Concise asymmetric syntheses of streptazone A and abikoviromycin
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ABSTRACT: Streptazone A and abikoviromycin are related alkaloids that both feature an unusual arrangement of reactive
functionalities within an underlying compact tricyclic ring system. Here, we report a highly concise asymmetric synthesis
of both natural products. The developed route first constructs another member of the streptazones, streptazone Bi, using
a rhodium-catalyzed distal selective allene-ynamide Pauson-Khand reaction as the key transformation. A regio- and enan-
tioselective epoxidation under chiral phase-transfer catalytic conditions was then achieved to directly make streptazone A
in 8 steps overall. A chemoselective, iridium-catalyzed reduction of the enaminone-system was employed to make abikovi-
romycin in one additional step. Studies of the intrinsic reactivity of streptazone A towards the cysteine mimic, N-acetyl-
cysteamine, revealed unanticipated transformations, resulting in thiol conjugation to both the hindered tertiary carbon of
the double allylic epoxide and in bis-thiol conjugation which may proceed via formation of a cyclopentadienone interme-
diate. With flexible access to these compounds, studies aimed to identify their direct biological targets are now possible.

Natural products that feature unusual constellations of re-
active chemical groups are fascinating outcomes of micro-
bial biosynthesis and may constitute unique opportunities
for discovery of interesting biological activity.! The strepta-
zones>3 (Fig. 1A) are members of a larger family of piperi-
dine alkaloids with diverse biological activity49 that share
an interesting [4.3.0] bicyclic core (Fig. 1A,B). Streptazoline
3+ has been the subject of sustained interest from a series
of laboratories due to the challenging tricyclic urethane
core structure and the (Z)-exocyclic ethylidene side chain."
Overall, the different family members are defined by vari-
ations in oxidation state and modifications to the underly-
ing hexahydrocyclopenta[b]pyridine scaffold. We have
taken special interest in streptazone A (1) which is reported
to be a potent inhibitor of liver cancer cell growth (HepG2,
Gl = <0.1 pM).2 1 features the unique constellation of an
enaminone, a Michael acceptor, and a bis-allylic epoxide.
We were intrigued by the compact nature of the multiple
electrophilic sites embedded in this small molecule (MW =
177 g/mol) as well as the absence of information about di-
rect biological targets, and the lack of known methods to
assemble the structure. Notably, other members of the
family that feature a related fused epoxide-core, kobutimy-
cin A-B7, hatomamicin®, and abikoviromycin (4)%> have
also been associated with potent biological activity, with 4
differing from 1 by a different oxidation state at C7. In this
communication, we report the first asymmetric synthesis
of (+)-streptazone A (1) in 8 steps, the assignment of its ab-
solute configuration, and the discovery of conditions for
selectively transforming 1 into abikoviromycin (4) in a sin-
gle operation. Finally, we uncover an unanticipated spec-
trum of thiol-reactivity inherent within the streptazone A
ring system.
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Figure 1. Chemical structures of (A) the streptazones and (B)
additional family members. (C) [4.3.0]-assembly during the
biosynthesis of streptazone E. (D) Different synthesis strate-
gies towards streptazolin and streptazolone.



In contrast to the plethora of syntheses of 3, no synthesis
has been reported for any epoxide-containing member of
the family." It has been proposed that an epoxide facilitates
the formation of the [4.3.0] core by a ring-opening event
during the biosynthesis of streptazone E5 and the campo-
ridines? (Fig. 1C), however, the subsequent events that re-
sult in re-closure/re-installation of the epoxide and further
oxidations are not known in detail. Arguably, any synthetic
strategies targeting this functionality are likely to be chal-
lenging due to the expected tendency for carbocation for-
mation as a result of the double allylic tertiary position at
C4 (Scheme 1). Indeed, 4 has been reported to be highly
unstable and to undergo polymerization even at -50 °C
when handled too concentrated®, thus pointing to an in-
trinsic structural lability of such systems.

