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ABSTRACT: The first total synthesis of thuggacin cmc-A and the determination of the absolute structure are described. The thug-
gacin family of antibiotics is of great interest due to the antibiotic activity against Mycobacterium tuberculosis. Based on the as-
sumption that seven stereogenic centers in thuggacin cmc-A would share the same stereochemistry as thuggacin-A, all stereogenic
centers of thuggacin cmc-A were strictly constructed in a stereocontrolled manner. The total synthesis allowed its stereostructure to
be fully confirmed.

Tuberculosis (TB) is a life-threatening infectious disease
with the highest mortality worldwide. The recent emergence
of multidrug-resistant (MDR) and extensively drug-resistant
(XDR) TB strains is of great concern and the research efforts
to develop new therapeutic agents for such bacteria are highly
important.'* The thuggacins show significant antibacterial
activity against a range of microorganisms including Myco-
bacterium tuberculosis by targeting the bacterial respiratory
chain. The thuggacin family of antibiotics was reported to be
effective against TB via a different mode of action from that
of antibiotics currently used in treatment. Thuggacins identi-
fied to date include thuggacins A-C (2-4), 13-methyl-
thuggacin A (5), and thuggacin cme-A (1) (Fig. 1).* The thug-
gacins feature a unique a,B-unsaturated macrolide, including a
thiazole ring and an E,Z-conjugated diene unit. The significant
biological properties and structural challenges have made the
thuggacins attractive targets for synthesis. Thuggacins A-C
were isolated from the myxobacterium Sorangium cellulosum,
well known as an epothilone-producing organism.’ The struc-
tural assignments of thuggacins were made by Jansen and co-
workers,* and the complete stereochemical assignments was
determined by Kirschning and co-workers.® It has been shown
that thuggacin A (2) is interconverted into thuggacin B (3) and
C (4) by acyl migration in methanol. The first total synthesis
of 3 along with 2 has been accomplished by Kirschning et al.”
and the absolute configuration was also elucidated by them.

Shibasaki and Kumagai et al. also achieved the total synthesis
of 3 utilizing their catalytic asymmetric direct aldol reactions.®
Furthermore, Yadav and co-workers’ reported the synthesis

Me stereochemistry initially
thuggacin cmc-A (1) not assigned

Me Me Me

thuggacin C (4)

13-methyl-thuggacin A (5)

Figure 1. Thuggacin family



of the diacetonide derivative of 2. The biosynthetic studies'®
and the synthesis of their derivatives'' have also been reported
so far.

On the other hand, Jansen and co-workers isolated 17-
membered thuggacin cmc-A (1) and 19-membered thuggacin
cme-C from the myxobacterium Chondromyces crocatus Cm
c5 in search of other thuggacin family natural products.*®
Thuggacin cmc-A shows as antibacterial activities as thugga-
cin A.* Compared with 2, 1 comprises a 17-membered mac-
rolide having methyl group at C2, hydroxymethyl group at C7,
and no hydroxy group at C20. Although the planar structures
of thuggacin cmc-A and cmc-C were reported, their full stere-
ostructures have not been elucidated. Since the structures of 1
and 2 represent highly homologous feature, we assumed that
the seven stereogenic centers of 1 would share the same stere-
ochemistry as 2. Herein, we report the first total synthesis of
thuggacin cme-A, which allowed us to determine its absolute
structure to be 1.

From the retrosynthetic perspective, we envisioned com-
pound 6 as a precursor of 1 through macrolactonization and
cis-selective reduction (Scheme 1). The precursor 6 could be
accessed by Sonogashira coupling of intermediates 7 and 8.
C1-C12 vinyl iodide segment 7 would be obtained from

Scheme 1. Retrosynthetic Analysis of Thuggacin cme-A
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carboxylic acid 9 and amine 10 according to Kirschning’s
protocol.*” On the other hand, we envisaged that C13-C25
alkyne segment 8 could be obtained from iodoalkene 11 via
diastereoselective Barbier-type propargylation and Suzuki-
Miyaura coupling. Compound 11 would be in turn accessible
from alkyne 12, for example, by Negishi carbometallation-
iodination.

