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ABSTRACT: A formal [2 + 2 + 2] cycloaddition reaction

OH . CH3
HC o i-Pr. 0
between a 1,3-dione, an olefin, and molecular oxygen mediated w0, FPr o
by light is reported, which delivers endoperoxides in good yield O — = o ’ o

~0

through the formation of two C—O and one C—C bond in one 65% 0 OH
step. The resulting 1,2-dioxanes are stable compounds and can ; o Q=54 m‘;}mg_g;ﬁ'&zg;g‘gf‘édggg?i A—
be further derivatized at the hemiacetal position via alkylation or  Hs® 3 timalarial agent

acetylation. All compounds have been evaluated against
Plasmodium falciparum, and the best compound displayed an ICyy-value of 180 nM. A potential mechanistic rationale for the
formation of these compounds is presented.

otal synthesis remains a prime source for scientific
discovery, not only for both novel reagents and

transformations but also for interesting structures that can be b ' \|/
obtained by branching off the main synthetic route. This N\
process, sometimes referred to as diverted chemical synthesis or g5 9

chemical editing," has led to the development of novel drugs
used in the clinic such as eribulin from halichondrin,*
octreotide from somatostatin,” or useful tool compounds in
biology.* In the context of our approach to the complex
hexacyclic terpenoid striatin A (1),” we developed a route based
on our successful preparation of cyrneine A.° As a required
precursor to the establishment of the ABC ring system in 2, we
prepared the chiral intermediate 3 (Figure 1). Interestingly, we
observed that this 1,3-dione displayed limited stability upon
exposure to light and air and smoothly underwent a subsequent
transformation to yield an endoperoxide 4 featuring a novel 1,2-
dioxane scaffold.” Endoperoxides such as cardamom peroxide
(5),% artemisinin (6),” or g-factors represented by 7' have
recently attracted much interest from a variety of disciplines,

and a new generation of antimalarial agents has been developed Cardamom peroxide (5) Artemisinin (6) G-factor (7)
based on this motif."' In view of this potential antimalarial
application, and the interesting transformation involved in the Figure 1. Discovery of a new antimalarial endoperoxide scaffold via

formation of endoperoxides, we chose to investigate these diverted total synthesis.

unexpected series of reactions in detail. In this letter, we
evaluate this unusual formal [2 + 2 + 2] reaction, prepare a

. 13 .
series of endoperoxide hemiacetals, and identify nanomolar Subsefluent Eschenmoser—Claisen rearrangement, which
antimalarial agents based on this endoperoxide chemotype. eSt‘?thhed 'the quaternary stereogenic c.e.nter and gave the

The synthetic approach started from commercially available amide 10 in excellent yield and selectivity (24:1). Several

methods were evaluated to convert the amide 10 to the known

(=)-limonene (8), which was transformed to the known €
aldehyde 11, and after tedious experimentation, the use of

intermediate 9 following the footsteps of Wender and co-
workers (Scheme 1),'* but by replacing an OsO,/NalO,

mediated oxidative cleavage by an ozonolysis (see Supporting Received: September 24, 2015
Information for details). The allylic alcohol 9 was subjected to a Published: October 22, 2015
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Scheme 1. Synthesis of the Endoperoxides 4 and 12 Starting Scheme 2. Proposed Mechanistic Cycle for Endoperoxide
from (S)-(—)-Limonene (8) Formation via Autooxidation
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Major dr5:1 Mlnor (X ray) groups of 17 are forced in close proximity, which would render
this pathway higher in energy. In addition, formation of the cis-

