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Introduction

The Lycopodium alkaloids are a family of structurally diverse 
and complex natural products. To date, more than 300 
Lycopodium alkaloids have been isolated and characterized.1 
Among them, huperzine A (1), which belongs to lycodine (2) 
group (Fig. 1), showed potent activity in the reversible inhibition 
of acetylcholinesterase and increased learning and memory 
efficiency.2 Lycopodine (3), another representative Lycopodium 
alkaloid, is a tetracyclic alkaloid in which all rings are six-
membered, similar to lycodine (2). The characteristic chemical 
structure of 3, which includes five asymmetric centers, has 
fascinated synthetic chemists for a long time. Since its isolation 
in 18813 and its structure elucidation in 1960,4 a number of total 
and formal syntheses have been reported.5 The asymmetric total 
syntheses by Carter in 20085n, 5o and by She in 20165p are notable. 
Carter reported the first enantioselective total synthesis via a 
diastereoselective intramolecular Michael addition and a 
successive Mannich cyclization. Later, She developed a 
protecting-group-free, 12-step route to furnish (–)-lycopodine (3) 
from commercially available (R)-(+)-pulegone. In the course of 
our chemical studies on Lycopodium alkaloids,6 we have also 
initiated the total synthesis of this historically and chemically 
significant natural product. Herein, we describe the shortest total 
synthesis of (–)-lycopodine (3) and its conversion into 
flabelliformine (4). This synthesis features the cascade 
cyclization of linear substrate 5 to construct tetracyclic structure 
6 that has the same stereochemistry at C7, 12, and 13 as natural 
lycopodine-type alkaloids.

Results and discussion

ARTICLE  INFO ABSTRACT

Article history:
Received
Received in revised form
Accepted
Available online

Keywords:
Lycopodium alkaloid
Lycopodine
Flabelliformine
Asymmetric total synthesis
Cascade reaction

The shortest asymmetric total synthesis of lycopodine (3) and the first asymmetric total 
synthesis of flabelliformine (4) were accomplished by a strategy that features a cascade 
cyclization of linear substrate (5) to construct tetracyclic structure (6).

2009 Elsevier Ltd. All rights reserved.

Fig. 1. 
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In 2014, we developed a strategy for the concise asymmetric 

total synthesis of lycodine (2)6e by capitalizing on a hint gained 

from the biosynthetic pathway of Lycopodium alkaloids (Scheme 
1).7 Treatment of linear substrate 7 under the acidic condition 
gave tetracyclic lycodine skeleton (8) via cascade conjugate 
addition reactions that mimics the proposed biosynthesis of 
lycodine (2). By further developing this strategy, we expected 
that a similar cascade reaction starting from linear substrate 5 
would occur to produce tetracyclic compound 6 (Scheme 2). The 
dihydropyran ring in 6 would be incorporated by the conjugate 
addition of oxonium intermediate 9, and 9 would be generated 
when we substitute an oxygen atom for the nitrogen atom on the 
right end of compound 7. Thus-obtained tetracyclic compound 6 
would be directly converted into lycopodine (3) by referring to 
Heathcock’s approach.5f

Our synthesis began with the preparation of linear substrate 5 
for the cascade cyclization reaction (Scheme 3). The Hosomi-
Sakurai allylation of commercially available crotonamide (10) 
furnished 11 in high yield and excellent diastereoselectivity, and 
11 had the same stereochemistry at C15 as (–)-lycopodine (3). 
Removal of Evans’s oxazolidinone moiety in 11 with lithium 

thiolate gave thioester 12 in 88% yield. Next, coupling of 12 with 

iodide 138 in the presence of Zn and 5 mol% PdCl2(PPh3)2
9 gave 

ketone 14 in good yield. On the other hand, enone 17 was also 
prepared by the Fukuyama coupling9 using thioester 15 prepared 
from crotonic acid10 and iodide 16.11 Thus-obtained ketone 14 
and enone 17 were subjected to olefin cross metathesis reaction 
using a second-generation Hoveyda-Grubbs catalyst to give 
desired linear substrate 5.

With linear substrate 5 in hand, we thoroughly examined the 
reaction conditions for the key cascade cyclization step. Although 
the chemical yield needed improvement, we were able to obtain 
desired compound 6a in 11% yield together with diastereomeric 
isomer 6b in 28% yield, when 5 was treated with 
methanesulfonic acid in methanol at 40 °C. The structures of 6a 
and 6b were elucidated by X-ray crystallographic analysis after 
conversion into 3,5-dinitrobenzamide derivatives 18a (CCDC 
1878845) and 18b (CCDC 1878846), respectively.

