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THE HISTORY OF THE ANTIMYCINS

In 1948 Leben' and Keith reported an anti-fungi antibiotic preparation obtained from an
unidentified Streptomyces species. They did not manage to isolate any pure substance from the
mixture. However, they noticed the unique properties of the preparations and hence proposed a
new name antimycin for the unidentified substance. One year later, Dunshee? et al. disclosed the
isolation of an apparently homogeneous bioactive crystalline substance from the crude prepara-
tion. Because there existed other active yet unidentified antibiotic components in the crude
mixture, the isolated crystalline substance was named antimycin A. Interestingly, the seemingly
pure crystalline substance was later shown® to be a mixture of at least four bioactive components,
which were consequently named as antimycin ALA, A3, and A, respectively, in the order of
increasing R, values. In the late 1950’s, several other groups* also reported isolation of
antimycins, though under different names such as blastmycin® and 720-A.* However, those
names were practically abandoned after those isolates were found® to be identical to antimycin A,.

The structures of antimycins were established® for the first time in 1961, through the
demonstration of the gross structure of antimycin A, and A, the two major components of the
antimycin complex. The stereochemistry of the threonine part was unequivocally established by
degradation. The absolute configurations of the remaining chiral centers in the 9-membered ring,
however, remained unknown until Kinoshita et al.” finished a chiron-based synthesis of (+)-
blastmycinolactol (which was the antipode of the corresponding lactol derived from degradation
of antimycin A,) in 1971. It should perhaps be noted here that in the whole antimycin family,
only A, was experimentally proven through enantioselective synthesis to possess the depicted

absolute configurations.
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Table 1. Current Members of the Antimycin Family (cf. the General Structure above)

Name R R' Name R R'

A, (CH)Me CHMeCH Me A, (CH,,CHMe, CH,CH Me

A, (CH)Me CH,CHMe, A, (CH,),CHMe, CHMeCH Me

A,, (CH)Me CHMe, A,  (CH,,CHMe, CH,CHMe,

A, (CH)Me CH,CH,Me A, (CHp)Me CH,Ph

A, (CH)Me CHMeCH,Me A, (CH),CHMeCHMe CHMeCH,Me

A, (CH)Me CH,CHMe, A, (CH,),CHMeCH,Me CH,CHMe,

A, (CH)Me  CHMe, A, (CH)Me (CH,),CHMe,

A, (CH)Me CH,CH,Me A, (CH),CHMe, (CH,),CHMe,

A,, CHMe CHMeCH,Me A, (CH)Me (CH,),CHMeCH, Me
A, CHMe CH,CHMe, A, (CH,,CHMe, (CH,),CHMeCH, Me
A, CHMe CHMeCHMe | A, (CH)Me (CH,),CHMe,

A, CHMe CH,CH,Me A, (CH)Me (CH,),CHMeCH,Me
A, (CH,),CHMe, CHMe, A, (CH)Me CHMeCH Me

The presence of A, to A¢ as minor components in the antimycin complex was demon-
strated by Berti® e al. through pyrolysis-gas liquid chromatography in 1970. The A, and A, were
identified much later by Barrow® and co-workers in 1997. By then it was already clear that
almost all known antimycins from A, to A, were in fact mixtures of two isomers, differing at the
acyl group on the C-8 hydroxyl oxygen. To differentiate these isomers, a second subscript, either
a or b, was attached to the corresponding names (e. g., A ,, A,,) in some papers. Very recently,
Ay, A to A,
respectively. Like all previously known antimycins, most of the newly-reported members also

and A, were reported by Shiomi'® et al., Hosotani'' ef al., and Lin'? et al.,

consisted of two isomers differing only at the acyl group on the C-8 (Table I). Some of the
isomers (e. g., A,, and A,) carry a C-8 acyl that contains a stereogenic center. However up to
now, only the stereogenic center of A, was shown to have the § configuration on the basis of
Tsunoda’s'3 total synthesis.