1,1,3,3-tetramethyldisiloxane in combination with Ti(OPr), bicyclo[4.3.0]nonane framework could be preferred over the
furnished the desired intermediate 11 in an excellent yield."* corresponding frans isomer for structural reasons, or a
We then subjected the aldehyde 11 to an L-proline catalyzed beneﬁcia.l electronic influence of a carbonyl group on the
Knoevenagel condensation, and the double bond of the SOMO in 14 could be postulated. 4 .
resulting enedione was chemoselectively reduced in situ using We. then t'ested bOth' endopgromdes 4 and. 12 agamst.the
the Hantzsch ester to give the diketone 3 in very good yield malaria parasite Plasmodlum falciparum. Interestingly, the minor
(91%). Interestingly, upon storage when exposed to air and corppound 12 displayed an IC.SO value of 0-.18 UM, whereas the
light in the laboratory, we observed decomposition by NMR major compound 4 was 49 times !e.ss active (7.1 uM). Both
and visual analysis. Further experiments by dissolving the compou_nds Sho"‘_’e_d very little toxicity against rat myoblasts,
diketone 3 in ethyl acetate exposed to air directly yielded the and a high select1v1ty index of around 1000 for compound 12
endoperoxides 4 and 12, separable by flash chromatography, can be considered remarkable and suggests potential as a lead
and which could be obtained in a 65% combined yield and a structure. ) . o
diastereomeric ratio of 5:1. The constitution and configuration Based on this encouraging result, a number of derivatives
of the endoperoxides 4 and 12 were secured by a combination were subsequently synthesized with the goal of improving the
of X-ray crystal structure analysis and NMR spectroscopy as antiplasmodial activity. In order to obtain the acetoxy derivatiYe
well as derivative synthesis (vide infra). An excellent yield of 18,‘s‘tandard e.lcetylati(?n conditions sucb as A0/ DMAP n
97% and the same diastereomeric ratio were obtained using a pyridine or trle.t}.1y1am1n.e only resulted in llg?nl/secgnverswn or
catalytic amount of Mn(OAc); in acetic acid exposed to air at even decomposition at higher temperatures.””~ >’ The use of
room temperature. These Mn-mediated conditions have been a stronger base such as the Barton base 21 finally addressed
used for a variety of 1,3-diones by various groups,'> and these issues, and the acetylated product 18 was obtained in 76%

applications in the synthesis of complex molecules such as yield (Scheme 3). Earlier studies on different endoperoxides
fusarisetin A have documented their utility. 15h demonstrated that acetal formation could lead to improved

10b,18
The proposed mechanism (Scheme 2) and the stereo- values. Acetalization of the OH group of both
chemical course of the reaction warrant a number of comments.

As a first step, autoxidation'® of the diketone 3 can be Scheme 3. Derivative Synthesis
postulated, and the subsequently formed radical 13 attacks the
proximal, exocyclic double bond. The tricyclic framework is =l §L
forged via a 6-endo-trig cyclization and concomitant C—C bond 0 »=N 0
formation, giving rise to the tertiary radical 14. While the N 2 Mel, Ag,0
hybridization of the trivalent C atom remains unknown, the - ST— -
configuration determining step must involve subsequent radical 0-0 ore po0 oo ton e D70, CMe
addition to O, and peroxy radical 15 formation. The

18, 76% 4 19, 54% (X-ray)

hydroperoxide can then form the hemiacetal 16 by attack to
one of the C=0 groups. It is likely that this radical will then
carry the chain via H-abstraction of the diketone 3 precursor.
The stereochemical course of the reaction remained puzzling at
first, as the configuration obtained for the major isomer
requires attack of O, via the sterically more encumbered face of
14. However, we speculate that, in the course of the formation
of the minor diastereoisomer 12, the methyl and isopropyl

Mel, Ag,O

_ =

MeCN, 40 °C
16h

= .L-ﬂbb_-:’ :%"J\w
P

7~

20, 88% (X-ray)

5421 DOI: 10.1021/acs.orglett.5b02773
Org. Lett. 2015, 17, 5420—5423



Organic Letters

diasteroisomers 4 and 12 under standard conditions (p-TsOH
(cat.) in MeOH) led to very slow formation of the methylated
species 19 and 20. An improved method consisted of alkylation
with CH;I and Ag,O, which provided the methylated products
19 and 20 in good yields."” The configuration and constitution
of both compounds were secured by X-ray crystal structure
analysis.

Unfortunately, all derivatives displayed lower antiplasmodial
activity when compared to the hemiacetal isomer 12, while the
cytotoxicity values remained in the same range (Table 1).

