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ABSTRACT: Development of designer natural product variants, R
6-aza-artemisinins, enabled us to achieve structural modification of
the hitherto unexplored cyclohexane moiety of artemisinin and
concise de novo synthesis of the tetracyclic scaffold in just four steps &’ 7
from the modular assembly of three simple building blocks. This 2 v Ynthesis
expeditious catalytic asymmetric synthetic approach generated lead “)W

candidates exhibiting superior in vivo antimalarial activities to

artemisinin.

rtemisinin-based combination therapies (ACTs) have
been consistently successful in reducing the malaria
burden in tropical and subtropical regions. Artemisinin (1), a
sesquiterpene lactone bearing an unusual peroxide bridge, is
found in Artemisia annua (Figure 1).! The therapeutic
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Figure 1. Artificial synthesis of artemisinins and structure of a fully
synthetic analogue.

efficacies of 1, coupled with its unusual structure, have
prompted chemists to accomplish pioneering total syntheses.”
Avery developed a flexible synthetic approach and conducted
structure—activity relationship studies,” and Cook reported a
highly concise synthesis of 1.* Recently, the engineered
biosynthesis of artemisinic acid (2) and subsequent chemical
conversions allowed artificial synthesis of 1. In addition, full};
synthetic antimalarial peroxides represented by OZ439 (4)
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have been developed for designing more accessible analogues
with simplified structures.®

Semisynthetic approaches for generating artemisinin de-
rivatives mostly relies on the chemical modification of the
lactone moiety (D-ring) of 1 to produce artesunate (3) and
other variants,” including 11-aza-analogues'’ exemplified as §
(Figure 1). Due to the absence of functional groups except for
the lactone, structural diversification of the other regions,
especially for the cyclohexane ring (C-ring), remains largely
untouched through exploitation of natural products and
fermentation-derived substances.'' In order to achieve the
structural modification of the hitherto unexplored region as
well as concise access to the antimalarial tetracyclic scaffold,
herein, we report the design and concise de novo synthesis of 6-
aza-artemisinins (Figure 2). Installation of nitrogen into the
cyclohexane ring could make a drastic change in the
retrosynthetic disconnections for the concise asymmetric
synthesis. This approach could gain rapid access to a series
of 6-aza-artemisinins with generation of substitutional
variations on the nitrogen.

We designed 6-aza-artemisinins by replacing a stereogenic
sp® carbon center at the C6 position of 1 with a nitrogen
(Figure 2). Installation of the nitrogen could not only allow
deep-seated structural modifications of the cyclohexane ring
but also pave a new path for the modular synthesis. By
exploiting the versatile reactivities of the nitrogen, we
conceived a disconnection into three simple building blocks,
amine, aldehyde, and alkyne. Catalytic asymmetric assembly of
the three components could gain direct access to the chiral
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Figure 2. Outline for catalytic asymmetric synthesis of 6-aza-
artemisinins.

ene-yne 7, which possesses all of the framework carbon and
nitrogen atoms of the 6-aza-artemisinins. Next, the precursor 8,
composed of a piperidine ring with a (Z)-vinyl silane moiety
and two contiguous stereogenic centers, would be forged
through diastereo-controlled cyclization of 7 via the metal-
lacyclic intermediate I, followed by protonation. Protecting
group manipulations of 8, installation of peroxide, and cyclic
acetal formations could assemble the tetracyclic scaffold of 6-
aza-artemisinins.

The amine building blocks 10a/10b and the aldehyde 12
were synthesized from the known sulfonamide 9'° and
commercially available ethyl levulinate (11), respectively
(Scheme 1).

Scheme 1. Synthesis of Building Blocks
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A four-step synthesis of the tetracyclic scaffold of 6-aza-
artemisinins commenced with Cu-catalyzed condensation of
the three building blocks, 10a, 12, and trimethylsilylacetylene
(Scheme 2). To establish a catalytic asymmetric synthetic
route, we adopted Carreira’s chiral catalyst CuBr/(R,M)-
PINAP for Cu(I)-mediated assembly."” Under the optimized
conditions employing only 1 mol % of the chiral catalyst, the
three-component condensation proceeded smoothly at room
temperature to give the ene-yne 13a in 92% yield with
excellent enantioselectivity (93% ee). The use of dimethyl
carbonate as a solvent in the presence of 4 A molecular sieves
was critical for smooth catalytic conversion to furnish 13a."*

Next, we explored diastereo-controlled formation of the
piperidine 14, with a syn-stereochemical relationship between
CS and C8, as well as a 9R-methyl group (Scheme 2). Low-
valent titanium(II)-mediated cyclization of the ene-yne

