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The practical and expedient total syntheses of the representative phenanthroindolizidine and phenan-
throquinolizidine alkaloids, antofine and cryptopleurine, are described. Construction of the pyrrolidine
and piperidine ring of each alkaloid was achieved by using an intramolecular 1,3-dipolar cycloaddition
of an azide onto an alkene and subsequent reduction of the resulting imine and aziridine.

Introduction

It is now over 70 years since the phenanthroindolizidine
alkaloid, tylophorine 1, Figure 1), was first described in the
literature! Nowadays, numerous phenanthroindolizidine alka-
loids and structurally related phenanthroquinolizidine alkaloids
have been isolated from various natural sources. These penta-
cyclic natural products exhibit a variety of biological effects
including antitumor, antiamoebic, antibacterial, and antifungal
activities23 Among these interesting biological activities, the
most intriguing property is the profound cytotoxic activity FIGURE 1. Chemical structures of compounds-3.
against various cancer cell lines. For example)-antofine
((=)-2, Figure 1) has I¢ values in the low nanomolar range interesting biochemical aspects, phenanthroindolizidine alkaloids
against drug-sensitive KB-3-1 and multidrug-resistant KB-V1 together with phenanthroquinolizidine alkaloids have received
cancer cell lines, comparable to that of clinically employed sjgnificant attention as potential therapeutic leads. However,
cytotoxic drugs'! Because of the profound cytotoxic activity and  these classes of natural products have not yet been developed
for clinical use. The major drawbacks to the potential therapeutic
* To whom correspondence should be addressed. Tel: 82-2-740-8913. Fax: USe of these compound classes are the serious central nervous

R=0Me (-)tylophorine ((-}-1)
R=H (~-)-antofine ((-)-2)

(-)-cryptopleurine ((-)-3)

82‘21‘7g§§]?ézzir-iswaran A.N.: Venkatachalam IKdian 3. Med. Red.935 side effect® and low water solubility. To overcome these
22(4)33_4419 e ' ' ' pharmacologically unsuitable properties, more intense investiga-

(2) (a) Gellert, E. InAlkaloids: Chemical and Biological Perspegg tions are deemed necessary from a medicinal chemical view-
Pelletier, S. W., Ed.; Academic Press: New York, 1987; pp-532. (b) point®

Suffness, M.; Cordell, G. A. IiThe Alkaloids, Chemistry and Pharmacolpgy
Brossi, A., Ed.; Academic Press: New York, 1985; Vol. 25, pp335.

(3) For recent reviews, see: (a) Michael, JNat. Prod. Rep2007, 24, (4) (a) Steerk, D.; Lykkeberg, A. K.; Christensen, J.; Budnik, B. A.; Abe,
191-222. (b) Michael, J. PNat. Prod. Rep.2005 22, 603-626. (c) F.; Jaroszewski, J. Wl. Nat. Prod.2002 65, 1299-1302. (b) Lee, S. K.;
Michael, J. PNat. Prod. Rep2004 21, 625-649. (d) Michael, J. PNat. Nam, K.-A.; Heo, Y.-H.Planta Med.2003 69, 21—25.

Prod. Rep.2003 20, 458-475. (e) Michael, J. PNat. Prod. Rep2002 (5) Suffness, M.; Douros, J. lAnticancer Agents Based on Natural
19, 719-741. (f) Michael, J. PNat. Prod. Rep2001, 18, 520-542. (g) Product Models Cassady, J. M., Douros, J. D., Eds.; Academic Press:
Li, Z.; Jin, Z.; Huang, RSynthesi2001, 2365-2378. London, 1980; pp 465487.
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SCHEME 1. Synthesis of Antofine (2)
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The promising biochemical profiles of phenanthroindolizidine Results and Discussion
and phenanthroquinolizidine alkaloids coupled with their low
natural abundance and unusual architecture have prompted We employed the intramolecular 1,3-dipolar cycloaddition
impressive synthetic efforts to date from a number of labora- ©f @n azide onto an alkene as a key step in our new synthesis
tories37 As part of our ongoing research, we have previously (Scheme l_). Indeed, a S|r_n|Iar cycloadd_ltlon reaction he_ls been
developed two different asymmetric synthetic approaches}o ( €Mployed in the synthesis of tylophoring) {° The starting
antofine? Although our previous approaches are efficient enough Material for our synthesis was the known phenanthryl aldehyde
to apply to the synthesis of phenanthroindolizidine and phenan- % which was obtained from the commercially available ho-
throquinolizidine analogues, we needed to explore a different moveratric acid anqi)-a_nlsaldehyde via the conventional five-
and expedient synthetic route for the rapid preparation of step sequence according to the previously reported procéture.

analogues in racemic form. Indeed, with the new facile synthetic Wittig reaction of aldehydé with the known azidophosphonium

12 i i
route, we have synthesized and evaluated a series of antofineSalt5 in the presence of KHMDS in THF gave mainlg)

. - . _w-azidoalkeneb as an inseparabl&/E mixture (86%,Z/E, 12:
analogues with different substituents on the phenanthrer)e rlngl). Upon heating the obtained azidoalke¥ia refluxing benzene
to define the features of the molecule that are essential for

L . . : : for 5 days, a mixture of imin& and aziridine8 were obtained
cytotoxicity ? In this paper, we wish to describe full details of in a 2.3:1 ratio, as determined by the crd#eNMR spectrum
our new synthetic route to the representative phenanthroin- " ¥ '
dolizidine and phenanthroquinolizidine alkaloids, antofi@g ( At the elevated temperature (135) and pressure by means of

. . . . . a sealed tube reactor, the reaction proceeded faster to7give
and cryptopleurined), which was briefly mentioned in our and8in only 15 h in a similar ratio. We isolated just one isomer
recent report. of aziridine8, and the small coupling constant of the hydrogens
attached to the aziridine ring (2.7 Hz) seems to suggest the trans