Table 1. Antiplasmodial and Cytotoxic Evaluation of the
Endoperoxides

compound Cgy LDSO"'d SI¢
4 7.1 165 23
12 0.18 169 939
18 322 168 S
19 24.3 59 2
20 3.0 175 58
artemisinin” 0.0035 349 98 500
chloroquineb 0.0063 107 17 145

“All results are reported as IC, values in yM. b Artemisinin and
chloroquine were additionally tested for confirmation reasons.
“Plasmodium falciparum NFS4 strain. “Rat myoblast L6 cells. “The
selectivity index (SI) is defined by LDyy/ICx.

Opverall, it appears that the hemiacetal function is crucial for
antiplasmodial activity. This is in contrast to other SAR-studies,
whereas a 10X increase in activity could be observed.'”'®"?

In conclusion, an operationally simple, formal [2 + 2 + 2]
reaction involving oxygen was utilized for the preparation of
novel endoperoxide antimalarial scaffolds. The mechanism of
this reaction was postulated to involve autoxidation of the 1,3-
dione, subsequent radical ring closure followed by trapping
with O,, and hemiacetal formation. A series of derivatives were
prepared, and antiplasmodial activity with ICy, values in the
nano- and micromolar range were observed, with little
cytotoxicity. This approach therefore allows for straightforward
access to antimalarial agents from simple and cheap building
blocks.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS DPublications website at DOI: 10.1021/acs.or-
glett.5b02773.

Detailed experimental procedures, full characterization,
and copies of all spectra. (PDF)

B AUTHOR INFORMATION
Corresponding Author
*E-mail: karl.gademann@uzh.ch.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The Swiss National Science Foundation is thanked for financial
support (200021 144028). We would like to thank Monica Cal
and Sonja Keller for the in vitro tests (Medical Parasitology and
Infection Biology, Swiss Tropical and Public Health Institute

5422

(Swiss TPH), Basel) and Dr. Heinz Nadig for the HRMS
analysis (University of Basel). Furthermore, Dr. Malika
Makhlouf, Dr. Hideki Miyatake-Ondozabal, and Dr. Christof
Sparr (all University of Basel) are acknowledged for valuable
discussions.

B REFERENCES

(1) Reviews: (a) Wilson, R. M.; Danishefsky, S. J. Chem. Soc. Rev.
2007, 36, 1207. (b) Gademann, K. Acc. Chem. Res. 2015, 48, 731.
(c) Wender, P. A,; Quiroz, R. V.; Stevens, M. C. Acc. Chem. Res. 2018,
48, 752. (d) Wach, J.-Y,; Gademann, K. Synlett 2012, 2012, 163.
(e) Szpilman, A. M.; Carreira, E. M. Angew. Chem., Int. Ed. 2010, 49,
9592. (f) Fiirstner, A. Isr. J. Chem. 2011, 51, 329.

(2) () Aicher, T. D.; Buszek, K. R;; Fang, F. G.; Forsyth, C. J.; Jung,
S. H,; Kishi, Y.; Matelich, M. C.; Scola, P. M.; Spero, D. M.; Yoon, S.
K. J. Am. Chem. Soc. 1992, 114, 3162. (b) Jackson, K. L.; Henderson, J.
A.; Motoyoshi, H.; Phillips, A. J. Angew. Chem., Int. Ed. 2009, 48, 2346.
(¢) Kim, D.-S.; Dong, C.-G.; Kim, J. T.; Guo, H.; Huang, J.; Tiseni, P.
S.; Kishi, Y. J. Am. Chem. Soc. 2009, 131, 15636. (d) For an excellent
review, see: Jackson, K. L.; Henderson, J. A.; Phillips, A. J. Chem. Rev.
2009, 109, 3044. (e) For a gram scale synthesis of eribulin, see: Yu,
M. J.; Zheng, W.; Seletsky, B. M. Nat. Prod. Rep. 2013, 30, 1158.

