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Naturally occurring phenanthroindolizidine alkaloids (R)-
antofine andphenanthroquinolizidine alkaloids (R)-crypto-
pleurine have been synthesized in high optical purity via
proline-catalyzed sequentialr-aminoxylation andHorner-
Wadsworth-Emmonsolefinationofaldehyde.Bothenantio-
pure forms of proline are commercially available, and
thus, in principle, both isomers of antofine and cryptopleur-
ine can be accessed with the new method.

The phenanthroindolizidine and phenanthroquinolizidine
alkaloids are structurally related groups of pentacyclic nat-
ural products primarily found in the Asclepiadaceae and

Moracea plant families. To date, more than 60 structurally
related phenanthroindolizidine and phenanthroquinolizidine
alkaloids together with their seco derivatives and N-oxides
have been isolated from various natural sources.1 Among
them, (R)-tylophorine (1), (R)-antofine (2), and (R)-crypto-
pleurine (3) arewell-known representativemembers (Figure 1).
These alkaloids possess diverse biological properties, includ-
ingantitumor, antiviral, antiamoebic, antibacterial, antiinflam-
matory, and antifungal activities.1 Among these interesting
biological activities, the most intriguing property is the
profound cytotoxic activity against various cancer cell lines.2

In the early 1960s, tylocrebrine (4), a positional isomer of
tylophorine (1), was advanced to clinical trials but failed due
to central nervous system (CNS) toxicity, manifested by
ataxia and disorientation.3 This disappointing clinical result
discouraged further consideration of these alkaloids for drug
development. However, medicinal interest in these alkaloids
was revived in the 1990s. In the National Cancer Institute’s
60 tumor cell line assay, a number of these compounds showed
potent and uniform activity against 54 human tumor cell
lines with mean GI50 < 10-8 M.4 Moreover, their mode of
action appears to be different from that of other known
anticancer compounds.5

Because of their remarkable bioactivities coupled with
extremely limited supply and interesting structures, these
alkaloids have attracted much attention from the synthetic
community. In the past decade, a number of impressive efforts
toward the synthesis of these alkaloids have appeared in the
literature.1,2d,i,6 Because the chiral centers of these alkaloids
are located r to the nitrogen atom, r-amino acids and their
derivatives such as proline, glutamic acid, aminoadipate,
pyroglutamate, and D-serine methyl ester hydrochloride have
been widely used as the sources of the chiral center in the
asymmetric synthesis of these alkaloids.2i,6c,i,7 Apart from
that, a few other strategies have been used in asymmetric syn-
thesis of these alkaloids, includinga chiral auxiliary approach,8

a chiral allylic alcohol,6b enantioselective catalysis for intra-
molecular alkene carboamination,6c and enantioselective
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phase-transfer alkylation.6a Although these elegant and
creative synthetic approaches provided a sustainable source
for bioactivity studies, a more efficient and practical syn-
thetic methodology to these alkaloids would still be desir-
able. As part of our ongoing research into the synthesis and
biological evaluation of phenanthroindolizidine and phe-
nanthroquinolizidine alkaloids,9 we have explored a novel
asymmetric approach to these alkaloids. Herein, we wish to
report the asymmetric synthesis of naturally occurring (R)-
antofine (2) and (R)-cryptopleurine (3) using this new syn-
thetic route.

In recent years, organocatalysis has become a rapidly
growing research field in organic synthesis and has the
advantage of being highly selective and reducing synthetic
manipulations.10 In this field, proline, an abundant, inex-
pensive amino acid available in both enantiomeric forms, has
emerged as arguably the most practical and versatile org-
anocatalyst.11 Also, proline had already been employed in a
variety of asymmetric reactions, including aldol,12 Diels-
Alder,13 Michael addition,14 and r-functionalization.15

Among them, proline-catalyzed direct r-aminoxylation of

aldehyde with nitrosobenzeneHorner-Wadsworth-Emmons
olefination16,17 created the chiral center at the position r to
the oxygen atom and generated a functionalized side chain
simultaneously.We envisaged that this could be transformed
into the E ring of phenanthroindolizidine and phenanthro-
quinolizidine alkaloids after several straightforward steps.
The pentacyclic skeleton of the target natural products could
be constructed by employing Pictet-Spengler annulation
of the 2-arylmethylpyrrolidine 5 and 2-arylmethylpiperidine
6.6a-d,h,8c The cyclization precursors 5 could be abtained
through several steps from azide 7, which was derived from 9

directly. The cyclization precursors 6 could be prepared
from the amino alcohol 8.6b The amino alcohol 8 could be
synthesized from 9 after elaborating the side chain via a
Wittig-Levine reaction18 and introducing the nitrogen atom
by nucleophilic substitution. The key intermediate 9 was
envisioned to arise from phenanthryl propanal 10 via sequen-
tial r-aminoxylation and Horner-Wadsworth-Emmons
olefination followed by subsequent Pd/C reduction. The
phenanthryl propanal 10 could be prepared from the readily
available phenanthryl aldehyde 11.9d,19

