogenative aromatization of which with the
iously prepared penta-azole 17. With an improved route
available to the key penta-az nthesis rapidly progressed towards the complete left-hand
fragment 3 of the antibiotic. A of the Boc-group allowed for installation of the dimethylamino
group by a reductive amination reac aldehyde to give 25, which underwent cleavage of the

resulting in the formation of the linear tetra- azole
DAST methodology gave oxazoline 237
bromotrichloromethane protocol 15

conversion of oxazole ester 32 into nitrile 34 and thereafter a

oxazole 38,

oxazole ester 35 , subsequently coupled to amine 39 under the HBTU protocol
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Scheme 4. Synthesis of left-hand penta-azole fra ment . Reage nditions. a) methyl 2-diazo-3-
oxobutanoate é 4 equiv), rhodlum(lglacetate dimer (2.5 mol%), C CI3, 70 °C, 16 h, quant.; ) aPhg 20e U|F)

I (2.0 equiv), t3N (4.0 equiv) 2, It, 55%; ¢) 4 M HCl in 1,4- d| ane, rt, 6 h, quant.; d) LiOH, MeOH-

H,O (1: 5.5) rt, 15 h, 82%; e) HBT U EtsN, CH,Cl,, rt, 926: f& K>COs, CH,Cl,, -78 g ) BrCCls, DBU,

CHyCl, 0 °C - rt 32%: h) 4 M HClI in dioxane, , uant Ac-@1.0 (56 equwh formaldehy e (37% s solution

in H20 30e uw) NaBH CN (23 equiv), THF, rt, 63%; j) (33% solution in AcOH; 100 equiv), rt, quant k) 27

(1.4 equiv), N (2.8 equw) CHCls, 40%; )Me3SnOH 0 equiv), DCE, 80 °C, quant. HBTU = (2-(1H-
ate; DAST = dlmethylamlno sulfur trifluoride; DBU

benzotrlazol 1-yIR [1,1 ,3,3-tetramethyluronium hexafluoropho
o}

= 1,8-diazabicyc .0Jundec-7-ene; DCE = 1,2-diggloroe

remaining N-protecting group in preparation for the introduction¥of the 2-trimethylsilylethoxycarbonyl (Teoc)
protected guanidine onto amine 26. To this eg#?™we developed a new reagent, the pyrazole carboxamidine 27,
that successfully incorporated the protecte guanldlne to give penta-azole 28, which underwent final ester
removal to give the desired fragment 3 (Sc . rall yield over 17 steps.

The presence of four C-5 unsubstituted minus fragment of the antibiotic, in contrast to the
three 5-methyloxazoles present in the N\ , necessitated a slight change in methodology. Thus,
the order of steps was reversed with the ca i mg initially dehydrated to the nltrlle with subsequent
direct conversion into the oxazole in the rhodium C d carbene ste£ (Scheme 1) THence the synthesis of

that was converted into the carboxamide

32 by dirhodium(ll)-catalyzed re diazo compound, ethyl 2- dlazo 3-oxopropanoate, although
a change in catalyst to dirhodi robutyramide) was beneficial.”” The sequence was

to give adduct 40. A DAST-mediat ration and aromatization completed the linear array 41 of four
oxazoles, subsequently hydrolyzed to t sponding carboxylic acid 42 for further elaboration (Scheme 5).

Separately, Boc-Phe-OH 2-trimethylsilylethyl (TMSE) ester 43, the Boc group cleaved and
the ensuing amine 44 u -Boc-allothreonine to give dipeptide 45. The dipeptide was deprotected in acid
and the resulting i coupling with the tetra-oxazole acid 42 to give, after removal of the Boc
group, the compl

With both the N- an®g-terminal hal¥es of the antibiotic successfully obtained, polyazoles 3 and 4 were united
in the presence of HBT d Et3N to give the coupled product 48. The threonine m0|ety of the intermediate 48
of DAST to afford the oxazoline 49, the 'H-NMR and "*C-NMR spectroscopic data
of which matc te prepared in an earlier synthesis. 1 All that remained was to remove the three
d in common with previous workers, we found that this was not completely
required a two-stage strategy involving sequential use of two fluoride based reagents to
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fragment 4. Reagents and Cond/t/ons a) ammonia, MeOH, THF,

ethyl dichlor®phosphate (3.0 equiv), CH,Cl,, 0 °C, 80%; c‘g ethyl 2-diazo-3-

(I1) perfluorobutyramide dimer (2.5 mol%) CHCI3 60 °C, 53%; d) ammonia,

v), ethyl dichlorophosphate (3.0 equiv), CH,Cl,, 0 °C, 79%; 2 ‘ethyl 2-diazo-

erfluorobutyramide dimer (2. mol%) CHCI3 60 °C, 59%; g) LiOH (58

| 2-diazo-3-oxopropanoate (3.0 equiv), rhodium(ll) erﬂuorobu ramide

; W2 M HCI in ether, rt, quant; j) HBTU (1 5 equiv), 39 (1.5 equiv), Et3N (2. 0

AST (1.7 equiv), KZCO3 (5 0 equiv), CHzClz, -78 °C, uant BrCCI3 (4 0 e%w ,
59% (2 steps); m) LiOH (29 equw) H,O, EtOH, THF, 6%; n)

rt, 76%; b) DBU (50 :
oxopropanoate (3.0,equ
EtOH, THF, rt, 899@e) DBU
3- oxopropanoate
equiv), H,O, E
dimer (2 5 mol%) CH
e%uw) CH,CIl>-DMF, rt,

4.0 equiv), CH,CI)

dloxane rt, reonine (1.0 equiv), HBTU (2.0 equw 44 (2 Oe UIV) Et3N (4.0 equw) CH2CI -
DMF, rt, 65%; ane, rt, 79%; BTU (1.5 equiv), 46 (1.5 equw) Et;N ?3 .0 equw) CH,Cl,-DMF,
rt, 58%; r) 4 M quant s) HBTU (1.3 equiv), 3, t3N 2.4 equwg CH,CI,, rt, 50%; t) DAST (30.0
equiv.), ; U) TASF (30.0 equiv.), DMSO, rt; v) HFIP, rt, 31 %. [TMSE = 2- trlmethyIS|IerthyI

T SF:tris(dime-th mlno)sulfonlum dlfluorotnmethylsnlcate HFIP = hexafluormsopropanol]



total synthesis (Scheme 5). Following purification by HPLC, the NMR spectroscopic data of our synthetic material
matched those reported for the natural antibiotic (Tables S1 and S2); the compound also co-eluted on HPLC with
authentic material (Figures S1-S3). Our synthetic material also exhibited modest potency against methicillin-
resistant Staphylococcus aureus (MRSA) with an MIC >33 ug/mL (cf. >128 ug/mL").

Finally, we were interested in the conformation of plantazolicin A. NMR spectros
experiments were carried out (see Sl) along with molecular modeling. The lack of long ra
moderately dynamic molecule with rigid oxazole/thiazole arms that are not in close contag
time. However, the strong NOEs around the central two isoleucine residues su
region leading to a dynamic hair pin conformation. A structure consistent with the

OESY and TOCSY
OFEs suggests a
ppreciable
s a hinge
own in Figure 1.

The carbene-based synthesis described above is not only a practical route to p urther quantities of
t structures and
n of these novel
structures is underway.
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