Starting from tetracyclic intermediate 6a, we completed the 
total synthesis of lycopodine (3) and flabelliformine (4) as 
follows. Referring to Heathcock’s work,5f treatment of 6a with 
HBr in AcOH at r.t. gave the ammonium bromide salt, which was 
then basified with NaOH to give lycopodine (3) in 80% yield by 
pyrrolidine ring formation. 6b was also converted into 21, which 
corresponds to 15-epi-ent-lycopodine, by the same procedure 
used for the conversion of 6a into lycopodine (3). Further, α-
hydroxylation12 of the ketone in 3 gave flabelliformine (4)13 in 
46% yield, thereby realizing the first asymmetric total synthesis 
of this alkaloid. The synthetic 3 and 4 were respectively identical 

Scheme 2. Synthetic plan in this work.

Scheme 1. Previous work by our group.

Scheme 4. Cascade cyclization.
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Scheme 3. Synthesis of linear substrate 5.
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in all respects with the natural products, which were isolated 
from Lycopodium clavatum in our laboratory.

 In conclusion, we have completed the shortest asymmetric 
total synthesis of lycopodine (3) (in 7 steps from commercially 
available 10) and the first asymmetric total synthesis of 
flabelliformine (4), via a novel cascade cyclization reaction as the 
key step. Further studies are underway in our laboratory to 
optimize the reaction conditions of the key cyclization step and to 
examine the application of this strategy to the synthesis of other 
lycopodine-type alkaloids.

Acknowledgments

This work was supported by JSPS KAKENHI Grant Numbers 
16H05094 and 17H03993.

References and notes

1. (a) Ayer, W. A.; Trifonov, L. S. In The Alkaloids; Cordell, G. A., 
Brossi, A., Ed.; Academic Press: New York, 1994; Vol. 45, pp 
233–274;
(b) Ma X, Gang DR. Nat Prod Rep. 2004; 21: 752–772;
(c) Kobayashi, J., Morita, H. In The Alkaloids; Cordell, G. A., Ed.; 
Academic Press: New York, 2005; Vol. 61, pp 1–57;
(d) Hirasawa Y, Kobayashi J, Morita H. Heterocycles 2009; 77: 
679–729;
(e) Kitajima, M., Takayama, H. In Topics in Current Chemistry; 
Knölker, H.-J., Ed.; Springer: Berlin, 2012; Vol. 309, pp 1–31;
(f) Siengalewicz, P., Mulzer, J., Rinner, U. In The Alkaloids; 
Knölker, H.-J. Ed.; Elsevier: Amsterdam, 2013; Vol. 72, pp 1–
151;
(g) Murphy RA, Sarpong R. Chem Eur J. 2014; 20: 42–56.

2. (a) Liu LS, Zhu YL, Yu CM, Zhou YZ, Han YY, Wu FW, Qi BF. 
Can J Chem. 1986; 64: 837–839;
(b) Kozikowski AP, Tückmantel W. Acc Chem Res. 1999; 32: 
641–650.

3. Bödeker K. Justus Liebigs Ann Chem. 1881; 208: 363–367.
4. (a) Harrison WA, MacLean DB. Chem Ind. (London) 1960; 261–

262;
(b) Harrison WA, Curcumelli-Rodostamo M, Carson DF, Barclay 
LRC, MacLean DB. Can J Chem. 1961; 39: 2086–2099.

5. (a) Stork G, Kretchmer RA, Schlessinger RH. J Am Chem Soc. 
1968; 90: 1647–1648;
(b) Ayer WA, Bowman WR, Joseph TC, Smith P. J Am Chem Soc. 
1968; 90: 1648–1650;
(c) Kim S, Bando Y, Horii Z. Tetrahedron Lett. 1978; 19: 2293–
2294;
(d) Kim S, Bando Y, Takahashi N, Horii Z. Chem Pharm Bull. 
1978; 37: 636–637;
(e) Heathcock CH, Kleinman EF, Binkley ES. J Am Chem Soc. 
1978; 100: 8036–8037;
(f) Heathcock CH, Kleinman EF, Binkley ES. J Am Chem Soc. 
1982; 104: 1054–1068;
(g) Schumann D, Mueller HJ, Naumann A. Liebigs Ann Chem. 
1982; 1700–1705;
(h) Wenkert E, Broka CA. J Chem Soc, Chem Commun. 1984; 
714–715;
(i) Kraus GA, Hon YS. J Am Chem Soc. 1985; 107: 4341–4342;
(j) Kraus GA, Hon YS. Heterocycles 1987; 25: 377–386;