With these considerations in mind, our synthesis com-
menced with phenanthryl aldehyde 11, which was derived
from the commercially available homoveratric acid and
p-anisaldehyde via the conventional five steps according to a
previously reported procedure.9d,19 As shown in Scheme 1,
olefination of aldehyde 11 with triethyl phosphonoacetate
and subsequent catalytic hydrogenation afforded ester 12 in
an overall yield of 98%. Ester 12 was reduced with LiAlH4

and after oxidation under Swern oxidation conditions gave
the desired phenanthryl propanal 10 with 92% overall yield.
Then, aldehyde 10 was subjected to r-aminoxylation with
nitrosobenzene (1.2 equiv) and L-proline (15%mol) at room
temperature followed by in situ Horner-Wadsworth-Emmons
olefination with triethyl phosphonoacetate to furnish an
aminooxyolefinic ester, whichwas directly subjected tohydro-
genation conditions without time-consuming purification.

FIGURE 1. Representative structures of phenanthroindolizidine
and phenanthroquinolizidine alkaloids.

SCHEME 1. Proline-Catalyzed Sequential r-Aminoxylation

and Horner-Wadsworth-Emmons Olefination of Phenanthryl

Propanal 10
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Simultaneous reduction of both the CdC bond and the
anilinoxy group with 10% Pd/C, H2 (1 atm) providied the
desired γ-hydroxy ester (S)-9 in reasonable overall yield
(40%, from 10) with excellent enantioselectivity (>99% ee,
determined by chiral HPLC analysis). Using D-proline as cata-
lyst, the (R)-9 was obtained similarly (36% yield, >99% ee).

With the key intermediate 9 in hand, the asymmetric syn-
thesis of antofine and cryptopleurine could be achieved.
Naturally occurring (R)-antofine was first synthesized from
(S)-9 through six straightforward steps, as described below
(Scheme 2). Activation of the hydroxy group with methane-
sulfonyl chloride and substitution with sodium azide pro-
duced azide 7 in 90% yield over two steps, in which the
nitrogen atom was introduced and the chirality was inverse.
The E ring was formed by reduction of the azide group of 7
following intramolecular cyclization to afford lactam 13 in
92% overall yield. At the beginning, reduction of lactam 13

was carried out with lithium aluminum hydride. To our dis-
appointment, 2-arylmethylpyrrolidine 5 was obtained in poor
yields (<10%). After failing in several efforts, we changed the
reduction reagent. Using a borane-tetrahydrofuran complex
solution, lactam 13 was transformed smoothly to amine 5 in
high yield (95%). Finally, the Pictet-Spengler cyclomethyle-
nation of 2-(arylmethyl)pyrrolidine 5 using the reported reac-
tion conditions6a-d afforded (R)-antofine (2) in 96%yieldwith
excellent enantioselectivity (>98% ee, determined by chiral
HPLC analysis). The analytical information obtained from
our synthesized (R)-antofine (2) agreed with the data reported
in the literature.2i,6a-d,9f

Having accomplished the synthesis of (R)-antofine (2), we
then turned our attention to the synthesis of naturally occur-
ring (R)-cryptopleurine (3). Elaboration of the side chain has
been carried out as shown in Scheme 3. The hydroxy group of
alcohol 9was protectedwithTBDMSCl/imidazole to give silyl
ether 14 in 92% yield. DIBALH reduction of 14 and subse-
quent Swern oxidation and further Wittig olefination with
methoxymethyl phosphorus ylide afforded enol ether 15 as a
mixture ofEandZ isomers in 92%overall yield.Deprotection,
mesylation, and hydrolysis in one pot furnished aldehyde 16 in
90%overall yield.Due to thepoor solubility of16 inmethanol,
the reduction of this aldehyde with NaBH4 was carried out in
mixed solvent, which provided an alcohol (95%yield) thatwas
converted into the known amino alcohol 86b after substitution
with sodium azide and reduction with Pd/C (91 and 90%
yields, respectively). It is worth noting that the amino alcohol 8
we obtained is a white solid and the optical rotation is higher
than the values reported in the literature.6b According to
the reported procedure,6b the amino alcohol 8was cyclized

employingaMitsunobureaction togive2-(arylmethyl)piperidine
6 in 93%yield. Finally, the Pictet-Spengler cyclomethylena-
tion of 2-(arylmethyl)piperidine 6using the reported reaction
conditions,6b-d,9e afforded (R)-cryptopleurine (3) in 88%yield
with excellent enantioselectivity (>99% ee, determined by
chiral HPLC analysis). The analytical information obtained
from our synthesized (R)-cryptopleurine (3) agreed with the
data reported in the literature.2i,6b-d,9g

