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ABSTRACT: Collective asymmetric total synthesis of marine tricyclic alkaloids, cylindricines A–H, and the proposed structures of 
cylindricine I and J, was achieved in a concise manner from a single common spirocyclic pyrrolidine intermediate. A tandem 
chemoselective oxidation/intramolecular aza-Michael addition/epimerization was exploited to complete the tricyclic skeleton. This 
work provides a versatile synthetic entry to the cylindricine family of marine tricyclic alkaloids. 

Marine alkaloids possessing a perhydropyrrolo[2,1-
j]quinoline or perhydropyrido[2,1-j]quinoline skeleton have 
gained significant interest from the synthetic chemistry com-
munity for more than two decades because of their synthetical-
ly intriguing tricyclic structures.1 This family of alkaloid natu-
ral products include cylindricines, fasicularin, and lepadifor-
mines (Figure 1a). Cylindricines were isolated by Blackman 
and co-workers from the ascidian Clavelina cylindrica collect-
ed in Tasmania. The gross structure and relative configuration 
of cylindricines A (1) and B (2) were determined by single 
crystal X-ray crystallographic analysis.2 These compounds 
were shown to exist as an equilibrating mixture in solution, 
possibly via generation of the corresponding aziridinium ion. 
Cylindricines C–J (3–10) were structurally characterized 
mainly by NMR spectroscopic analysis in comparison with 1 
and 2.3,4 However, the specific rotation values of 1–10 were 
not reported, and the absolute configuration was left unas-
signed. While the absolute configuration of 1–10 cannot be 
determined unequivocally without re-isolation of authentic 
material, it is quite likely to be the same as that of lepadi-
formine A (11), which was isolated by Biard et al. from the 
Tunisian tunicate Clavelina lepadiformis Müller as a cytotoxic 
constituent (IC50 16.8 µg/mL against KB cells).5 The absolute 
configuration of 11 has been established through enantioselec-
tive total syntheses by Kibayashi6 and Weinreb.7 

A number of asymmetric and racemic total syntheses of cy-
lindricines, fasicularin, and lepadiformines have been de-
scribed to date.8 Nonetheless, the synthetic development and 
biological evaluation of a collection of marine tricyclic alka-
loids are yet to be achieved. Moreover, the biological activity 
of cylindricines has not been described so far except that a 
mixture of 1 and 2 was found toxic in brine shrimp bioassay.2 
Here we describe total syntheses of cylindricines A–H (1–8) 
and the proposed structures of cylindricines I and J (9 and 10) 
from a single common spirocyclic pyrrolidine derivative. 

We have recently described an asymmetric total synthesis of 
lepadiformine A (11) by means of a tandem Au-catalyzed 
alkyne hydroamination/iminium formation/allylation reaction 
of 12 (Figure 1a).9 The resultant spirocyclic pyrrolidine 13 
was transformed into 11 over seven steps via the formation of 
the piperidine ring. In this work, we envisioned that 13 should 
serve as a pluripotent intermediate toward collective synthesis 
of 1–10. Specifically, the perhydropyrrolo[2,1-j]quinolin-7-
one skeleton 17 would be accessible through a tandem 
chemoselective oxidation/intramolecular aza-Michael addi-
tion/epimerization of amino alcohol 14 (Figure 1b). Epimeri-
zation at C5 position has been shown to be facile under acidic 
or basic conditions.10 

The synthesis of cylindricines A–F (1–6) is summarized in 
Scheme 1. As described previously,9 oxidative cleavage of the  



 

 

Figure 1. (a) Structures of cylindricines A–J and lepadiformine A. (b) Tandem chemoselective oxidation/intramolecular aza-Michael addi-
tion/epimerization for construction of tricyclic skeleton of cylindricines A–J. 

Scheme 1. Synthesis of Cylindricines A–Fa 

 
aReagents and conditions: (a) OsO4, NMO, THF/H2O, rt; then NaIO4, rt, 91%; (b) 19a, NiCl2, CrCl2, DMSO, rt, 77%, dr >95:5; (c) so-

dium naphthalenide, DME, −65 °C, 93%; (d) AZADOL, CuCl, bpy, DMAP, CH3CN, 0 °C, air; then silica gel, 70%, dr >95:5; (e) H2, 
Pd(OH)2/C, MeOH, rt, 82%; (f) NCS, Ph3P, imidazole, DCE, 0 °C to rt, 77% for 1, 9% for 2; (g) MeI, Ag2O, CH3CN, rt, 67%; (h) Ac2O, 
Et3N, DMAP, CH2Cl2, 0 °C to rt, 79%; (i) NH4SCN, DEAD, Ph3P, CH2Cl2, 0 °C to rt, 79%. 