(6) For recent examples, see: (a) Wei, L.; Brossi, A;; Kendall, R.;; configuration. The isolated imiriéwas unstable and underwent
gﬁztr%g,o}é.ﬁI}A,hggg(l)s:ﬁN;ég?Tlgfbih ;};gébrl.'-gf;; l'_-::" glﬂo\‘(’;%g Mgfw_; spontaneous oxidation in the presence of atmospheric oxygen
Wu, P.-L. Org. Biomol. Chem2006 4, 860-867. (c) Banwell, M. G.; to furnish the keto-imin®.13 Even though the full reduction of
E%zoc;s, QedBuCrrr\]Zn?L;%sozgliglilgllll;’grl(sdr;c(;:acl)?WSuLaSm ?/\)l/qgisdnm O. the unwanted keto-imin@to the previ_ously !<nown pyrrolidine
SI.; Kgézmafek,c.;éaker, D. C.’; Cheng,\.(.{(:hnceé Ré’SZOOLi 64?67& ¢ 10 W_as plau3|bl_e, the crut_ie reaction mIXt.ure of the. above
688. reaction was directly subjected to reducing conditions to

(7) For representative recent examples, see: (&tier, A.; Kennedy, establish an expedient process. The zZn@hd NaBHCN
J. W. J.Chem. Eur. J2006 12, 7398-7410. (b) Camacho-Davila, A.;
Herndon, J. W.J Org. Chem2006 71, 6682-6685. (c) Jin, Z.; Li, S. P;

Wang, Q. M.; Huang, RChin. Chem. Lett2004 15, 1164-1166. (d) (10) For, a previous application of intramolecular 1,3-dipolar cycload-
Banwell, M. G.; Sydnes, M. OAust. J. Chem2004 57, 537-548. dition in synthesis of phenanthroindolizidine alkaloids, see: Pearson, W.
(8) (&) Kim, S.; Lee, J.; Lee, T.; Park, H.-g.; Kim, Drg. Lett.2003 H.; Walavalkar, RTetrahedron1994 50, 12293-12304.
5, 2703-2706. (b) Kim, S.; Lee, T.; Lee, E.; Lee, J.; Fan, G.-.; Lee, S. K; (11) Bremmer, M. L.; Khatri, N. A.; Weinreb, S. M. Org. Chem1983
Kim, D. J. Org. Chem2004 69, 3144-3149. 48, 3661-3666.
(9) Fu, Y.; Lee, S. K,; Min, H.-Y.; Lee, T.; Lee, J.; Cheng, M.; Kim, S. (12) Vaultier, A. C. M.; CarrieR. Tetrahedron Lett1989 30, 4953~
Bioorg. Med. Chem. LetR007, 17, 97—100. 4956.
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SCHEME 2. Intramolecular 1,3-Dipolar Cycloaddition of Trans Isomer 12
6 (ZIE, 12:1) 4
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(ZIE, 1:8) | CH,Cly, 40 °C
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reduction conditiot successfully provided the desired pyrro- conversion €5%). After prolonged heating for an additional
lidine 10815in 63% vyield over two steps. Under this reaction 24 h, the conversion was increased to ca. 20%, but unidentifiable
condition, reduction of aziridin® was sluggish even at the decomposed byproducts were also detected inlthéN\MR
elevated temperature and required excess reagents to completespectrum of the crude product. These results suggested that the
On the other hand, catalytic hydrogenation of the crude reactionobserved product distribution might be determined mainly by
mixture (Pd(OH)/H, balloon pressure) resulted in the facile the triazoline decomposition mode, not by product intercon-
reduction of both imine/ and aziridine8 to give pyrrolidine version.

MeO

10 in high overall yield (69% from6). Having successfully Although the factors that determine which products are
constructed the pyrrolidine ring of phenanthroindolizidine formed depend on many variables, we were particularly
alkaloid, we then converted the known pyrrolidit@to antofine interested in the olefin geometry af-azidoalkene. The 1,3-

(2) in 75% vyield, using the previously reported reaction dipolar cycloadducts dfans andcis-olefin isomers would have
condition$15 (formaldehyde, HCI, EtOH, reflux). The spectro-  different stereochemistry, if the reaction proceeds via a concerted
scopic data }H and 3C NMR) obtained for the synthetic = mechanism. The subsequent decomposition of each triazoline
material were in agreement with those reported in the litera- isomer would have a chance to proceed in different modes, thus
ture7.8.15 affecting the product distribution. On the basis of these
The formation of both imin& and aziridine8 could be a  considerations, we prepared thensazidoalkenel2 and
result of a 1,3-dipolar cycloaddition of the alkyl azide onto the €xamined its cycloaddition reaction (Scheme 2). Tdie
olefin as the first step to give the unstable triazoline intermediate azidoalkenes, contaminated with a slight amount of the trans
11, which undergoes decomposition under the reaction condi- isomer Z/E, 12:1), was isomerized to the corresponding trans
tions to produce the producfsand8 through nitrogen extrusion.  isomer utilizing Pd(CHCN),Cl; in CH.Cl,.!” Heating the
The ultimate product distribution of 1,3-dipolar cycloaddition mixture to 40 °C for 7 days provided the desired olefin
is known to be affected by many factors, including solvent and isomerization product2 (Z/E, 1:8) in 91% yield. Alternatively,
temperaturé® To understand the obtained product distribution We could prepare thigans-azidoalkenel 2 selectively by using
result, the isolated aziridifBwas subjected to the same reaction @ cross-metathesis reactiBhittig methylenation of aldehyde
conditions (135C in a sealed tube) with the notion that imine 4 afforded olefin13 in 96% yield. Exposure o013 to 4 equiv
7 could arise from aziridin® during the reaction. Heating the ~ of 5-bromopentene in the presence of 10 mol % of the second-
pure aziridine for 12 h afforded the imifebut with very low generation Grubbs catalyst in refluxing CH,Cl; for 3 days
provided the E)-alkenel5 as the sole isolable isomer in 84%
_ yield. Finally, azide displacement of the obtained prodLst
imine and an Afomatic fing has heen obsered by othera, see. (3 Ancreuith NaNs afforded the desirettansazidoalkenel2 in 85%
I.; Cabedo, N.; Atassi, G.; Pierre, A.; Caignard, D. H.; Renard, P.; Cortes, yield.
D.; Bermejo, A.Tetrahedron Lett2002 43, 757-759. (b) Leboeuf, M.; Interestingly, under the same reaction conditions as that of