(3) (a) Burgus, R; Ling, N.; Butcher, M.; Guillemin, R. Proc. Natl.
Acad. Sci. U. S. A. 1973, 70, 684. (b) Modlin, I. M.; Pavel, M.; Kidd,
M.; Gustaffson, B. 1. Aliment Pharmacol Ther. 2010, 31, 169.
(c) Weckbecker, G.; Lewis, L; Albert, R;; Schmid, H. A;; Hoyer, D.;
Bruns, C. Nat. Rev. Drug Discovery 2003, 2, 999. (d) Cescato, R;
Schulz, S.; Waser, B.; Eltschinger, V.; Rivier, J. E.; Wester, H.-J.; Culler,
M,; Ginj, M; Liu, Q.; Schonbrunn, A.; Reubj, J. C. J. Nucl. Med. 2006,
47, 502.

(4) Selected examples: (a) Oskarsson, T.; Nagorny, P.; Krauss, L J;
Perez, L.; Mandal, M.,; Yang, G.; Ouerfelli, O.; Xiao, D.; Moore, M. A.
S.; Massagué, J.; Danishefsky, S. J. J. Am. Chem. Soc. 2010, 132, 3224.
(b) van Hattum, H.; Waldmann, H. J. Am. Chem. Soc. 2014, 136,
11853. (c) Bonazzi, S.; Eidam, O.; Giittinger, S.; Wach, J.-Y.; Zemp, 1;
Kutay, U,; Gademann, K. J. Am. Chem. Soc. 2010, 132, 1432.

(S) (a) Hecht, H.-J.; Hofle, G.; Steglich, W.; Anke, T.; Oberwinkler,
F. J. Chem. Soc, Chem. Commun. 1978, 665. (b) Anke, T.; Rabe, U.;
Schu, P.; Eizenhofer, T.; Schrage, M.; Steglich, W. Z. Naturforsch., C: J.
Biosci. 2002, 57, 263.

(6) Elamparuthi, E.; Fellay, C.; Neuburger, M.; Gademann, K. Angew.
Chem,, Int. Ed. 2012, 51, 4071.

(7) For the preparation and the use of five- and six-ring containing
dioxygen species, see: (a) Terent'ev, A. O; Borisov, D. A;; Vil, V. A;
Dembitsky, V. M. Beilstein J. Org. Chem. 2014, 10, 34. (b) McCullough,
K. J; Nojima, M. Curr. Org. Chem. 2001, S, 601. (c) Korshin, E. E;
Bachi, M. D. Synthesis of cyclic peroxides. In The Chemistry of
Peroxides; Rappoport, Z., Ed,; John Wiley & Sons, Ltd: Chichester,
2006; Vol. 2, Part 1, p 189 ff. (d) McCullough, K. J. Contemp. Org.
Synth. 1995, 2, 225. (e) Balci, M. Chem. Rev. 1981, 81, 91. (f) Clennan,
E. L. Tetrahedron 1991, 47, 1343.  For the synthesis of 1,2-dioxane
and their antimalarial properties, see: (g) Fattorusso, C.; Persico, M,;
Calcinai, B.,; Cerrano, C.; Parapini, S.; Taramelli, D.; Novellino, E;
Romano, A,; Scala, F.; Fattorusso, E.; Taglialatela-Scafati, O. J. Nat.
Prod. 2010, 73, 1138. (i) Lombardo, M.; Sonawane, D. P.; Quintavalla,
A.; Trombini, C.; Dhavale, D. D.; Taramelli D.; Corbett, Y,
Rondinelli, F.; Fattorusso, C.; Persico, M.; Taglialatela-Scafati, O.
Eur. J. Org. Chem. 2014, 2014, 1607. (j) Kawanishi, M.; Kotoku, N.;
Itagaki, S.; Horii, T.; Kobayashi, M. Bioorg. Med. Chem. 2004, 12, 5297.
(k) Taglialatela-Scafati, O.; Fattorusso, E; Romano, A; Scala, F;
Barone, V.; Cimino, P.; Stendardo, E.; Catalanotti, B.; Persico, M,;
Fattorusso, C. Org. Biomol. Chem. 2010, 8, 846. (1) Bachi, M. D,;
Korshin, E. E,; Hoos, R.; Szpilman, A. M,; Ploypradith, P.; Xie, S,;
Shapiro, T. A.; Posner, G. H. J. Med. Chem. 2003, 46, 2516. For SAR-
studies on the natural product plakortin, see: (m) Fattorusso, C.;
Campiani, G.; Catalanotti, B.; Persico, M.; Basilico, N.; Parapini, S.;
Taramelli, D.; Campagnuolo, C.; Fattorusso, E.; Romano, A;
Taglialatela-Scafati, O. J. Med. Chem. 2006, 49, 7088. (n) Murakami,