double bond of 13 gave aldehyde 18. Nozaki–Hiyama–Kishi 
reaction11 of 18 with iodoolefin 19a12 (NiCl2, CrCl2, DMSO) 
proceeded cleanly to deliver allylic alcohol 20a in 77% yield 

as a single diastereomer. Deprotection of the tosyl group using 
sodium naphthalenide provided amino alcohol 14a (93%). 
Chemoselective oxidation of the allylic alcohol of 20a under 
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Iwabuchi conditions (AZADOL, CuCl, bpy, DMAP, CH3CN, 
0 °C, air)13 generated a,b-unsaturated ketone 15a, which un-
derwent intramolecular aza-Michael addition to afford ketone 
16a. Upon adsorption of 16a on silica gel followed by purifi-
cation by flash column chromatography, epimerization at the 
C5 position took place cleanly to furnish ketone 17a in 70% 
yield from 20a as a single diastereomer. Hydrogenolysis of the 
benzyl ether of 17a provided cylindricine C (3) in 82% yield 
([a]D19 +61.5 (c 0.48, CH2Cl2); lit.8g [a]D24 +63.8 (c 0.50, 
CH2Cl2)). The 1H and 13C NMR spectra and specific rotation 
of our synthetic 3 matched those reported by Sato and Chida.8g 

Cylindricines A (1), B (2), D (4), E (5), and F (6) were syn-
thesized from (+)-cylindricine C (3). Chlorination of 3 with 
NCS/Ph3P afforded (+)-cylindricine A (1) in 77% yield ([a]D22 
+18.3 (c 0.13, CH2Cl2)), along with (−)-cylindricine B (2) in 
9% yield ([a]D23 −20.1 (c 0.10, CH2Cl2)), which were separa-
ble by flash column chromatography using silica gel. The 1H 

and 13C NMR spectra of our synthetic 1 matched that reported 
by Snider and Liu.15 While the 1H NMR chemical shift data of 
our synthetic 2 showed small deviations from those of the 
authentic material, the 13C NMR spectroscopic data of synthet-
ic 2 matched excellently with those of natural 2.2 Methylation 
of 3 with MeI/Ag2O gave (+)-cylindricine D (4) in 67% yield 
([a]D23 +28.4 (c 0.19, CH2Cl2); lit.14 [a]D25 +21.5 (c 0.08, 
CH2Cl2)). Acetylation of 3 under standard conditions delivered 
(+)-cylindricine E (5) in 79% yield ([a]D20 +27.3 (c 0.17, 
CH2Cl2); lit.14 [a]D25 +28.67 (c 0.13, CH2Cl2)). The 1H and 13C 
NMR spectroscopic data of our synthetic 4 and 5 were in ac-
cordance with those reported previously by Trost.14 Mitsunobu 
reaction16 of 3 with NH4SCN (DEAD, Ph3P) led to (−)-
cylindricine F (6) in 79% yield ([a]D22 −20.9 (c 0.37, CH2Cl2)). 
The 1H and 13C NMR signals of synthetic 6 were in accord-
ance with those of natural cylindricine F. 

Scheme 2. Synthesis of Cylindricines G and Ha 

 
aReagents and conditions: (a) 19b, NiCl2, CrCl2, DMSO, rt, 92%, dr >95:5; (b) sodium naphthalenide, DME, −65 °C, 89%; (c) 

AZADOL, CuCl, bpy, DMAP, CH3CN, 0 °C, air; then silica gel, 75%, dr >95:5; (d) H2, Pd(OH)2/C, MeOH, rt, 79%; (e) NH4SCN, Ph3P, 
DEAD, CH2Cl2, 0 °C to rt, 69%; (f) NaBH4, MeOH, −78 °C, 51% for 22a, 44% for 22b; (g) AZADOL, CuCl, bpy, DMAP, CH3CN, 0 °C, 
83%; (h) Ac2O, Et3N, DMAP, CH2Cl2, 0 °C to rt, 78%; (i) H2, Pd(OH)2/C, MeOH, rt, 83%; (j) NH4SCN, Ph3P, DEAD, CH2Cl2, 0 °C to rt, 
74%. 

The synthesis of cylindricines G and H (7 and 8) is illustrat-
ed in Scheme 2. Nozaki–Hiyama–Kishi reaction of aldehyde 
18 with iodoolefin 19b12 provided allylic alcohol 14b (92%), 
from which the tosyl group was removed to give amino alco-
hol 20b (89%). Tandem Iwabuchi oxidation/intramolecular 
aza-Michael addition/epimerization of 20b afforded ketone 
17b in 75% yield as a single diastereomer. Debenzylation of 
17b (H2, Pd(OH)2/C) gave alcohol 21 (79%). Mitsunobu reac-
tion of 21 with NH4SCN by the action of DEAD/Ph3P fur-
nished (−)-cylindricine G (7) in 69% yield ([a]D22 −12.1 (c 
0.19, CH2Cl2)). The 1H and 13C NMR spectroscopic data of 
synthetic 7 were in accordance with those of the natural prod-