Scheme 1. Retrosynthetic analysis
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Mindful of the expected challenges associated with the
epoxide, we opted to pursue a strategy that would install
this group at the final stages. Indeed, we realized the po-
tential for developing a direct approach in which 2 could
be converted first to 1 and then further to 4 through se-
quential selective epoxidation and reduction. However,
based on the reported 3C NMR chemical shifts of 22, the
potential for conducting a selective C3-C4 epoxidation was
hard to predict and methodologies describing the subse-
quent reduction was absent in the literature. This discon-
nection is therefore directly addressing two challenging
and fundamental transformations for this class of com-
pounds. Access to 2 would be possible via the highly sim-
plified [4.3.0] bicyclic core 5 that was revealed by discon-
necting the ethylidene sidechain (Scheme 1).

To develop an efficient route to 5, we judiciously evaluated
the prior syntheses of 3 and streptazolone (Fig. 1D) and
found the intramolecular oxazolidinone Pauson-Khand cy-
cloaddition utilized by Mukai and co-workers"® appealing,
however, not directly applicable to our purpose: First, the
cyclic urethane is central for the construction of the tricy-
clic ring system and variations to this particular core were
unlikely to be trivial. Second, the Pauson-Khand cycload-
dition product obtained would require a challenging isom-
erization of the olefin to the desired C3-C4 position. In-
stead, we envisioned that the olefin could be positioned
advantageously by a distal selective intramolecular allene-
ynamide Pauson-Khand cyclization, which, interestingly,
is unprecedented in the literature for [4.3.0] scaffolds. The

ynamide functionality has been studied extensively by sev-
eral groups to construct the rather difficult N-C(sp) bond
directly and different protecting groups may be applied in
the transformation.* This analysis then converged to com-
mercial but-3-yn-1-amine hydrochloride 6 as an optimal
starting material.

The synthesis was initiated using the Crabbé homologa-
tion' of Boc-protected 6 to deliver allene 7 in 76% yield in
multigram quantities (16 g isolated) over two steps. Next,
we turned our attention to establish the acyclic bulky car-
bamate N-C(sp) bond. Several methodologies were evalu-
ated* which generally failed to provide reproducible re-
sults for a scalable synthesis. Initial attempts based on
TMS-bromoacetylene employing the 27! generation copper
catalyzed ynamide synthesis delivered the allene tethered
ynamide 8a in <1% yield whereas the TIPS-bromoacetylene
and the TES-bromoacetylene, resulting in 8b and 8c re-
spectively, performed significantly better after optimiza-
tion (see Table 1 in SI).*® Our initial intramolecular allene-
ynamide Pauson-Khand cyclization was tested on all three
ynamides (8a-8c) wusing the commonly employed
[Rh(CO),Cl], for regioselectively favoring the distal m-bond
of the allene in the cyclization.7"® Furthermore, for safe
handling of CO gas, we studied the reaction utilizing a two-
chamber system developed by Skrydstrup et al. where stoi-
chiometric CO is delivered ex situ from a palladium cata-
lyzed decarbonylation of a solid precursor (see SI).>° In-
deed, we found that the cyclization worked on all three
substrates which establishes ynamides as functional pre-
cursors for rhodium-catalyzed Pauson-Khand cyclization
to deliver [4.3.0] scaffolds. To our knowledge, only catalytic
molybdenum has been employed in an intramolecular al-
lene-ynamide cyclization, however, to access [3.3.0] scaf-
folds.* In our hands, 8c was balanced appropriately for
both ynamide accessibility and performance in the early
cyclization attempts. After evaluation of several distal se-
lective catalysts (scheme 2, step d), we found
[Rh(CO)Cl(dppp)]. the most suitable for a scalable synthe-
sis (66% yield on a 19 mmol scale). With rapid access to the
[4.3.0] core secured, installation of the C8-ethylidene
group was next. Following our retrosynthetic analysis, the
aldol disconnection was initiated by C8 alkylation using
the lithium enolate generated with LiHMDS that could
subsequently be treated with acetaldehyde to afford a
60:40 dr mixture of f-hydroxy ketones in 74% yield. The
mixture of diastereoisomers could readily undergo dehy-
dration using Burgess reagent to predominantly afford the
syn eliminated o,B-unsaturated ketones 11 in 82% yield as
a 55:45 cis/trans mixture.?> To our delight, protodesilyla-
tion and N-Boc deprotection could be achieved in a single
operation using diluted TFA which upon basic work-up de-
livered 2 and 2’ in 89% yield.