DOI: 10.1021/acs.orglett.5b02773
Org. Lett. 2015, 17, 5420—-5423



Organic Letters

N.; Kawanishi, M.; Itagaki, S.; Horii, T.; Kobayashi, M. Bioorg. Med.
Chem. Lett. 2002, 12, 69. (o) Murakami, N.; Kawanishi, M.; Mostaqul,
H. M; Li, J,; Itagaki, S.; Horii, T.; Kobayashi, M. Bioorg. Med. Chem.
Lett. 2003, 13, 4081. (p) Liu, H.-H.; Zhang, Q.; Jin, H-X;; Shen, X;
Wu, Y.-K. Chin. J. Chem. 2006, 24, 1180. (q) Liu, H.-H.; Jin, H.-X;
Zhang, Q; Wu, Y.-K;; Kim, H.-S.; Wataya, Y. Chin. ]. Chem. 2008, 23,
1469.

(8) (a) Kamchonwongpaisan, S.; Nilanonta, C.; Tarnchompoo, B.;
Thebtaranonth, C.; Thebtaranonth, Y.; Yuthavong, Y.; Kongsaeree, P.;
Clardy, J. Tetrahedron Lett. 1995, 36, 1821. (b) Hu, X.; Maimone, T. J.
J. Am. Chem. Soc. 2014, 136, 5287.

(9) Reviews: (a) Tu, Y. Nat. Med. 2011, 17, 1217. (b) Miller, L. H.;
Su, X. Cell 2011, 146, 855. (c) Amara, Z.; Bellamy, J. F. B.; Horvath,
R; Miller, S. J; Beeby, A,; Burgard, A; Rossen, K; Poliakoff, M,;
George, M. W. Nat. Chem. 20185, 7, 489. (d) Chaturvedi, D.; Goswami,
A.; Saikia, P. P.; Barua, N. C,; Rao, P. G. Chem. Soc. Rev. 2010, 39, 435.
(e) Medhi, B; Patyar, S; Rao, R. S; Byrav, P; Prakash, A.
Pharmacology 2009, 84, 323. (f) Bathurst, 1; Hentschel, C. Trends
Parasitol. 2006, 22, 301. (g) White, N. J. Science 2008, 320, 330.
(h) Cook, S. P. Synlett 2014, 25, 751. (i) Zhu, C.; Cook, S. P. J. Am.
Chem. Soc. 2012, 134, 13577.

(10) (a) Bernat, V.; André-Barrés, C.; Baltas, M.; Saffon, N.; Vial, H.
Tetrahedron 2008, 64, 9216. (b) Najjar, F.; Baltas, M.; Gorrichon, L.;
Moreno, Y.; Tzedakis, T.; Vial, H.; André-Barres, C. Eur. J. Org. Chem.
2003, 2003, 333S. (c) Najjar, F.; Gorrichon, L.; Baltas, M.; Vial, H;
Tzedakis, T.; André-Barres, C. Bioorg. Med. Chem. Lett. 2004, 14, 1433.
(d) Gavrilan, M.; André-Barrés, C.; Baltas, M.; Tzedakis, T;
Gorrichon, L. Tetrahedron Lett. 2001, 42, 2465.