uct. Next, our attention turned to cylindricine H (8). However, 
reduction of ketone 17b was problematic with respect to its 
diastereoselectivity. Treatment of 17b with NaBH4 in MeOH 
at −78 °C provided alcohol 22a (51%) and its diastereomer 
22b (44%). Other reaction conditions examined all failed to 
provide alcohol 22a with correct configuration as the major 
diastereomer, presumably because the a-face of 17b was steri-
cally shielded by the tricyclic skeleton. The undesired dia-
stereomer 22b could be transformed back into 17b via Iwabu-
chi oxidation (83%). Acetylation of 22a led to acetate 23 
(78%), which was debenzylated by hydrogenolysis to afford 
alcohol 24 (83%). Mitsunobu reaction of 24 using NH4SCN, 
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DEAD, and Ph3P furnished (−)-cylindricine H (8) in 74% 
yield ([a]D22 −5.3 (c 0.38, MeOH); lit.8a [a]D20 −8.5 (c 0.47, 
MeOH)). The 1H and 13C NMR spectra of synthetic 8 were in 
full agreement with those reported by Amat et al.8a 

Mitsunobu reaction of 24 using DPPA, Ph3P, and DEAD 
provided azide 25 (63%), which upon exposure to Ph3P/CS2 
underwent Staudinger–aza-Wittig reaction to deliver cylindri-
cine I (9) in 79% yield ([a]D21 +2.2 (c 0.32, CHCl3)) (Scheme 
3). Meanwhile, mesylation/azidation of 24 provided a mixture 
of azides 25 (65%) and 26 (32%), the latter possibly being 
formed via an aziridinium ion intermediate. After separation 
by flash column chromatography using silica gel, subjection of 
26 to Staudinger–aza-Wittig reaction afforded cylindricine J 
(10) in 92% yield ([a]D23 −59.3 (c 0.37, CHCl3)). However, 
the 1H and 13C NMR spectroscopic data of synthetic 9 and 10 
showed deviations from those of natural cylindricines I and J, 
respectively. The structures of synthetic 9 and 10 were unam-
biguously confirmed by detailed NMR analyses and further 
supported by theoretical NMR chemical shift calculations.12,17 
Scheme 3. Synthesis of Proposed Structures of Cylin-
dricines I and Ja 

 
aReagents and Conditions: (a) DPPA, Ph3P, DEAD, THF, rt, 

63%; (b) Ph3P, CS2, THF, 50 °C, 79%; (c) MsCl, Et3N, CH2Cl2, 
0 °C; (d) NaN3, DMF, 50 °C, 63% (2 steps) for 25, 32% (2 steps) 
for 26; (e) Ph3P, CS2, THF, 50 °C, 92%. 

Finally, we briefly examined the cytotoxic activity of syn-
thetic cylindricines in human cancer cells. Compounds 1, 2, 
and 6 showed moderate activity in human cervix carcinoma 
HeLa cells and/or human T lymphocyte Jurkat cells.12 Notice-
ably, compounds 9 and 10 were significantly more potent than 
other compounds, suggesting the importance of the electro-
philic isothiocyanate group for activity. 
Table 1. Cytotoxic activity of synthetic cylindricinesa 

Cpd. 
IC50/µM 

Cpd. 
IC50/µM 

HeLa Jurkat HeLa Jurkat 
1 49.5 21.8 6 98.3 15.2 
2 30.5 15.3 7 >100 27.9 

3 >100 62.7 8 >100 23.2 
4 >100 53.0 9 13.0 1.0 
5 97.3 >100 10 10.6 2.7 

aCell culture experiments were performed in RPMI1640 sup-
plemented with 10% fetal bovine serum at 37 °C under 5% 
CO2/air for 48 h (Jurkat) or 72 h (HeLa). Cell viability was as-
sessed by WST-8 assay. See the Supporting Information for de-
tails. 

In summary, we developed a versatile synthetic entry to the 
cylindricine family of marine tricyclic alkaloids from a single 
common intermediate. We also revealed non-identity of the 
proposed structures of cylindricines I and J to the correspond-
ing natural products. The asymmetric total synthesis of cylin-
dricines A, B, F, G and the proposed structures of cylin-
dricines I and J was achieved for the first time. Our synthesis 
took advantage of an appropriately functionalized spirocyclic 
pyrrolidine intermediate and completed in 10–15 steps from 
commercially available, oct-7-en-1-ol. A tandem chemoselec-
tive oxidation/intramolecular aza-Michael addi-
tion/epimerization was successfully implemented to complete 
the tricyclic skeleton of cylindricines in a succinct fashion.18 
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