Ranaivo, A.; CaveA.; Moskowitz, H.J. Nat Prod. 1989 52, 516-521. - o -
(c) Uff, B. C.; Kershaw, J. R.; Chhabra, S. R Chem Soc, Perkin Trans. the cis isome®6 (135°C in a sealed tube), the trans isonier

11972 479-483. also provided imine7 and aziridine8 in a similar ratio (2:1)
(b)(%‘l) (a% B>\’(t50hk?]vy\'(-é3‘/§:" %&?i%?;i%te%oez)zﬁ 37é5—g7hlf3c- observed for the cis isomer. This outcome indicated that the
Im, S.; Yoon, J.-y.syntnesi . (C m, S.; , C. - . . e
H.: Ko, J. S.: Ahn, K. H.. Kim, Y. JJ. Org. Chem1985 50, 19271932, olefin geo.me.try pf a2|doa!kene does not significantly affect the
(15) Lebrun, S.; Couture, A.; Deniau, E.; Grandclaudorf,drahedron product distribution. At this stage, we were unable to establish
1999 55, 2659-2670. unambiguously the origin of the observed product distribution,

(16) (a) Padwa, A.; Schoffstall, A. M. IAdvances in Cycloadditian ; ; ; ; it ;
Curran, D. P., Ed.. JAI Press: Greenwich, CT, 1990; Vol. 2, pga. (b) since the possible cycloadduct intermediates of the initial dipolar

Padwa, A. Intermolecular 1,3-Dipolar Cycloadditions.Gomprehensie

Organic SynthesjsTrost, B. M., Fleming, |., Eds.; Pergamon: London, (17) Yu, J.; Gaunt, M. J.; Spencer, J.B.Org. Chem2002 67, 4627
1991; Vol. 4, pp 10691109. (c) Wade, P. A. Intramolecular 1,3-Dipolar ~ 4629.

Cycloadditions: Azomethine Imine Cyclizations.@omprehense Organic (18) For recent reviews, see: (a) Grubbs, RTidtrahedron2004 60,
SynthesisTrost, B. M., Fleming, |., Eds.; Pergamon: London, 1991; Vol. 7117-7140. (b) Connon, S. J.; Blechert, Sagew. Chem., Int. ER2003
4, pp 111+1168. 42, 1900-1923.
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SCHEME 3. Synthesis of Cryptopleurine (3)
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cycloaddition, triazolines, were never detected because of the
thermal lability. Although more systematic studies are needed
to elucidate the observed outcome, one possible explanation ma
be that extrusion of nitrogen occurs prior to a hydrogen
migration or an aziridine ring formation to give the benzylic
carbocation or radical intermediate, regardless of the stereo-
chemistry of the triazoline intermediate.

Having demonstrated the feasibility of the intramolecular
cycloaddition of azidoalkene for the construction of the five-
membered ring (pyrrolidine) of phenanthroindolizidine alkaloid,
we then turned our attention to the preparation of the six-

membered ring (piperidine) analogue. Thus, we synthesized the

one-carbon homologated azidoalkehé and examined its
cycloaddition reaction (Scheme 3). Generation of ylide from
azidophosphonium salt7*® using KHMDS in THF followed
by addition of aldehydd resulted in the formation of the desired
w-azidoalkenel6in a poor yield (19%) with mostly unreacted
starting materiadl after 10 h, in contrast to the previous reaction
of 5 and4. This can be ascribed, in part, to the relatively lower
solubility of ylide of 17 in THF compared to that db. This
difficulty was easily overcome by employing HMPA as a
cosolvent. Under optimized conditions (KHMDS in THF/HMPA
(7:1), at—78 °C to room temperature), Wittig coupling of the
ylide from 17 with aldehyde4 afforded azidoalken&6 in 73%
yield as a mixture oZ/E isomers (8:1) in which theZj-isomer
was the major product. At this stage, tB&E selectivity was
not important, becauseis-azidoalkenes and its trans isomer
12 afforded both two products, and8, in a similar ratio and
effectiveness as mentioned above. Heatingdtiemixture of

(19) The azidophosphonium sdl7 was prepared as described in ref
12, and see also: Chhen, A. I.; Soufiaoui, M.; CarReBull. Soc. Chim.
Fr. 1992 129 308-314.

JOC Article

azidoalkendl6 at 135°C in a sealed tube successfully provided
imine 18 and aziridinel9 in a similar ratio (2.7:1) observed
for 7 and 8.2° Analogous to the preparation of antofie a
two-step sequence viz. catalytic hydrogenation (overall 63%
from 16) of the crude reaction mixture and Pict&pengler
cyclomethylenation (71%) of the resultira§,8>15transformed
the cyclized product$8and19into the phenanthroquinolizidine
alkaloid, cryptopleurine3d), whose!H and 13C NMR spectra
were in agreement with those reported in the literafafg.15.21

In conclusion, the expedient total syntheses of the representa-
tive naturally occurring phenanthroindolizidine and phenan-
throquinolizidine alkaloids, antofine and cryptopleurine, were
accomplished. Construction of the pyrrolidine and piperidine
rings was successfully achieved by using an intramolecular 1,3-
dipolar cycloaddition of an azide onto an alkene and subsequent
reduction of the resulting imine and aziridine. The chemistry
described herein provides a practical synthetic method of
phenanthroindolizidine and phenanthroquinolizidine alkaloids
synthesis, and we were able to accomplish the synthesis of other
modified analogues in useful quantities and high overall yield
for biochemical and pharmaceutical studies.