Progressing forward, 2 and 2’ were separated using stand-
ard chromatography which enabled us to study the direct
epoxidation of 2. An extensive work was put into this par-
ticular transformation - testing both racemic and a range
of established asymmetric procedures to probe the overall
reactivity of the tris-olefins in 2/2’. Generally, we found
that electrophilic epoxidations using m-CPBA, DMDO etc.
under different conditions delivered complex mixtures,



presumably as a direct consequence of the more nucleo-
philic free enaminone system. Next we speculated whether
the C3-C4 olefin (scheme 1) principally could be viewed as
a y-6 unsaturated ketone and become activated under
Lewis acid- or Brendsted acid catalysis. In our hands, how-
ever, such conditions either resulted in decomposition or
reisolation of starting material. Jacobsen’s manganese
based system? (Scheme 2, step h, entry 1) did allow us to
identify trace formation of 1 but unfortunately, the meth-
odology failed to deliver improvement after substantial ex-
perimentation and was furthermore limited by irreproduc-
ible results on scales greater than 0.05 mmol. To our de-
light, we found that Shibasaki’s lanthanum-BINOL sys-
tem?+ (entry 2) indeed delivered 1, though as a racemic mix-
ture. Upon rational exclusion of each component in the

system, it was clear that lanthanum was irrelevant for the
epoxidation while cumene hydroperoxide (CHP) at ele-
vated temperature sluggishly could deliver 1 regioselec-
tively. With catalytic DBU, we started to obtain promising
results (entry 3) and conversion of 2 was further improved
using TBAI as phase-transfer catalyst (PTC), although 1 was
still only formed in small amounts (entry 4). This
prompted us to investigate cinchona-based PTCs.?> Grati-
fyingly, the yield of 2 increased significantly and stereoin-
duction was also obtained (entry 5-6). After further opti-
mization (see Table 2 in SI) we found that the commercial
catalyst 12 could deliver 1 in 62% yield with 72% ee (>99%
ee after recrystallization). Subsequent derivatization of
(+)-1 with ferrocene-CO,Cl enabled us to determine the ab-
solute configuration of (+)-1 by X-ray crystallography.

Scheme 2. Synthesis of streptazone A and abikoviromycin
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1 and 4 differ only by oxidation level. Although the poten-
tial biosynthetic connection between these two com-
pounds currently remains elusive, access to 1 prompted the
question if a single, selective reduction to form 4 could be
realized to directly access the imine [4.3.0] subclass. Albeit
a highly appealing synthetic option, the direct conversion
from a free cyclic enaminone to the corresponding conju-
gated imine is, however, to our knowledge not precedented

in the literature. This particular transformation is compli-
cated by several factors: 1) multiple sites in 1 are prone to
alternate reductions, hereof the labile epoxide and the Mi-
chael acceptor, 2) feasible over-reduction upon generation
of the conjugated imine, 3) the product 4, is reportedly
highly unstable.
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Figure 2. Studies of thiol-conjugation to streptazone A reveals dichotomous reactivity.

We decided to engage in a screen for reduction conditions
utilizing the geometric isomer 1’ under the assumption
that the overall outcome would be representative also for
1. Our initial effort was based on the hypothesis that enam-
inones have increased electron density at the carbonyl
which should render the system more susceptible for O-
activation. When 1’ was subjected to Tf,O, we indeed ob-
served formation of the O-triflated triflate salt which was
immediately subjected to reductive conditions under pal-
ladium catalysis (Scheme 1, step i, entry 1-2)?¢?7, however,
only decomposition of the starting material was observed.
Next we tested methodologies reported for secondary am-
ide reduction by metal catalyzed reductions (entry 3-4)>%29
with neither indication of imine nor amine formation.
Moreover, we evaluated the possibility of a 3-step sequence
by initial 1,4-hydride copper-catalyzed reduction of the
enaminone, triflation and reduction and lastly relying on
the reported enzymatic reoxidation to 4 by SF-973B oxi-
doreductase3°32 This idea, however, fell short of the goal
already in the initial 1,4 hydride reduction (entry 5-6). Fi-
nally, inspired by the recently reported total synthesis of
Herquline B and C by Baran and co-workers employing the
iridium-diethylsilane system developed by Cheng and
Brookhart, we ultimately found the reduction-system ap-
plicable to directly deliver the imine product 4’ (entry 7)
(see Table 3 in SI for evaluation of reductions).3334 In the
case of 1, the reduction proceeded slower but it nonethe-

less afforded 4 in 43% overall best yield, (see SI for a dis-
cussion of general stability of 4). In the case of 1’, simply
increasing the reaction time pushed the reaction toward
the dihydro adduct whereas 1 required additional reduct-
ant to deliver dihydroabikoviromycin (see SI).%35 Hence,
the system may be employed to afford both the imine- and
the amine [4.3.0] bicyclic classes by careful reaction con-
trol.