Scheme 2. Catalytic Asymmetric Synthesis of Tetracyclic
Scaffold 16 in Four Steps from Three Building Blocks

step 1 " step 2 e
e
(R, M)-PINAP CO,t-Bu {(O CO,t-Bu
Ti(Oi-Pr, 3 2
10a and 12 (1 mol %) / Sive, I__éngc)? <
N CuBr (0.8 mol %) //
N== - N— SiM
= SiMe;  (MeO),CO, 4AMS a _7;("'_)223 °c N3 iMes
n PuB o] Me ° PmE H O Me
92%, 93% ee o then %
Me¥ 1M HCI (aq) Ve
Me 33% Me
13a 14
step 3 step 4 e
_ CFCOM | 1 O PMB—HN —SiMe,
PMB— EE—— © H °
CH,ClH,0 ';N@ H CH,Cl, CF4CO5 o~y )
CF4CO5 78°¢ "
1
|
: o
HN"Ph Me, OYOS
N cFico5  H
O N H Me H o
z 6 )™ CF4COH o /) 0-give
NA g E— NH o 3
PPh, S\ G |
o™ =
Me H e
(R, M)-PINAP 16 (29% from 14) W i

provided optimal results."”> Treatment of 13a with “Ti(Oi-
Pr),”, generated in situ at low temperature in diisopropyl ether,
effected the intended cyclization, presumably via metallacyclic
intermediate I (Figure 2) as the temperature was gradually
increased (—78 °C — —20 °C). Subsequent protonation of the
intermediate furnished the desired 14 in 33% yield as the
major product. The relative configurations of crystalline 14
were unambiguously elucidated based on X-ray analysis
(Supporting Information (SI), Figure S2). Thus, Ti(Il)-
mediated cyclization of 13a leading to 14 allowed direct
installation of consecutive stereogenic centers (C8 and C9) in
a highly diastereo-controlled manner, despite the modest yield.

The tetracyclic scaffold 16 composed of the trioxane moiety
was then constructed employing a sequential one-pot protocol
(Scheme 2). First, treatment of 14 with trifluoroacetic acid
effected removal of the protecting groups and formation of an
ammonium salt (II). Since temporary protection of the amine
was assumed to be required for the subsequent oxidative
conditions, the resulting II was directly subjected to ozonolysis
using conditions modified from Avery’s protocol.’® To
minimize the allylic strain of the vinyl silane 14, the substrate
may adopt the conformation (II), and [3 + 2] dipolar
cycloaddition of ozone occurred predominantly at the less-
hindered a-face to generate molozonide (III). Spontaneous
migration of the silyl group allowed simultaneous installation
of aldehyde and trimethylsilyl peroxide (IV). Upon additional
treatment with trifluoroacetic acid, tandem formation of two
cyclic acetals furnished the trioxane 16 in 29% yield from 14.
Accordingly, this approach allowed streamlined access to the
tetracyclic array of 6-aza-artemisinins in a sequence of just four
steps starting from modular assembly of the three building
blocks.

To improve the yield of Ti(Il)-mediated cyclization, we
employed the less sterically demanding substrate 13b without
the C9 methyl group to form 17 (Scheme 3). Cu(I)-catalyzed
three-component assembly employing 10b in place of 10a
afforded 13b (94% ee) in 85% vyield. Subsequent Ti(II)-
mediated cyclization of 13b proceeded smoothly to produce
the desired 17 in 61% vyield along with the C8 epimer (7%
yield). We thus substantially improved the cyclization process
to form 17, relative to the corresponding conversion of the C9-

DOI: 10.1021/acs.orglett.8b01987
Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.8b01987/suppl_file/ol8b01987_si_001.pdf
http://dx.doi.org/10.1021/acs.orglett.8b01987

Organic Letters

Scheme 3. Synthesis and Installation of a Substituent of 6-
Aza-artemisinins
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methylated 13a into 14 (33% yield). Alkylation of 17 with
methyl iodide afforded an easily separable 1:1 mixture of
diastereomers 14 and 15 in 94% yield. C9 epimerization of 15
was feasible to give 14 in 81% yield with the recovery of 15
(17%). This protocol provides a high-yielding alternative route
to the precursor 14 and also enables us to access the C9
epimeric precursor. The resulting precursors 17 and 15 were
subjected to the one-pot conversions to generate G6-aza-
artemisinins: 18 without the C9 methyl group and 19 having
the 9S-methyl group, respectively. The C9 methyl substituent
and its stereochemistry had considerable impacts on the yields
of the trioxane formation. Conversion of the C9-desmethylated
17 led to a significant improvement, providing 18 in 49% yield,
compared to the transformation of 14 into 16 (29% yield).
Meanwhile, the corresponding conversion with the C9 epimer
15 produced 19 in 7% yield.