In conclusion, asymmetric total syntheses of the represen-
tative naturally occurring phenanthroindolizidine alkaloids
(R)-antofine and phenanthroquinolizidine alkaloids (R)-
cryptopleurine via proline-catalyzed sequential r-aminoxy-
lation and Horner-Wadsworth-Emmons olefination of
phenanthryl propanal were accomplished in high optical
purity. The advantages of this approach are as follows:
(a) both enantiopure forms of the commercially available
and inexpensive proline can be used as asymmetric catalysts,
and thus, both isomers of antofine and cryptopleurine can
be accessed; (b) easily available compounds can be used as
synthetic materials, (c) mild reaction conditions and simple,
environmentally friendly procedures can be employed.

Experimental Section

Ethyl 3-(2,3,6-Trimethoxyphenanthren-10-yl)propanoate (12).
To a suspention of NaH (2.4 g, 60% in oil, 60 mmol) in THF
(100mL)was carefully added triethyl phosphonoacetate (13.5 g,
60mmol) dissolved in THF (60mL) at 0 �C, and themixturewas
stirred at this temperature for 1 h. Then phenanthryl aldehyde
11 (14.8 g, 50 mmol) dissolved in THF (600 mL) was added
dropwise. The resulting reactionmixture was stirred at 0 �Cover
2 h and was then quenched by adding aqueous NH4Cl. The
biphasic mixture was warmed to room temperature, and then
the layers were separated. The aqueous layer was extracted with
EtOAc. The combined organic layers were washed with brine,
dried over Na2SO4, filtered, and concentrated under reduced
pressure to give a green solid which was redissolved in EtOAc
(600 mL) and was charged with Pd/C (1.0 g). The reaction
mixture was stirred for 24 h under a balloon filledwith hydrogen
gas at room temperature. The mixture was filtered, and the
filtrate was evaporated. The residue was purified by chroma-
tography on silica gel (petroleum ether (60-90 �C)/EtOAc, 3:1)
to give compound 12 (18.0 g, 48.9 mmol, 98%) as a white solid.

3-(2,3,6-Trimethoxyphenanthren-10-yl)propanal (10). Com-
pound 12 (18.0 g, 48.9 mmol) was dissolved in THF (500 mL),

SCHEME 2. Synthesis of (R)-Antofine (2) SCHEME 3. Synthesis of (R)-Cryptopleurine (3)
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to which LiAlH4 (2.3 g, 60 mmol) was added carefully at 0 �C.
The resulting reaction mixture was stirred at 0 �C over 2 h and
was then quenched by adding water, and this mixture was then
filtered and extracted with CH2Cl2. The combined organic
layers were dried over Na2SO4, filtered, and concentrated under
reduced pressure to give a white solid. The crude product was
used in the next step without further purification.

To a stirred solution of oxalyl chloride (12.7 g, 100 mmol) in
CH2Cl2 (300 mL) at -78 �C was added dropwise a solution of
dimethyl sulfoxide (17.4 g, 200 mmol) in CH2Cl2 (60 mL) under
an atmosphere of N2. After being stirred at-78 �C for 30min, a
solution of the above crude product in CH2Cl2 (300 mL) was
added dropwise. The resulting reaction mixture was stirred at
-78 �C for 3 h, and then the triethylamine (30.0 g, 300 mmol)
was added dropwise. Then the mixture was warmed to room
temperature and stirred for an additional 30 min. The reaction
was quenched with a solution of saturated aqueous potassium
hydrogenphosphate. The layers were separated, and the aque-
ous layer was extracted with CH2Cl2. The combined organic
layers were washed with water and brine, dried over Na2SO4,
filtered, and concentrated under reduced pressure to give a
yellow solid which was purified by chromatography on silica gel
(petroleum ether (60-90 �C)/EtOAc, 2:1) to give compound 10