Experimental Section

(2)-10-(5-Azidopent-1-enyl)-2,3,6-trimethoxyphenanthrene (6).
To a solution of phosphonium sd&t(820 mg, 1.86 mmol) in dry
THF (20 mL) was added KHMDS (4 mL, 2.00 mmol, 0.5 M
solution in toluene) at-78 °C. After the reaction mixture was stirred
for 30 min at—78 °C, a solution of aldehydd (184 mg, 0.621
mmol) in dry THF (12 mL) was added dropwise over 10 min. After
30 min, this reaction mixture was warmed to room temperature
over 1 h. The reaction was quenched with saturateg@kblution
and extracted with EtOAc twice (% 50 mL). The combined
organic layers were washed with brine (30 mL), dried over MgSO

3fi|tered, and concentrated in vacuo. Purification of the residue by

column chromatography on silica gel (hexane/EtOAc, 4:1) provided
the desired produdd (202 mg, 86%) as a waxy solictH NMR
(300 MHz, CDC¥}) (Z/E mixture, ratio 12:1) Z)-isomero 1.72 (i,
J=17.2,7.2 Hz, 2H), 2.31 (dtd] = 1.2, 7.2, 7.5 Hz, 2H), 3.22 (t,
J=17.2 Hz, 2H), 4.03 (s, 3H), 4.04 (s, 3H), 4.13 (s, 3H), 5.94 (td,
J=17.5,11.1 Hz, 1H), 6.88 (dd} = 1.2, 11.4 Hz, 1H), 7.20 (dd,
J=24,8.7Hz, 1H), 7.34 (s, 1H), 7.43 (s, 1H), 7.78 Jd= 9.0
Hz, 1H), 7.86 (d,J = 2.1 Hz, 1H), 7.93 (s, 1H}3C NMR (75
MHz, CDCL) (2)-isomeré 25.8, 28.8, 50.8, 55.5, 55.8, 55.9, 103.5,
103.7, 105.6, 115.4, 124.3, 124.8, 125.6, 126.5, 128.7, 129.5, 130.0,
130.5, 132.5, 148.7, 149.1, 158.0; MS (FABY%) 377 (M', 26),
350 (35), 334 (100), 322 (42); HRMS (FAB) calcd fosH23N303
(M+) 377.1739, found 377.1728.

Intramolecular 1,3-Dipolar Cycloaddition of em-Azidoalkene
6. Method A: A solution of azidoalken6 (26 mg, 0.069 mmol)
in degassed benzene (4 mL) was heated to reflux for 5 days. The
reaction was cooled to room temperature and concentrated in vacuo
to provide a light yellow syrup as a mixture of imi@end aziridine
8in a ratio of 2.3:1. The crude mixture was used in the next step
without further purification.

Method B: Azidoalkend (130 mg, 0.344 mmol) was dissolved
in benzene (8 mL). This solution was transferred to a sealed tube,

(20) For the construction of the seven-membered ring (azepine) analogue,
we prepared the two-carbon homologated azidoalkene, 10-(7-azidohept-1-
enyl)-2,3,6-trimethoxyphenanthrene, as a mixtureZti isomers (4:1).
Unfortunately, heating the two-carbon homologated azidoalkene at@35
in a sealed tube did not provide any noticeable cyclized product, and
increasing the temperature higher than 2@0resulted only in unreacted
starting material and decomposed material.

(21) (a) Suzuki, H.; Aoyagi, S.; Kibayashi, G. Org. Chem1995 60,
6114-6122. (b) Suzuki, H.; Aoyagi, S.; Kibayashi, Tetrahedron Lett
1995 36, 935-936.
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degassed with Ngas, and heated at 13& in an oil bath for 15

h. The reaction mixture was cooled to room temperature and
concentrated in vacuo to provide a light yellow syrup as a mixture
of imine 7 and aziridine8 in a ratio of 2.2:1. The crude mixture
was used in the next step without further purification.

Imine 7 and aziridine8 were isolated by column chromatography
on silica gel (hexane/EtOAc, 1:6) for analytical purposes. The
isolated imine7 was unstable and underwent spontaneous oxidation
to furnish keto-imineo.

5-(3,6,7-Trimethoxyphenanthren-9-ylmethyl)-3,4-dihydro-2-
pyrrole (7). As a light yellow waxy solid: '"H NMR (300 MHz,
CDCls) 6 1.81 (m, 2H), 2.34 (app. f] = 8.1 Hz, 2H), 3.91 (ttJ
= 1.5, 7.2 Hz, 2H), 4.02 (s, 3H), 4.03 (s, 3H), 4.11 (s, 3H), 4.20
(br s, 2H), 7.20 (ddJ = 2.4, 8.7 Hz, 1H), 7.54 (s, 1H), 7.58 (s,
1H), 7.77 (d,J = 8.7 Hz, 1H), 7.85 (dJ = 2.4 Hz, 1H), 7.92 (s,
1H); MS (FAB) (mW2) 350 ([M + 1]*, 100); HRMS (FAB) calcd
for CoH24NO3 (M + H]*) 350.1756, found 350.1760.