With the tetracyclic scaffold 16 in hand, we then modified
the substituent on the nitrogen (Scheme 3). Removal of the p-
methoxy benzyl group in 16 with DDQ liberated the secondary
amine 21. Reductive amination of 21 with formaldehyde gave
rise to 6-aza-artemisinin (6). X-ray analysis of crystalline 6
confirmed the relative configuration of the 6-aza-artemisinins
(Scheme 3). Notably, the three-dimensional structure of 6, in
which the N6 methyl group adopts a pseudoequatorial
conformation, is essentially identical to that of 1. Thus, this
approach is capable of accurate emulation of the methyl

substituent at the stereogenic C6 position of 1. Similar
reductive amination of 20/21 with aldehydes provided three
derivatives (23—25) in good yields (>75%). The absolute
configurations of the 6-aza-artemisinins were elucidated based
on X-ray analysis of 27 prepared via acylation with p-
bromobenzoyl chloride (Scheme 3). Thus, several substituents
were installed on the nitrogen at the latest stage of the
synthesis.

In vivo antimalarial activities of 6-aza-artemisinins were
evaluated by Peter’s four-day suppressive test employing a
mouse model infected with rodent malaria P. berghei N strain
(Figure 3 and SI, Table S2). Although the highly potent in vitro
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Figure 3. In vivo antimalarial therapeutic effects of 6-aza-artemisinins
using the P. berghei rodent malaria model. Activities resulting in
average parasitemia reduction were evaluated upon intraperitoneal
administration [dosage 15 mg/kg, once a day for 4 days].

activities made it difficult to prioritize the lead candidates
among the 6-aza-artemisinins (SI, Table S1), the results of
preliminary in vivo experiments produced discernible differ-
ences between selected compounds. Intraperitoneal admin-
istration of 6 bearing N-methyl and C9-methyl groups (dosage
15 mg/kg, once a day for 4 days) exhibited limited efficacy in
parasite clearance under the assay conditions, despite the high
activity in vitro (ICso = 32 nM for P. falciparum K1 strain, SI,
Table S1). N-Benzylated 23 without the C9 methyl group
showed potent activity (51.5%) greater than that of artemisinin
(1) (23.5%), confirming the significance of the N6 arylalkyl
substituents. More importantly, 24 bearing the N-benzyl and
the C9 methyl group exhibited almost identical or even
superior in vivo therapeutic activity (98.6%) to that of the first-
line drug artesunate (3, 95.5%). The analogues 16 and 2§
having either a methoxy or 2-morpholinoethoxy substituent on
the para-position of the benzene ring also exerted potent
inhibitory activities, 82.9% and 69.1%, respectively.

We further performed oral administration of the optimum 6-
aza-artemisinin 24 (SI, Table S3 and Figure S1). Oral
treatment of 24 (dosage 30 mg/kg, once a day for 4 days)
exhibited a potent therapeutic efficacy (95.6%), which is
superior to artemisinin (1, 74.5%) and comparable to
artesunate (3, 97.7%).'° Thus, we have generated 6-aza-
artemisinins as lead candidates for next-generation artemisinin-
based malaria chemotherapy. Modifications at the C6 position
were demonstrated to have drastic impacts on the antimalarial
activities.

In summary, we have designed 6-aza-artemisinins and
developed a catalytic asymmetric synthetic process in just
four steps initiated by the modular assembly of three simple
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building blocks. This de novo synthetic approach led to the
discovery of a novel scaffold bearing the N-arylalkyl group
generated by the element substitution at the cyclohexane
moiety of 1. We demonstrated that installation of a relatively
large substituent at N6 is acceptable and sometimes intensifies
the activities, which allowed generation of lead candidates
exerting the very potent in vivo antimalarial efficacy greater
than artemisinin (1) and comparable to the first-line
semisynthetic drug artesunate (3). These results underlie the
promising, but still untapped, potential of 6-aza-artemisinins
with manipulatable physical and pharmacological properties.
The next challenge will be the generation of chemical probes
for chemical proteomics studies'’ and hybrid molecules to
cope with emerging artemisinin-resistant parasites.18 The
simple molecular design strategy featuring element substitution
of a skeletal carbon center is expected to be generally
applicable to other intricate scaffolds,"” which could facilitate
the development of streamlined and versatile chemical
platforms generating natural-product-inspired molecules with-
out substantial structural simplification.
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