Synthesis of Fasicularin
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ABSTRACT: The synthesis of a tricyclic marine alkaloid, fasicularin was accomplished. Stereoselective synthesis of the aza-
spirocyclic BC ring precursor and ensuing construction of the A-ring with stereo-controlled installation of the C2 hexyl group fea-

ture prominently in the synthesis.

Fasicularin (1) is a marine tricyclic alkaloid isolated from
ascidian Nephteis fasicularis' and exhibits cytotoxicity
through alkylation of the cellular DNA (Figure 1).> The struc-
ture of fasicularin (1) is based on the trans-1-azadecalin AB
ring of chair-chair conformation, that is connected with the
piperidine C ring having a thiocyanate unit. There is another
class of marine tricyclic alkaloids, lepadiformines (2),® which
contain the twist boat-chair trans-1-azadecalin AB ring fused
with the hydroxymethyl pyrrolidine C ring. The difference of
the AB ring conformation between fasicularin (1) and lepadi-
formines (2) is attributed to the stereochemistry of C2 with the
alkyl chain; fasicularin (1) bears a B-hexyl group, while the
C2-alkyl group of lepadiformines (2) is oriented o. Their
unique chemical structures and biological activities have stim-
ulated many groups to be engaged in synthetic studies of these
classes of alkaloids.*® Our group has been independently en-
gaged in synthetic studies of them. We herein report a new
approach for stereoselective synthesis of fasicularin (1) that
takes advantage of the characteristic structure of the spirocy-
clic BC ring precursor.
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Figure 1. Fasicularin and lepadiformines

Our retrosynthetic analysis is illustrated in Scheme 1. It
was reported by Kibayashi that fasicularin (1) could be ap-

proached from C2-epi-lepadiformine A (3).* It is envisaged
that C2-epi-lepadiformine A (3) would be derived from the
spirocyclic iminoester 4 having a bromo substituent at C5
trans to the C10-N bond through A-ring construction. Azaspi-
rocycle 4 would be constructed by aminobromination of a-
azido ester 5, that could be synthesized from 1-(2-
bromoethyl)cyclohexene (6)7 and diethyl oxalate (7).

Scheme 1. Retrosynthesis
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Our synthesis commenced with the reaction of the Grignard
reagent prepared from bromide 6 with diethyl oxalate (7) to
afford a-keto ester 8, which was subsequently converted into
a-azido ester 5 in a three-step sequence involving reduction of
the keto carbonyl group by NaBH;CN, mesylation of the re-
sulting hydroxyl group, and azidation through nucleophilic
substitution with NaN; (Scheme 2). Treatment of o-azido
ester 5 with NBS in the presence of NaHCO; could induce
denitrogenative spirocyclization through trans-



aminobromination of alkene, forming desired spirocyclic imi-
noester 4 in good yield.

Scheme 2. Synthesis of 4
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We next focused on introduction of carbon functionality at
CS5 for construction of the A-ring. Reduction of the C=N bond
of 4 by NaBH, resulted in formation of tricyclic aziridine 9 in
diastereoselective fashion.® In this process, the hydride reduc-
tion occurred from the sterically less hindered -face, that was
followed by intramolecular nucleophilic substitution reaction
at C5 to form the aziridine ring. Treatment of aziridine 9 with
benzyl iodide (prepared in situ from BnBr and Nal) followed
by addition of BusNCN to the resulting N-benzyl aziridinium
ion successfully opened the aziridine ring with installation of a
cyano group at C5 in regio- and stereoselective manner, af-
fording azaspirocycle 10.°

Scheme 3. Synthesis of 10
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(X-ray of 10)

Chemoselective reduction of ethoxy carbonyl group of 10
by Red-Al provided alcohol 11.!%!! Without protection of the
hydroxyl group of 11, the cyano group was reduced with
DIBAL to form the corresponding aldehyde, which was sub-
sequently converted into o,-unsaturated ester 12 by the reac-
tion with triethyl phosphonoacetate under the Masamune-
Roush protocol.”> Hydrogenation to reduce the C=C bond and
remove N-benzyl protection followed by DIBAL reduction of
the ethoxy carbonyl group produced tetracyclic N,O-acetal 13.
The reaction of 13 with hexylmagnesium bromide enabled

stereoselective ring-opening of the N,O-acetal with inversion
of the configuration to afford alcohol 14 having a f-hexyl
group at C2."* Alcohol 14 was converted into methyl ester 15
through Jones oxidation followed by esterification of the re-
sulting carboxylic acid with trimethylsilyl diazomethane.
Subsequent treatment of ester 15 with NaOMe enabled epi-
merization of C13 and ensuing LiAlH, reduction delivered
C2-epi-lepadiformine (3). Finally, installation of the thiocya-
nate unit and ring-expansion of 3 was conducted according to
the Kibayashi’s method to complete the synthesis of fasicular-
in (1), which was obtained as a mixture with its structural iso-
mer 16. The synthetic sample was identical to the natural
product by comparison with the reported spectroscopic data
('H and "*C NMR, MS).*