(k) Grieco PA, Dai Y. J Am Chem Soc. 1998; 120: 5128–5129;
(l) Padwa A, Brodney MA Jr., Sheehan SM. J Org Chem. 1997; 
62: 78–87;
(m) Mori M, Hori K, Akashi M, Hori M, Sato Y, Nishida M. 
Angew Chem, Int Ed. 1998; 37: 637–638;
(n) Yang H, Carter RG, Zakharov LN. J Am Chem Soc. 2008; 130: 
9238–9239;
(o) Yang H, Carter RG. J Org Chem. 2010; 75: 4929–4938;
(p) Ma D, Zhong Z, Liu Z, Zhang M, Xu S, Xu D, Song D, Xie X, 
She X. Org Lett. 2016; 18: 4328–4331.

6. (a) Kogure N, Maruyama M, Wongseripipatana S, Kitajima M, 
Takayama H. Chem Pharm Bull. 2016; 64: 793−799;
(b) Takayama H. J Syn Org Chem Jpn. 2015; 73: 1072–1080;
(c) Ishida H, Kimura S, Kogure N, Kitajima M, Takayama H. Org 
Biomol Chem. 2015; 13: 7762−7771;
(d) Ishida H, Kimura S, Kogure N, Kitajima M, Takayama H. 
Tetrahedron 2015; 71: 51–56;
(e) Azuma M, Yoshikawa T, Kogure N, Kitajima M, Takayama H. 
J Am Chem Soc. 2014; 136: 11618−11621;
(f) Nakayama A, Kitajima M, Takayama H. Synlett 2012; 23: 
2014–2024;
(g) Katakawa K, Mito H, Kogure N, Kitajima M, 
Wongseripipatana S, Arisawa M, Takayama H. Tetrahedron 2011; 
67: 6561–6567;
(h) Nakayama A, Kogure N, Kitajima M, Takayama H. Angew 
Chem Int Ed. 2011; 50: 8025–8028.

7. (a) Gupta RN, Castillo M, MacLean DB, Spenser ID, Wrobel JT. J 
Am Chem Soc. 1968; 90: 1360–1361;
(b) Gupta RN, Castillo M, MacLean DB, Spenser ID. J Am Chem 
Soc. 1970; 92: 1074–1075;
(c) Castillo M, Gupta RN, Ho YK, MacLean DB, Spenser ID. Can 
J Chem. 1970; 48: 2911–2918;
(d) Hemscheidt T, Spenser ID. J Am Chem Soc. 1993; 115: 3020–
3021.

8. Bisacchi GS, Slusarchyk WA, Bolton SA, Hartl KS, Jacobs G, 
Mathur A, Meng W, Ogletree ML, Pi Z, Sutton JC, Treuner U, 
Zahler R, Zhao G, Seiler SM. Bioorg Med Chem Lett. 2004; 14: 
2227–2231.

9. (a) Tokuyama H, Yokoshima S, Yamashita T, Fukuyama T. 
Tetrahedron Lett. 1998; 39: 3189–3192;
(b) Miyazaki T, Han-ya Y, Tokuyama H, Fukuyama T. Synlett 
2004; 477–480;
(c) Fukuyama T, Tokuyama H. Aldrichim Acta 2004; 37: 87–96.

10. Ruiz BM, Geurts K, Fernandez-Ibanez MA, Horst BT, Minnaard 
AJ, Feringa BL. Org Lett. 2007; 9: 5123–5126.

11. Dery M, Lefebver LP, Aissa K, Spino C. Org Lett. 2013; 15: 
5456–5459.

12. Zhao X, Zhang Q, Du Q, Lu X, Cao Y, Deng Y, Fan C. J Am 
Chem Soc. 2017; 139: 7095–7103.

13. Nakashima TT, Singer PP, Browne LM, Ayer WA. Can J Chem. 
1975; 53: 1936–1942.

Highlights

Scheme 5. Synthesis of lycopodine (3) and flabelliformine (4).
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The shortest-step asymmetric total synthesis of 
lycopodine was accomplished. 
The first asymmetric synthesis of flabelliformine was 
achieved.
The strategy includes a novel cascade cyclization to 
construct tetracyclic structure.