Finally, we investigated the electrophilic properties of 1 to-
wards a biological thiol mimetic, N-acetylcysteamine, at
physiological pH (Fig. 2A). 95% conversion was obtained
after 24 h thereby confirming the intrinsic reactivity of the
natural product towards thiols. Surprisingly, we were able
to identify three major thiol conjugates by analytical RP-
HPLC, which we successfully isolated with the major thiol
conjugate corresponding to epoxide opening (Fig. 2A,B).
As evident by careful 2D NMR analysis, the epoxide was
curiously opened at the tertiary position, not the second-
ary. We speculate that the observed regioselectivity is a di-
rect consequence of the double allylic contribution to the
o C-O bond that in turn favors the tertiary carbon for in-
coming nucleophiles. To further elaborate on this effect,
we were able to crystallize the natural product which in-
deed revealed that this particular C-O bond was slightly
elongated in comparison to the other (Fig. 2C). The re-
maining two conjugates corresponded to a set of diastere-
oisomers (15/16) and were unmistakably the product of
double addition of N-acetylcysteamine (Fig. 2A,B). Again,



we were surprised by the behavior performed by 1, as it be-
came evident from HMBC couplings, that the additions
corresponded to a completely different reaction path, in
this case initiated via the Michael acceptor. We speculate
that initial 1,4-addition induces epoxide opening via the
corresponding enolate and, in turn, unmasks a highly re-
active cyclopentadienone electrophile (possibly stabilized
by the fused amine) that undergoes a subsequent nucleo-
philic addition at the a-position and ultimately results in
dehydration (Fig. 2D). To gain mechanistic insight of the
a-addition, we conducted the conjugation in D,O/CD;CN
and found that C6 had undergone full deuterium ex-
change, thereby suggesting that «-addition principally may
be viewed as a 1,6-addition (Fig. 2E). To our knowledge,
this is the first evidence supporting a masked cyclopenta-
dienone natural product electrophile.

From a biological perspective, this data supports that 1
likely acts as a cysteine-reactive natural product that fur-
thermore demonstrate the reactivity characteristic for
some “molecular glues” by having multiple electrophilic
sites.3® We anticipate that this highly peculiar reactivity
will manifest itself in biological studies of this natural
product family. Attempts to reproduce the reported tox-
icity against HepGz2 liver cancer cells were, in our hands,
not successful with 1 (of any of its isomers) showing negli-
gible toxicity. This, along with the intrinsic reactivity of 1
that we have observed, underscores the importance of
mapping the covalent targets of 1.

In summary, we have developed the first synthesis of strep-
tazone B,/B,, streptazone A, abikoviromycin and dihydro-
abikoviromycin in 7, 8 and 9 steps, respectively. During our
studies, we discovered a new intramolecular Pauson-
Khand cycloaddition performed on an allene-tethered yna-
mide substrate to deliver a bicyclo[4.3.0] core. Further-
more, we present a highly regioselective epoxidation em-
ploying chiral phase-transfer catalysis to epoxidize strepta-
zone B, to A. This in turn enabled the direct reduction of
an unprecedented cyclic enaminone functionality using
iridium catalysis to access abikoviromycin and dihydro-
abikoviromycin. Finally, we demonstrate that streptazone
A possess several electrophilic sites by in vitro thiol-conju-

gation studies. This includes formation of surprising dou-
ble thiol-adducts that are potentially the result of a cyclo-
pentadienone intermediate.
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Divergent thiol reactivity

allene-ynamide mono-conjugation  bis-conjugation
Pauson-Khand to tertiary position via masked cyclo-
(o] 0 pentadienone
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