The synthesis of C1-C12 segment 7 commenced with ben-
zylidene acetal 13 derived from L-malic acid'? in three steps
(Scheme 2). Compound 13 was readily converted to the
known epoxide 15 in a sequence involving reductive cleavage
of a benzylidene acetal, Swern oxidation, Wittig reaction,
DIBAL-H reduction and Katsuki-Sharpless asymmetric epox-
idation according to Lee's procedure.'® Treatment of 15 with
vinylmagnesium bromide in the presence of copper iodide,
followed by formation of an acetonide gave compound 16.
Upon Lemieux-Johnson'* cleavage and Pinnick-Lindgren oxi-
dation,'® compound 16 was converted to the carboxylic acid 9.
The thiazole formation employing carboxylic acid 9 and amine
10'S was successfully achieved by a modified method devel-
oped by Kirschning. After amidation of 9 with amine 10 using
HATU and removal of the trityl group followed by cyclization
by the action of (NH4)sM07024-4H,O delivered the thia-
zoline,'” which was oxidized with MnO, to furnish thiazole
17'18,|9

Scheme 2. Synthesis of C1-C12 Segment 7
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After the PMB group of 17 was replaced by the SEM group,
removal of the TBDPS group was performed under saponifica-
tion conditions to generate compound 18. Further three-step
sequence involving esterification, Swern oxidation, Takai re-
action? afforded 7 from 18.

The synthesis of C13-C25 alkyne segment 8 is delineated in
Scheme 3. Compound 20 was readily prepared from chiral
oxazolidinone 19 as an enantiomerically pure form by known
method.?! Oxidation of the resulting alcohol 20, followed by
Wittig reaction afforded unsaturated ester 21 in 79% yield.
The Sharpless asymmetric dihydroxylation of 21 provided a
9:1 diastereoisomeric mixture of the diols?® which, upon re-
moval of the TMS group, SEM protection, and DIBAL-H
reduction, gave terminal alkyne 12 in excellent yield. For the
subsequent preparation of iodoalkene 11 from 12, we initially
examined Negishi carbometalation using Cp,ZrCl, and MesAl
followed by iodination,” but this method afforded only a
complex mixture. However this transformation was success-
fully performed using Uenishi-Nozaki method.?** Thus, ex-
posure of 12 to in situ  generated  (tribu-
tylstannyl)methylmagnesium in the presence of a catalytic
amount of CuCN, subsequent methylation and iodination fur-
nished iodoalkene 11 in 56% yield. Suzuki-Miyaura reaction
of 11 with boronic acid 22 and TPAP-catalyzed oxidation of
23 afforded aldehyde 24 in good yield. The next stage was the
diastereoselective introduction of a propargyl unit to 24. This
transformation was initially examined using propargylmagne-
sium bromide; however, the diastereoselectivity was found to
be unsatisfactory (dr = 3:1 in favor of 8). Gratifyingly we

Scheme 3. Synthesis of C13-C25 Alkyne Segment 8
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found that the Singaram's asymmetric Barbier-type propar-
gylation®® using indium and chiral aminoalcohol 25, provided
the desired compound 8 in 91% yield as a single isomer. The
stereochemistry of the newly formed C16 stereocenter was
unambiguously determined by Mosher’s method. The result-
ing secondary alcohol was then protected by a TBS group to
deliver compound 26.

With the required vinyl iodide 7, alkynes 8 and 26 in hand,
the stage was set for the preparation of the seco-acid (Scheme
4). To this end, we initially attempted Sonogashira coupling of
7 and 8 but this reaction produced the desired product 6 in
only 27% yield, along with the homo-coupling product (15%
yield). On the other hand, upon Sonogashira coupling of 7 and
26, alkyne 27 was obtained in 90% yield and subsequent re-
moval of the TBS group afforded 6 in excellent yield. Since
Lindlar reduction of 6 met with failure, we then investigated
hydroxy-directed hydrosilylation which was developed by
Tamao®’ and Marshall.® Silylation of 6 with 1,1,3,3-
tetramethyldisilazane followed by intramolecular hydrosilyla-
tion with Karstedt's catalyst furnished oxasilolane 28, which
was then subjected to AgF-mediated desilylation® to generate
13Z-product 29 in 60% yield from 6. Upon saponification and
lactonization utilizing Shiina's protocol,*® 29 afforded macro-
lide 30. Acidic treatment of 30 with aqueous HCIO, resulted in
removal of the acetonide to deliver diol 31 in 100% yield. To
complete the total synthesis, various acidic conditions to
deprotect three SEM groups were investigated. However, the
conditions utilizing mild acids such as aqueous HCIO,,

Scheme 4. Synthesis of Thuggacin cmc-A
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HEF - pyridine, PPTS, CSA, or PTS-H,O, required longer re-
action times, leading to a complex mixture. Finally, it was
found that exposure of 31 to 1.5% HCI in methanol for a short
time enabled the removal of all of the SEM groups to cleanly
furnish thuggacin cmec-A in 45% yield after reverse phase
PTLC.*! The synthetic thuggacin cmc-A (1) exhibited spectral
properties identical in all respects to those reported for the
natural product.

In conclusion, we have accomplished the convergent total
synthesis of thuggacin cmc-A in 28 steps (the longest linear
sequence) in 1.3 % overall yield starting from L-malic acid.
The spectral data of the synthetic specimen are in accord with
those of natural product; thus, the complete structural confir-
mation of thuggacin cmc-A has been achieved.
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