(11) (a) Charman, S. A.; Arbe-Barnes, S.; Bathurst, I. C.; Brun, R;;
Campbell, M.; Charman, W. N.; Chiu, F. C. K; Chollet, J.; Craft, J. C,;
Creek, D. J.; Dong, Y.; Matile, H.; Maurer, M.; Morizzi, J.; Nguyen, T.;
Papastogiannidis, P.; Scheurer, C.; Shackleford, D. M.; Sriraghavan, K ;
Stingelin, L.; Tang, Y.; Urwyler, H.; Wang, X.; White, K. L.; Wittlin, S.;
Zhou, L,; Vennerstrom, J. L. Proc. Natl. Acad. Sci. U. S. A. 2011, 108,
4400. (b) Fisher, L. C.; Blackie, M. A. L. Mini-Rev. Med. Chem. 2014,
14, 123.

(12) Wender, P. A; Bi, F. C.; Brodney, M. A; Gosselin, F. Org. Lett.
2001, 3, 2105.

(13) (a) Wick, A. E; Felix, D.; Steen, K; Eschenmoser, A. Helv.
Chim. Acta 1964, 47, 2425. (b) Bisai, V.; Sarpong, R. Org. Lett. 2010,
12, 2551.

(14) (a) Bower, S.; Kreutzer, K. A.; Buchwald, S. L. Angew. Chem., Int.
Ed. Engl. 1996, 3S, 1515. (b) Laval, S.; Dayoub, W.; Favre-Reguillon,
A.; Demonchaux, P.; Mignani, G.; Lemaire, M. Tetrahedron Lett. 2010,
51, 2092.

(15) (a) Yamada, T.; Iwahara, Y.; Nishino, H.; Kurosawa, K. J. Chem.
Soc, Perkin Trans. 1 1993, 609. (b) Tategami, S.-I; Yamada, T.;
Nishino, H.; Korp, J. D.; Kurosawa, K. Tetrahedron Lett. 1990, 31,
6371. (c) Kumabe, R; Nishino, H.; Yasutake, M.; Nguyen, V.-H,;
Kurosawa, K. Tetrahedron Lett. 2001, 42, 69. (d) Kumabe, R.; Nishino,
H. Tetrahedron Lett. 2004, 45, 703. (e) Asahi, K; Nishino, H.
Tetrahedron 2008, 61, 11107. (f) Asahi, K; Nishino, H. Eur. J. Org.
Chem. 2008, 2008, 2404. (g) Persico, M.; Quintavalla, A.; Rondinellj,
F.; Trombini, C.; Lombardo, M.; Fattorusso, C.; Azzarito, V;
Taramelli, D.; Parapini, S.; Corbett, Y.; Chianese, G.; Fattorusso, E,;
Taglialatela-Scafati, O. J. Med. Chem. 2011, 54, 8526. (h) Yin, J.; Wang,
C,; Kong, L,; Cai, S;; Gao, S. Angew. Chem.,, Int. Ed. 2012, 51, 7786.
(i) Majetich, G.; Zou, G.; Hu, S. Org. Lett. 2013, 1S, 4924.

(16) Wang, G.-W,; Lu, Q.-Q,; Xia, J.-J. Eur. J. Org. Chem. 2011, 2011,
4429. (b) Bernat, V.; Coste, M.; André-Barres, C. New J. Chem. 2009,
33, 2380.

(17) Berrien, J.-F.; Provot, O.; Mayrargue, J.; Coquillay, M.; Cicéron,
L; Gay, F; Danis, M; Robert, A,; Meunier, B. Org. Biomol. Chem.
2003, 1, 2859.

(18) Chianese, G.; Fattorusso, E.; Scala, F.; Teta, R.; Calcinai, B.;
Bavestrello, G.; Dien, H. A,; Kaiser, M.; Tasdemir, D.; Taglialatela-
Scafati, D. Org. Biomol. Chem. 2012, 10, 7197.

(19) Thorngvist, V.; Manner, S.; Wendt, O. F.; Frejd, T. Tetrahedron
2006, 62, 11793.

5423

DOI: 10.1021/acs.orglett.5b02773
Org. Lett. 2015, 17, 5420—-5423