Various bioactivities have been reported for the antimycins, including killing of
insects,'** mites,!** and fungi,'*®¢ inhibition of electron transport system'>® as well as certain
enzymes,' >4 and destruction'® of cancer cells. All these, along with the interesting structure,

inspired many chemists to carry out synthesis of antimycins.
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I. PUBLISHED SYNTHESES

Up to now synthetic studies on antimycins were performed only on A, (mostly A,),
presumably because the first synthesis of this class of compounds was prompted by structural

elucidation of A,, the first fully-characterized member in the antimycin family. To date there

3b7
have been one racemic'’ and three enantioselective'>!3 total syntheses published, along with at
least four formal'® syntheses. Because the C-3 and C-4 of the antimycins are of the same config-
urations as those of L-threonine, all the syntheses published in the literature simply made use of
the natural amino acid as the chiral building block for the needed moiety. Thus, the main issue to
be considered in the synthesis is how to construct the remaining stereogenic centers, i. e. the C-7,

C-8,and C-9.

1. Kinoshita’s Synthesis

The first synthesis of enantiopure antimycin (A,,) was completed by Kinoshita’s group.
Their route is shown in Schemes 1 and 2. The whole synthesis consisted of 11 steps, with an
overall yield of 0.019%.

The strategy of the Kinoshita’s synthesis is quite straightforward, with the C-8 ester
functionality being introduced immediately after creation of the C-8 hydroxyl group. However,

Bu”
Chromatographic
BnO  Bu” grap -
0B o Neoeu /‘\): separation 28+ 2b=43% from 1 |
CO,Bu! 2¢ = 12.4% from 1
CHO Mg 2 (62.2% in total)
2d = 6.8% from 1
1 4% OH d = 6.8% from
2a-d
CbzNH,, _co,H
Pd black HO [
Py 75% MiliTe} H, 0 o W 0Bu!
o 'Bu0,C MeOH  PuO:C DCC/Py
CI 97% Bu”" 29%
(racemlc) (racemic)

T
H 0.9
BnO N, o
BnO l‘//, \\\0 o FSCC02H \n/ ﬁ‘\o
0
\ir W bn HoC BY

o n
W ° 'BuOgC B 4 (enantiopure)
3a (enantlopure)

NI/,
(F5CCO)0 8.mo_ O
benzene \\\‘
(0.04M) Bu”

5 (enantiopure)
0.8% from 3a

Scheme 1
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the closure of the nine-membered dilactone ring suffered from very low yields (0.8%), giving the
first sign for the severe adverse effect of the C-8 ester on the lactonization. Besides, the lack of
enantioselectivity during the generation of the C-7, C-8, and C-9 stereogenic centers was also a
major shortcoming.

The problems encountered in the first total synthesis were partially solved in their
second generation (formal) synthesis (Schemes 3 and 4) published'%* a few years later.

\\OMe fL Jl Me.. \\OMe 2M HC1
5 Py/r/2 d 40°C/2 d

Me,,

98% 64%

Bu OH Bu"
HN NaBH, HO . TrCl/Py
o 8W EtOH 5W /3 d
o 97% (crude) o 74%

Bu” H
Bu” @ DCC/Py

T OM \\\o
) , 0°C/3 d \n/ ﬁL
H ° « o

BnO
\fo(Y \g/N 4 CO2H 7§ oTr

0
/f\ 65%

Scheme 3
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In the later routes, the C-7, C-8 and C-9 stereogenic centers were derived from an advanced
carbohydrate precursor (8) with the desired configuration. The ring-closure yield was also raised
to 13.4% using PySSPy/Ph.P and AgClO, instead of the original (F,CCO),0.

Apparently unsatisfied with the still too low yield at the lactonization step, Kinoshita
and co-workers also examined an alternative strategy, i. e., to use a stable protecting group such
as benzyl group (Bn) to mask the C-8 hydroxyl group before completing the ring-closure of the
dilactone ring (Scheme 5) and introducing the C-8 ester functionality at a later stage.

Such a change indeed led to favorable changes in the ring-closure step and the yield for
the key lactonization was raised to 33%. After completion of the lactonization step, the benzyl
protecting group was removed by hydrogenolysis and the C-8 acyl group was introduced after
acylation of the threonine amino group to give the 7, an intermediate in the Kinoshita’s first total
synthesis. The overall yields for this formal route was 3.6%, which was a remarkable progress
compared with the previous 0.019%.