6-(3,6,7-Trimethoxyphenanthren-9-yl)-1-aza-bicyclo[3.1.0]-
hexane (8).As a light yellow waxy solid: 'H NMR (300 MHz,
CDCl) 6 1.69-1.91 (m, 2H), 2.10 (m, 1H), 2.37 (dd,= 8.1,
12.9 Hz, 1H), 2.56 (dd) = 3.0, 4.5 Hz, 1H), 2.73 (d] = 2.7 Hz,
1H), 3.19 (dddJ = 7.5, 7.8, 12.0 Hz, 1H), 3.33 (dddl,= 1.2,
8.1, 12.0 Hz, 1H), 3.97 (s, 3H), 4.04 (s, 3H), 4.08 (s, 3H), 7.16
(dd,J = 2.4, 8.7 Hz, 1H), 7.41 (s, 1H), 7.66 (s, 1H), 7.76 Jd+
8.7 Hz, 1H), 7.79 (dJ = 2.1 Hz, 1H), 7.86 (s, 1H®C NMR (75

Kim et al.

2.4,8.7 Hz, 1H), 7.41 (s, 1H), 7.48 (s, 1H), 7.74 Jd+ 8.7 Hz,

1H), 7.80 (d,J = 2.4 Hz, 1H), 7.89 (s, 1H)}3C NMR (75 MHz,
CDCl) 6 23.9, 30.9, 37.4, 45.2,55.4, 55.9, 56.4, 59.2, 103.7, 103.8,
104.5, 115.4,124.6, 125.2, 125.7, 126.2, 128.9, 129.8, 130.5, 148.7,
149.5, 158.0; MS (FAB)1tVz) 352 ([M + H]*, 51), 282 (23), 70
(100); HRMS (FAB) calcd for gH,6NO3 ([M + H] ™) 352.1913,
found 352.1905.

Antofine (2). To a solution of pyrrolidinel0 (31 mg, 0.088
mmol) in EtOH (2 mL) were added 37% formaldehyde (0.50 mL)
and concd HCI (0.050 mL). The reaction mixture was refluxed for
2 days in the dark. The reaction mixture was concentrated to dryness
under reduced pressure. The residue was dissolved yCigEnd
treated with 10% HCI. The aqueous layer was extracted with- CH
Cl, twice, and the combined organic extracts were washed with
water and brine, dried over MgQ(Xiltered, and concentrated in
vacuo. Purification of the residue by flash column chromatography
on silica gel (CHCI,/MeOH, 10:1) afforded the desired product,
antofine @) (24 mg, 75%), as a white solid: mp 19699 °C; 'H
NMR (600 MHz, CDC}) 6 1.74 (m, 1H), 1.89 (m, 1H), 2.02 (m,
1H), 2.21 (m, 1H), 2.42 (m, 2H), 2.86 (m, 1H), 3.28 (dd+ 2.4,
15.6 Hz, 1H), 3.44 (dtJ = 1.8, 8.5 Hz, 1H), 3.64 (d] = 14.7 Hz,
1H), 3.99 (s, 3H), 4.04 (s, 3H), 4.08 (s, 3H), 4.66Jds 14.7 Hz,
1H), 7.18 (dd,J = 2.5, 9.0 Hz, 1H), 7.27 (s, 1H), 7.78 (d= 9.0
Hz, 1H), 7.86 (d,J = 2.5 Hz, 1H), 7.87 (s, 1H)}3C NMR (150
MHz, CDCk) 6 21.5, 31.2, 33.6, 53.8, 55.0, 55.4, 55.8, 55.9, 60.1,

MHz, CDCk) 0 21.1,26.5, 38.1, 48.4, 53.0, 55.4, 55.5,55.8, 103.6, 1038, 103.9, 104.6, 114.8, 123.5, 124.1, 124.2, 125.5, 126.6, 127.0,
103.7,104.3, 1152, 123.0, 124.3, 125.9, 126.5, 130.0, 130.2, 130.51 30 1 1483, 149.3, 157.4 MS (Efe) 363 (M". 24), 204 (100):

148.5, 149.0, 157.8; MS (FAB){z) 350 ([M + 1]*, 26), 334
(33), 281 (28), 154 (100); HRMS (FAB) calcd forEl,4NO; ([M
+ H]*) 350.1756, found 350.1763.
(4,5-Dihydro-3H-pyrrol-2-yl)-(3,6,7-trimethoxyphenanthren-
9-yl)methanone (9).As a light yellow waxy solid:*"H NMR (300
MHz, CDCk) 6 2.09 (m, 2H), 3.08 (itJ = 2.4, 8.4 Hz, 2H), 4.02
(s, 3H), 4.04 (s, 3H), 4.10 (s, 3H), 4.25 (@t= 2.1, 7.5 Hz, 2H),
7.18 (dd,J = 2.4, 9.0 Hz, 1H), 7.79 (d] = 2.4 Hz, 1H), 7.84 (d,
J=9.0 Hz, 1H), 7.86 (s, 1H), 8.28 (s, 1H), 8.35 (s, 1M NMR
(75 MHz, CDC§) ¢ 22.1, 35.8, 55.5, 55.80, 55.82, 63.0, 103.2,

HRMS (Cl) calcd for GaHz6NO; (M + H]™) 364.1912, found
364.1913.

2,3,6-Trimethoxy-10-vinylphenanthrene (13)To a solution of
methyl(triphenyl)phosphonium iodide (409 mg, 1.01 mmol) in dry
THF (4 mL) was addech-BuLi (0.63 mL, 0.96 mmol, 1.6 M
solution in hexane) at OC. After the reaction mixture was stirred
for 1 h at 0°C, a solution of aldehydé (100 mg, 0.34 mmol) in
dry THF (4 mL) was added dropwise. After 30 min, this reaction
mixture was warmed to room temperature over 1 h. The reaction

103.7. 106.8. 115.9. 123.8. 124.6. 125.1. 127.5. 132.4. 133.6. 134.4Was quenched with saturated NMH solution and extracted with