Scheme 4. Synthesis of fasicularin (1)
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In summary, we have achieved a synthesis of fasicularin (1).
The characteristic feature of the synthesis includes construc-
tion of the azaspirocyclic BC-ring intermediate through spiro-
cyclizing aminobromination of a-azido ester and stereoselec-
tive installation of the cyano group at C5 via ring-opening of
aziridine ring as well as A-ring construction with stereo-
controlled installation of the B-hexyl group.'*

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website.



Crystallographic data for compound 10 (CIF)
Crystallographic data for compound 19 (CIF)
Experimental procedures, spectral data (PDF)

AUTHOR INFORMATION

Corresponding Author
* E-mail: shunsuke@ntu.edu.sg

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

This work was supported by funding from Nanyang Technologi-
cal University and the Singapore Ministry of Education and Sin-
gapore Ministry of Education (Academic Research Fund Tier 1:
RG4/13). We acknowledge Dr. Yongxin Li and Dr. Rakesh Gan-
guly (Division of Chemistry and Biological Chemistry, Nanyang
Technological University) for assistance in X-ray crystallographic
analysis. We thank Dr. Wei Ren and Yan Zhu (Division of
Chemistry and Biological Chemistry, Nanyang Technological
University) for their assistance in carrying out several experi-
ments in the initial study.

REFERENCES

(1) Patil, A. D.; Freyer, A. J.; Reichwein, R.; Cartre, B.; Killmer, L.

B.; Faucette, L.; Johnson, R. K.; Faulkner, D. J. Tetrahedron Lett.
1997, 38, 363.

(2) Dutta, S.; Abe, H.; Aoyagi, S.; Kibayashi, C.; Gates, K. S. J.
Am. Chem. Soc. 2005, 127, 15004.

(3) (a) Jugeé, M.; Grimaud, N.; Biard, J.-F.; Sauviat, M. P.; Nabil,
M.; Verbist, J.-F.; Petit, J.-Y. Toxicon 2001, 39, 1231. (b) Biard, J.-F.;
Guyot, S.; Roussakis, C.; Verbist, J.-F.; Vercauteren, J.; Weber, J. F.;
Boukef, K. Tetrahedron Lett. 1994, 35, 2691.

(4) For reviews, see: (a) Schir, P.; Cren, S.; Renaud, P. Chimia
2006, 60, 131. (b) Weinreb, S. M. Chem. Rev. 2006, 106, 2531. (c)
Kibayashi, C. Chem. Pharm. Bull. 2005, 53, 1375. (d) Weinreb, S. M.
Acc. Chem. Res. 2003, 36, 59. (e) Kibayashi, C.; Aoyagi, S.; Abe, H.
Bull. Chem. Soc. Jpn. 2003, 76, 2059.

(5) For reports on the synthesis of fasicularin, see: (a) In, J.; Lee,
S.; Kwon, Y.; Kim, S. Chem. Eur. J. 2014, 20, 17433. (b) Mei, S.-L.;
Zhao, G. Eur. J. Org. Chem. 2010, 1660. (c) Abe, H.; Aoyagi, S.;
Kibayashi, C. J. Am. Chem. Soc. 2005, 127, 1473. (d) Fenster, M. D.
B.; Dake, G. R. Chem. Eur. J. 2005, 11, 639. (e) Fenster, M. D. B.;
Dake, G. R. Org. Lett. 2003, 5, 4313. (f) Maeng, J.-H.; Funk, R. L.
Org. Lett. 2002, 4, 331. (g) Abe, H.; Aoyagi, S.; Kibayashi, C. J. Am.
Chem. Soc. 2000, 122, 4583.