2. Oishi’s Formal Synthesis

Another formal synthesis of antimycin A, was reported by Oishi'®® and co-workers in
1983 (Scheme 6). They started from racemic bromide 14 through nine steps of reactions to reach
a key compound 7, an intermediate in the 1979 route of Kinoshita (Scheme 5).

The C-8 and C-9 stereogenic centers were generated by substrate-induced asymmetric
reduction of the corresponding ketone carbonyl group with Zn(BH,),. As in the first synthesis of
Kinoshita, the racemic mixture was not separated until the optically-active threonine residue was
incorporated.
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Scheme 5

To complete the remaining steps from the 20 using the Kinoshita’s sequence, the formal
synthesis would require 18 steps, with an overall yield of 1.22%. Although establishment of the
three stereogenic centers in this approach was not very economical (because about half of the
material was of wrong configuration), the diastereomeric selectivity in the ketone reduction was

rather impressive (25:1 and 16:1, respectively).

3. Wasserman’s Formal Synthesis

In 1985, Wasserman and Gambale!*¢ completed a rather short formal synthesis of
antimycin A, (Scheme 7). In their route, the C-9 stereogenic center was derived from L-lactate
and the C-7/C-8 aldol moiety was constructed by a substrate-induced asymmetric aldolization.

They utilized a diphenyl substituted oxazole as carbanion stabilizer to facilitate intro-
duction of the butyl group and the nucleophilic addition to the aldehyde carbonyl group. The
oxazole also served as a latent activated carboxylic group, which was required in the later
lactonization step. The selectivity for the desired isomer 24a, however, was not very good, with

the ratio between the four isomers being 4:3:2:1.
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Scheme 6

The Wasserman and Gambale route also adopted a strategy of the introduction of the C-8
ester functionality at an early stage, which made the synthesis rather expeditious. After installation
of the threonine moiety, the oxazole ring was cleanly cleaved with singlet oxygen to yield an acti-
vated carboxylic group. The lactonization was then achieved in 20% yield by treatment with PPTS
in refluxing toluene. The yield from 22 to S over the eight steps was 1.1%, which means that the
formal overall yield (using Kinoshita’s sequence to convert 5 to antimycin A,) would be 0.3%.
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4. Frejd’s Formal Synthesis

Using an advanced chiron (which was derived from L-arabinose in 30% yield over
seven steps) as the starting material Inghart and Frejd!®® synthesized 10 through nine steps
(Scheme 8), completing another formal synthesis of antimycin A,, .

The stereogenic centers at C-7, C-8 and C-9 in this case were ideally set from the
beginning. A regioselective opening of the epoxy ring followed by homogeneous hydrogenation
of the triple bond without touching the benzyl protecting group highlights the elegance of this
route. Besides, the deoxygenation to yield the C-9 methyl group was also informative. Interest-
ingly, if utilizing LiBHEL, instead of LiAlH,, a four-membered cyclic ether 30 was formed as

the major product.
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As the end product of this work was an intermediate in Kinoshita’s first total synthesis,
the formal overall yield from 27 to antimycin A, would be 0.05% over the 14 steps.

5. Kiyota’s Formal Synthesis

In 2000 Kiyota'” and co-workers developed a new route (Scheme 9). They utilized a
substrate induced asymmetric allylation to construct the C-7 and C-8 stereogenic centers.
Starting from L-lactate through eight steps, they obtained ent-11 in 26.5% yield. Then following
Kinoshita's route, they completed the whole synthesis of the antipode of antimycin A, in 14-15
steps with an overall yield of 2.32%.