149.0, 150.0, 160.5, 175.6, 193.8; MS (FABYZ) 364 ([M + 1]*,
8), 154 (100); HRMS (FAB) calcd for £H2NO, (M + H]T)
364.1549, found 364.1548.
2-(3,6,7-Trimethoxyphenanthren-9-ylmethyl)pyrrolidine (10).
Method A: To a solution of the above crude imiffeand
aziridine8 (from 6 by Method B, 0.15 mmol) in THF (2 mL) were
added NaBHCN (20 mg, 0.61 mmol) and Zng(0.20 mL, 0.20
mmol, 1.0 M solution in diethyl ether). The reaction mixture was
stirred at room temperature for 2 days. It was diluted with,Cl
(10 mL) and 1 N HCI solution (10 mL) and then stirred at room

EtOAC twice (2 x 50 mL). The combined organic layers were
washed with brine (30 mL), dried over MggOfiltered, and
concentrated in vacuo. Purification of the residue by column
chromatography on silica gel (hexane/EtOAc, 4:1) to provide
vinylphenanthrend3 (95 mg, 96%) as a white solid: mp 116:5
118.0°C; *H NMR (300 MHz, CDC}) 6 4.02 (s, 3H), 4.06 (s,
3H), 4.12 (s, 3H), 5.49 (dd] = 1.8, 10.8 Hz, 1H), 5.84 (dd] =

1.5, 17.1 Hz, 1H), 7.20 (dd] = 2.4, 8.7 Hz, 1H), 7.39 (dd] =
10.8, 17.1 Hz, 1H), 7.44 (s, 1H), 7.71 (s, 1H), 7.79J¢&; 8.7 Hz,
1H), 7.83 (d,J = 2.7 Hz, 1H), 7.90 (s, 1H)}3C NMR (75 MHz,

temperature for 2 h. After the resulting layers were separated, theCDC|3) 055.4,55.7,55.9, 1035, 103.6, 104.6, 115.5, 116.6, 122.7,

aqueous layer was neutralized to pH 7 by gsirN NaOH solution
and extracted with CkCl, twice (2 x 10 mL). The combined
organic extracts were washed with water and brine, dried over
MgSQ,, filtered, and concentrated in vacuo. Purification of the
residue by column chromatography on silica gel CH/MeOH,
10:1, 1% NHOH) afforded pyrrolidinelO (33 mg, 63% fromg)
as a white solid.

Method B: A solution of the above crude imifeand aziridine
8 (from 6 by Method B, 0.344 mmol) in MeOH/EtOAc (1:1, 4
mL) was charged with palladium hydroxide (260 mg, 200 wt %).
The reaction mixture was stirredrf@ h under a balloon filled with
hydrogen gas at room temperature. It was diluted with MeOH/
EtOAc and filtered through a pad of Celite. The solvent was
removed in vacuo, and the residue was purified by column
chromatography on silica gel (GBI,/MeOH, 10:1, 1% NHOH)
to give pyrrolidinel10 (83 mg, 69% fromb) as a white solid: mp
144—145°C (lit.'>mp 145-146°C); 'H NMR (300 MHz, CDC})
0 1.57 (m, 1H), 1.74 (m, 1H), 1.88 (m, 2H), 2.82.94 (m, 2H),
3.11 (m, 1H), 3.22 (dtJ = 6.9, 14.1 Hz, 2H), 3.56 (df] = 14.1,
6.6 Hz, 1H), 3.99 (s, 3H), 4.05 (s, 3H), 4.09 (s, 3H), 7.17 (b€,
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124.2,125.8,125.9, 130.2, 130.8, 131.4, 135.2, 148.6, 149.1, 158.1;

MS (FAB) (m/2) 294 (M*, 100), 263 (11); HRMS (FAB) calcd for

CioH1803 (M+) 294.1256, found 294.1255.
(E)-10-(5-Bromopent-1-enyl)-2,3,6-trimethoxyphenanthrene

(15). A solution of vinylphenanthrené3 (80 mg, 0.27 mmol),

5-bromopentene (0.13 mL, 1.10 mmol), and the second-generation

Grubbs catalysi4 (23 mg, 10 mol %, 0.03 mmol) in Ci&l, (27

mL) was stirred at 40C for 3 days. The reaction mixture was

concentrated to dryness under reduced pressure. The residue was

purified by column chromatography on silica gel (hexane/EtOAc,

4:1) to give bromopentenyl phenanthreb® (95 mg, 84%) as a

waxy solid: H NMR (300 MHz, CDC}) 6 2.12 (tt,J = 6.6, 6.9

Hz, 2H), 2.56 (ddt) = 1.2, 6.9, 7.2 Hz, 2H), 3.57 (i = 6.6 Hz,

2H), 4.02 (s, 3H), 4.07 (s, 3H), 4.12 (s, 3H), 6.17 (Id= 6.9,

15.6 Hz, 1H), 7.11 (dJ = 15.6 Hz, 1H), 7.19 (dd) = 2.1, 8.4

Hz, 1H), 7.45 (s, 1H), 7.63 (s, 1H), 7.77 @= 8.7 Hz, 1H), 7.83

(d,J = 2.4 Hz, 1H), 7.91 (s, 1H)}*3C NMR (75 MHz, CDC}) ¢

31.4,31.38, 33.3,55.5,55.9, 56.0, 103.7, 103.8, 104.9, 115.5, 122.6,

124.3, 126.0, 126.1, 129.7, 130.0, 130.7, 131.11, 131.13, 148.8,

149.3, 158.0; MS (FAB)ItVz) 414 (M, 95), 416 (100), 307 (20),
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154 (45); HRMS (FAB) calcd for @Ho3BrO; (M*) 414.0831,
found 414.0837.
(E)-10-(5-Azidopent-1-enyl)-2,3,6-trimethoxyphenanthrene (12).
From6: A solution of ¢)-azidoalkené (22 mg, 0.058 mmolZ/E
mixture, ratio 12:1) and Pd(G&N).Cl, (3 mg, 0.012 mmol, 20
mol %) in CHCI, (3 mL) was stirred at 40C for 7 days. The
reaction mixture was diluted with Gi&l, and filtered through a
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aziridine19in a ratio of 2.7:1 as a light yellow syrup. The crude

mixture was used in the next step without further purification. Imine

18 and aziridinel9 were isolated by column chromatography on

silica gel (hexane/EtOAc, 1:6) for analytical purposes.
6-(3,6,7-Trimethoxy-phenanthren-9-ylmethyl)-2,3,4,5-tetrahy-

dro-pyridine (18). As a yellow oil: *H NMR (300 MHz, CDC})