(6) For reports on the synthesis of lepadiformines, see: (a) Tabor,
M. G.; Shenvi, R. A. Org. Lett. 2015, 17, 5776. (b) Nishikawa, K.;
Kikuchi, S.; Ezaki, S.; Koyama, T.; Nokubo, H.; Kodama, T.; Tachi,
Y.; Morimoto, Y. Org. Lett. 2015, 17, 5772. (c) Pandey, G.; Jana-
kiram, V. Chem. Eur. J. 2015, 21, 13120. (d) Perry, M. A.; Morin, M.
D.; Slafer, B. W.; Rychnovsky, S. D. J. Org. Chem. 2012, 77, 3390.
(e) Fujitani, M.; Tshuchiya, M.; Okano, K.; Takasu, K.; lhara, M.;
Tokuyama, H. Synlett 2010, 822. (f) Meyer, A. M.; Katz, C. E.; Li, S.-
W.; Velde, D. V.; Aubé, J. Org. Lett. 2010, 12, 1244. (g) Lygo, B.;
Kirton, E. H. M.; Lumley, C. Org. Biomol. Chem. 2008, 6, 3085. (h)
Mihara, H.; Shibuguchi, T.; Kuramochi, A.; Ohshima, T.; Shibasaki,
M. Heterocycles 2007, 72, 421. (i) Caldwell, J. J.; Craig, D. Angew.
Chem., Int. Ed. 2007, 46, 2631. (j) Schér, P.; Renaud, P. Org. Lett.
2006, 8, 1569. (k) Lee, M.; Lee, T.; Kim, E.-Y.; Ko, H.; Kim, D.;
Kim, S. Org. Lett. 2006, 8, 745. (1) Liu, J.; Hsung, R. P.; Peters, S. D.
Org. Lett. 2004, 6, 3989. (m) Abe, H.;Aoyagi, S.; Kibayashi, C. 4n-
gew. Chem., Int. Ed. 2002, 41,3017. (n) Sun, P.; Sun, C.; Weinreb, S.
M. J. Org. Chem. 2002, 67, 4337. (o) Greshock, T. J.; Funk, R. L.

Org. Lett. 2001, 3, 3511. (p) Sun, P.; Sun, C.; Weinreb, S. M. Org.
Lett. 2001, 3, 3507.

(7) Kabalka, G. W.; Mohammadi, M.; Hylarides, M.; Finn, R. D.
Org. Prep. Proced. Int. 1984, 16, 321.

(8) (a) Leemans, E.; Mangelinckx, S.; De Kimpe, N. Synlett 2009,
1265. (b) Van, T. N.; De Kimpe, N. Tetrahedron 2000, 56, 7299.

(9) For reports on regio- and stereoselective ring-opening of unac-
tivated aziridines, see: (a) Lee, J.; Lee, J. E.; Ha, H.-J.; Son, S. I; Lee,
W. K. Tetrahedron Lett. 2015, 56, 856. (b) Ji, M.-K.; Hertsen, D.;
Yoon, D.-H.; Eum, H.; Goossens, H.; Waroquier, M.; Van
Speybroeck, V.; D’hooghe, M.; De Kimpe, N.; Ha, H.-J. Chem. Asian
J. 2014, 9, 1060 and references therein.

(10) Yokota, S.; Miyamoto, S. Japanese patent 2008-024670.

(11) The attempt to reduce both ethoxy carbonyl and cyano groups
of 10 by DIBAL (4.5 equiv), followed by conversion of the resulting
aldehyde into o,B-unsaturated ester, afforded 12 in only 20% yield.
Thus, we adopted the stepwise reduction through 11.

(12) Blanchette, M. A.; Choy, W.; Davis, J. T.; Essenfeld, A. P;
Masamune, S.; Roush, W. R.; Sakai, T. Tetrahedron Lett. 1984, 25,
2183.

(13) Craig demonstrated in the synthesis of lepadiformine that ring-
opening of hemiaminal 17 having sulfonyl group at C12 with hexynyl
Grignard reagent occurs majorly in retention of the configuration to
afford o-alkynyl 18 (see, ref 6i). In sharp contrast, interestingly, the
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(14) The key feature in stereoselective construction of C2 stereo-
genic center of fasicularin (1) is the use of the a-hydroxy methyl unit
at C13 as the anchimeric handle for construction of the tetracyclic
hemiaminal 13 and ensuing installation of the hexyl group in inver-
sion of the configuration (Scheme 4). In turn, we also investigated
the possibility of constructing the A-ring having o-hexyl group at C2
toward synthesis of lepadiformine A (2a). For this purpose, we envi-
sioned using the a-oxymethyl tether of the BC-ring derived from
intermediate 11 as the steric handle for the desired stereo-control (see
below). Thus, 11 was converted into amino ketone 20, the thermal
treatment of which in the presence of PPTS at 170 °C in xylene under
sealed conditions allowed for the formation of highly strained cyclic
enamine 21. We assumed that the bulky silyloxy methyl group at C13
makes the a-face of the cyclic enamine 21 sterically hindered, that
might induce selective B-hydride attack. However, subsequent treat-
ment of cyclic enamine 21 with NaBH3CN occurred exclusively from
the sterically more hindered o-face to afford 14 after deprotection of
the TBS group. This unexpected stereochemical outcome might be
attributed to less torsional strain in the B-hydride attack. See the Sup-
porting Information for the detailed synthetic scheme and procedures.
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