Similarly, starting from D-lactate using the same route, they also synthesized 5, consti-
tuting a formal total synthesis of natural antimycin A, . It should be noted that in order to obtain
the correct configurations at the C-7 and C-8, the stereogenic center at the C-9 must be of the
“wrong” configuration. An otherwise unnecessary Mitsunobu reaction was therefore inevitable.
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6. Tsunoda’s Synthesis

A new strategy for construction of the C-7, C-8 and C-9 stereogenic centers was recently
demonstrated by Tsunoda'* and co-workers (Scheme 10) through their synthesis of the antipode
of antimycin A, . They utilized (R)-phenylmethylamine as the source of chirality to induce the
two stereogenic centers at the C-7 and C-8 through an aza-Claisen rearrangement. The C-9
chirality was then created through a substrate-induced asymmetric iodolactonization. The configu-
ration at the C-9 in this case was also opposite to that in the end product. Hence they inverted the
stereochemistry at the coupling of the aldol moiety with the threonine residue under the
Mitsunobu conditions. Unlike the early investigators, Tsunoda and co-workers abandoned the
strategy of introducing the C-8 acyl group at an early stage. Instead, a very stable triisopropylsilyl
(TIPS) protecting group was installed on the C-8 hydroxyl group from the very beginmng. With
this modification, the yield for the formation of the nine-membered dilactone ring reached 82%.
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In combination of the structural determination of antimycin A,,, Tsunoda'* and co-
workers later improved their synthesis at the macrolactonization step by employing
(CuOTf),*PhH to replace the AgClO, and thus further raised the yield to an unprecedented 88%
(Scheme 11). Besides, cleavage of the TIPS protecting group with HFZ Py also improved the
yield by 10% (from the previous 85% with tetrabutylammonium fluoride (TBAF) to 95%). With
these improvements, the overall yield of the whole synthesis was raised to ca. 4.6%.

7. Wu’s Synthesis

Recently, we developed an expeditious route'3¢ to antimycin A, (Scheme 12). In our
synthesis, the C-7 and C-8 stereogenic centers were established directly from chiral auxilary-
induced asymmetric aldolization under the Crimmins? conditions. Immediately after creation of
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the C-8 hydroxyl group, the desired acyl group was introduced to the C-8. The oxazolidinethione
chiral auxiliary was then removed with benzyl alcohol (BnOH) in the presence of DMAP and the
carboxylic group was concurrently protected as a benzyl ester,?! which provided the advantage of
allowing for facile deprotection at a late stage in the synthesis.

The choice of the chiral auxiliary was of critical importance. Although oxazolidinones,
oxazolidinethiones, and thiazolidinethiones auxiliaries were all of more or less the same effi-
ciency (in terms of yield and diastereoselectivity) in the aldolization step under the Crimins
conditions, only the sulfur-containing ones could be readily removed under the BhOH/DMAP?!
conditions. Compared with the corresponding thiaxolidinethiones, the oxazolidinethiones are
much easier to prepare as a result of appearance of our recent procedure.??

Removal of the triethylsilyl (TES) protecting group in 40 is worth mentioning.
Because of the great tendency to form?’ a five-membered lactone (blastmycinone) through the
attack of the newly-generated hydroxyl group at the benzyl ester, many commonly employed
desilylating agents such as TBAF,2** IBX 2% Pd-C,* and FeCl,** failed to give satisfactory
results here. Finally the transformation was achieved in quantitative yield by using the NalO,
protocol of YinZ*,

The long-standing problem of lactonization in the presence of the C-8 ester function-
ality was also solved in this work. After exhaustive attempts of many existing methods for
lactonization, including TCBC (trichlorobenzoyl chloride),> DCC/DMAP,?* PySSPy/PPh,,'3®
DPKO,” MNBA (2-methyl-6-nitrobenzoic anhydride, 43) of Shiina® was found to be the best
reagent for the reaction. Using MNBA, the desired lactone 44 could be obtained in 62% yield in
the presence of activated/powdered 4A molecular sieves. The whole synthesis took 10 steps
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from the acyl oxazolidinethione 38 and the overall yield from 38 to the end product ((+)-

antimycin A ) was 34.5%.

II. CONCLUSION

Because of their interesting structures and significant biological activities, the
antimycins have been attractive targets for asymmetric synthesis since the 1970’s. As seen from
the published work, the problems that contributed significantly to the low efficiency of the
previous syntheses were mainly enantioselective construction of the stereogenic centers at C-
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7/C-8 and closing of the nine-membered dilactone ring in the presence of the C-8 ester function-
ality. By using a chiral auxiliary induced asymmetric aldolization under the Crimmins conditions
and the Shiina reagent at the lactonization step, respectively, these problems now have been

overcome with a good degree of satisfaction.
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