0 1.50 (m, 4H), 1.95 (m, 2H), 3.67 (br s, 2H), 3.94 (s, 2H), 4.00

pad of Celite. The solvent was removed in vacuo, and the residue(s, 3H), 4.02 (s, 3H), 4.10 (s, 3H), 7.18 (dbs= 2.4, 9.0 Hz, 1H),

was purified by column chromatography on silica gel (hexane/
EtOAc, 4:1) to provide)-azidoalkend 2 (20 mg, 91%) as a waxy
solid: 'H NMR (300 MHz, CDC}) (Z/E mixture, ratio 1:8) E)-
isomerd 1.89 (tt,J = 6.9, 7.2 Hz, 2H), 2.48 (dt) = 6.9, 7.2 Hz,
2H), 3.43 (t,J = 6.9 Hz, 2H), 4.02 (s, 3H), 4.07 (s, 3H), 4.12 (s,
3H), 6.22 (td,J = 6.9, 7.2 Hz, 1H), 7.07 (dJ = 15.6 Hz, 1H),
7.19 (dd,J = 2.4, 8.4 Hz, 1H), 7.44 (s, 1H), 7.64 (s, 1H), 7.78 (d,
J=9.0 Hz, 1H), 7.84 (dJ = 2.1 Hz, 1H), 7.92 (s, 1H).

From15: To a solution of bromopentenyl phenanthrerig(85
mg, 0.21 mmolZ/E mixture, ratio [dmt] 1: 25) in DMF (10 mL)
was slowly added sodium azide (20 mg, 0.31 mmol). After the
reaction mixture was stirred f@ h at rt,water (30 mL) was added.
The resulting mixture was extracted with EtOAc twice %250
mL). The combined organic layers were washed with brine (20
mL), dried over MgSQ filtered, and concentrated in vacuo. The
residue was purified by column chromatography on silica gel
(hexane/EtOAc, 3:1) to providé&)-azidoalkenel2 (66 mg, 85%,
Z/E mixture, ratio [dmt] 1:25) as a waxy solidH NMR (300 MHz,
CDCls) 6 1.89 (tt,J = 6.9, 7.2 Hz, 2H), 2.46 (d] = 6.9, 7.5 Hz,
2H), 3.43 (t,J = 6.9 Hz, 2H), 4.02 (s, 3H), 4.07 (s, 3H), 4.12 (s,
3H), 6.22 (td,J = 6.9, 7.2 Hz, 1H), 7.06 (dJ = 15.3 Hz, 1H),
7.19 (dd,J = 2.4, 8.7 Hz, 1H), 7.44 (s, 1H), 7.64 (s, 1H), 7.78 (d,
J=9.0 Hz, 1H), 7.83 (dJ = 2.4 Hz, 1H), 7.91 (s, 1H®C NMR
(75 MHz, CDCE) 0 28.7, 30.3, 50.8, 55.6, 55.9, 56.0, 103.8, 103.9,

104.9, 115.6, 122.7, 124.4, 126.07, 126.1, 129.2, 130.1, 130.7,

131.1, 131.8, 148.8, 149.3, 158.1; MS (FABY?) 377 (M*, 21),
350 (46), 334 (100); HRMS (FAB) calcd for&H,3N303 (M)
377.1739, found 377.1736.
(2)-10-(6-Azidohex-1-enyl)-2,3,6-trimethoxyphenanthrene (16).
To a solution of phosphonium sdl (2.50 g, 5.50 mmol) in dry
THF/HMPA (40 mL, 7:1) was added KHMDS (13 mL, 6.50 mmol,
0.5 M solution in toluene) at-78 °C. After the reaction mixture
was stirred for 30 min at-78 °C, a solution of aldehydd (550
mg, 1.86 mmol) in dry THF (20 mL) was added dropwise over 10
min. After 30 min, this reaction mixture was warmed to room

7.45 (s, 1H), 7.72 (s, 1H), 7.74 (d,= 8.7 Hz, 1H), 7.83 (dJ =
2.4 Hz, 1H), 7.89 (s, 1H)¥C NMR (75 MHz, CDC}) 6 19.3,
21.7,27.7,47.8,49.4,55.5, 55.90, 55.91, 103.5, 103.8, 105.9, 115.3,
124.7,125.9,126.5, 127.2, 128.8, 129.7, 130.6, 148.6, 149.2, 158.0,
171.1; MS (FAB) (W2) 364 ([M + 1]*, 100); HRMS (FAB) calcd
for CasH2eNO3 (M + H]T) 364.1913, found 364.1903.
7-(3,6,7-Trimethoxy-phenanthren-9-yl)-1-aza-bicyclo[4.1.0]-
heptane (19).As a yellow oil: 'H NMR (300 MHz, CDC}) ¢
1.55-1.63 (m, 4H), 2.22 (m, 2H), 3.00 (d,= 2.1 Hz, 1H), 3.09
(m, 1H), 3.64 (m, 1H), 4.00 (s, 3H), 4.02 (m, 1H), 4.07 (s, 3H),
4.11 (s, 3H), 7.16 (dd] = 2.4, 8.7 Hz, 1H), 7.49 (s, 1H), 7.63 (s,
1H), 7.76 (d,J = 8.7 Hz, 1H), 7.82 (dJ = 2.4 Hz, 1H), 7.91 (s,
1H); 13C NMR (75 MHz, CDC}) 6 18.4, 21.3, 22.3, 39.1, 44.2,
48.8, 55.5, 55.7, 56.0, 103.8, 104.5, 115.3, 122.4, 124.4, 126.0,
126.7, 130.0, 130.3, 130.9, 131.6, 148.6, 149.1, 157.9; MS (FAB)
(m/2) 364 (M + 1], 25), 307 (19), 289 (11), 154 (100); HRMS
(FAB) calcd for G3HzeNO;3 ([M + H] ) 364.1913, found 364.1915.
2-(3,6,7-Trimethoxyphenanthren-9-ylmethyl)piperidine (20).
The above crude iming8 and aziridinel9 (from 16 by method B,
0.383 mmol) were reduced following the same procedure described
for 10 (method B) to give quinolizidin0 (88 mg, 63%, fromlL6)
as a light yellow solid: mp 136137 °C (lit.*> mp 122-123°C);
IH NMR (300 MHz, CDC}) ¢ 1.25 (m, 2H), 1.73-1.83 (m, 5H),
1.97 (m, 1H), 2.87 (dt) = 2.4, 12.6 Hz, 1H), 3.263.33 (m, 2H),
3.54 (br d,J = 12.3 Hz, 1H), 3.99 (s, 3H), 4.08 (s, 3H), 4.19 (s,
3H), 7.14 (dd,J = 2.4, 9.0 Hz, 1H), 7.41 (s, 1H), 7.61 (s, 1H),
7.64 (d,J = 9.0 Hz, 1H), 7.78 (dJ = 2.4 Hz, 1H), 7.86 (s, 1H);
13C NMR (75 MHz, CDC}) 6 22.6, 22.7, 28.7, 37.8, 45.1, 55.5,
55.9, 56.7, 57.1, 103.8, 103.9, 105.0, 115.4, 124.8, 125.5, 126.2,
126.8,126.9, 129.8, 130.7, 148.8, 149.9, 158.1; MS (fB2)(365
(M, 1), 282 (27), 84 (100); HRMS (ClI) calcd for,gH,eNOs ([M
+ H]*) 366.2069, found 366.2066.
Cryptopleurine (3). Following the same procedure as &ifrom
quinolizidine 20 (59 mg, 0.16 mmol) in EtOH (3 mL), 37%
formaldehyde (0.70 mL), and conc. HCI (0.20 mL), after a reaction

temperature over 1 h. The reaction was quenched with saturatedtime of 2 days, cryptopleurine8) (43 mg, 71%) was obtained as

NH.CI solution and extracted with EtOAc twice. The combined
organic layers were washed with brine, dried over MgSiered,
and concentrated in vacuo. Purification of the residue by column
chromatography on silica gel (hexane/EtOAc, 4:1) provideaizi-
doalkenel6 (532 mg, 73%) as a waxy solidH NMR (300 MHz,
CDCls) (Z/E mixture, ratio 8:1) Z)-isomerd 1.44-1.59 (m, 4H),
2.25(dtdJ=1.2, 6.9, 7.5 Hz, 2H), 3.15 (§ = 6.6 Hz, 2H), 4.02
(s, 3H), 4.04 (s, 3H), 4.12 (s, 3H), 5.94 (= 7.5, 11.1 Hz, 1H),
6.84 (dd,J = 1.2, 11.1 Hz, 1H), 7.20 (dd] = 2.4, 8.7 Hz, 1H),
7.35 (s, 1H), 7.42 (s, 1H), 7.76 (d,= 9.0 Hz, 1H), 7.85 (dJ =
2.4 Hz, 1H), 7.91 (s, 1H),B)-isomerd 1.61-1.75 (m, 4H), 2.39
(app. q,d = 7.2 Hz, 2H), 3.35 (tJ = 6.6 Hz, 2H), 4.00 (s, 3H),
4.07 (s, 3H), 4.11 (s, 3H), 6.23 (td= 6.9, 15.6 Hz, 1H), 7.00 (d,

J = 15.6 Hz, 1H), 7.18 (ddJ = 2.4, 8.7 Hz, 1H), 7.42 (s, 1H),
7.62 (s, 1H), 7.76 (dJ = 9.0 Hz, 1H), 7.81 (dJ = 2.1 Hz, 1H),
7.88 (s, 1H);13C NMR (75 MHz, CDC}) (2)-isomerd 26.6, 28.0,

a white solid: mp 177179 °C; 'H NMR (500 MHz, CDC}) &
1.45 (m, 1H), 1.54 (m, 1H), 1.771.81 (m, 2H), 1.88 (dJ = 12.2
Hz, 1H), 2.03 (dJ = 11.5 Hz, 1H), 2.30 (dtJ = 3.9, 11.2 Hz,
1H), 2.39 (t,J = 10.1 Hz, 1H), 2.88 (dd) = 10.7, 15.9 Hz, 1H),
3.08 (dd,J = 3.1, 16.4 Hz, 1H), 3.27 (d] = 11.1 Hz, 1H), 3.63
(d,J = 15.4 Hz, 1H), 4.01 (s, 3H), 4.06 (s, 3H), 4.10 (s, 3H), 4.44
(d,J = 15.4 Hz, 1H), 7.19 (dd] = 2.4, 9.0 Hz, 1H), 7.25 (s, 1H),
7.79 (d,J = 9.0 Hz, 1H), 7.89 (dJ = 2.4 Hz, 1H), 7.90 (s, 1H);
13C NMR (125 MHz, CDC}) 6 24.6, 26.2, 34.0, 34.9, 55.7, 56.1,
56.2, 56.5, 57.8, 104.1, 104.1, 105.0, 115.0, 123.6, 123.9, 124.3,
124.7, 125.8, 126.7, 130.3, 148.5, 149.6, 157.6; MS (@})(377
(M*, 32), 294 (100); HRMS (EI) calcd for GH,NO; (M)
377.1991, found 377.1992.
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cloaddition of6 (method B) to give a mixture of imin&8 and
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