(14.6 g, 45.1 mmol, 92%) as a white solid.
(S)-Ethyl 4-Hydroxy-5-(2,3,6-trimethoxyphenanthren-10-yl)-

pentanoate (9). To a solution of phenanthryl propanal 10 (6.28 g,
20.0 mmol) and nitrosobenzene (2.56 g, 24.0 mmol) in anhydrous
DMSO (250mL) was added L-proline (0.35 g, 3.0 mmol) at 20 �C.
Themixturewas rigorously stirred for 15min (the reactionmixture
changed from green to yellow during this time) and then cooled to
0 �C. Thereafter, a premixed and cooled (0 �C) solution of triethyl
phosphonoacetate (13.45 g, 60.0mmol),DBU(9.12 g, 60.0mmol),
and LiCl (2.52 g, 60.0 mmol) in CH3CN (100 mL) was added
quickly (1-2 min) at 0 �C. The resulting mixture was warmed to
room temperature over 2 h and quenched by addition of ice pieces.
The acetonitrile was evaporated under vacuum. This reactionmix-
ture was poured into water (500 mL) and extracted with CH2Cl2
(5 � 100 mL). The combined organic layers were washed several
times with water and brine, dried with anhydrous Na2SO4, and
concentrated in vacuo to give a crude product, which was directly
subjected to the next step without purification. To the above crude
product in ethyl acetatewas addedPd/C (0.8 g, 10%) under hydro-
genation conditions, and the reaction mixture was stirred for 48 h.
On completion of the reaction, the mixture was filtered through a
pad of Celite and concentrated in vacuo to give the crude product
9, which was purified by chromatography on silica gel (petroleum
ether (60-90 �C)/EtOAc, 3:2) to give (S)-9 (3.30 g, 40%yield) as a
white solid. Chiral HPLC analysis (Chiral AD-H, n-heptane/
isopropyl alcohol 70:30, 1.0 mL min-1, 12.38 min (S isomer),
17.16 min (R isomer)) showed that the product 9 had an enantio-
meric excess of >99%.

(R)-Ethyl 4-Azido-5-(2,3,6-trimethoxyphenanthren-10-yl)-
pentanoate (7). To a cooled solution (0 �C) of 9 (1.65 g, 4.0 mmol)

and triethylamine (0.81 g, 8.0mmol) inCH2Cl2 (60mL)was added
MsCl (0.92 g, 8.0 mmol) under an atmosphere of N2. The mixture
was stirred at 0 �C for 2 h and then quenched with water. The
aqueous layer was extracted with CH2Cl2. The combined organic
phases were washed with brine, dried over Na2SO4, filtered, and
concentrated in vacuo. The residue was purified by chromatogra-
phyon silica gel (petroleumether (60-90 �C)/EtOAc, 2:1) to give a
colorless solidwhichwas redissolved indimethylformamide (8mL);
to this solution was added NaN3 (0.52 g, 8.0 mmol) at room
temperature, and the mixture was warmed to 85 �C and stirred for
8 h. The mixture was cooled to room temperature, and water was
added. The aqueous phase was extracted with EtOAc. The com-
bined organic phases were washed with brine, dried over Na2SO4,
filtered, and concentrated in vacuo. The residue was purified by
chromatographyonsilicagel (petroleumether (60-90 �C)/EtOAc,
3:1) to give compound 7 (1.57 g, 3.6 mmol, 90%) as a white solid.

(R)-5-((2,3,6-Trimethoxyphenanthren-10-yl)methyl)pyrrolidin-
2-one (13). A solution of 7 (1.31 g, 3.0 mmol) in THF (60 mL)
was charged with Pd/C (0.2 g). The reaction mixture was stirred
for 36 h under a balloon filled with hydrogen gas at room tem-
perature. The mixture was filtered, and the filtrate was evapo-
rated. The residue was redissolved in methanol (60 mL), and to
this solution was added triethylamine (0.61 g, 6.0 mmol). The
resulting reactionmixturewas refluxed for 8h.After itwas cooled
to room temperature, the reaction mixture was concentrated in
vacuo to give a gray solid which was purified by chromatography
onsilicagel (CH2Cl2/MeOH,30:1) toprovide compound13 (1.00g,
2.7 mmol, 92%) as a white solid.

(R)-2-((2,3,6-trimethoxyphenanthren-10-yl)methyl)pyrrolidine
(5). BH3 3THF (1 M in THF, 10.0 mL, 10.0 mmol) was slowly
added to a solution of 13 (0.73 g, 2.0 mmol) in THF (50 mL).
After it was refluxed for 12 h, the reactionmixture was cooled to
room temperature and quenched with aqueous HCl (3 mol/L,
20 mL). The resulting mixture was refluxed for an additional 3 h
and then cooled to room temperature and extractedwithCH2Cl2.
The combined organic phases were washed with brine, dried
over Na2SO4, filtered, and concentrated in vacuo. The residue
was purified by chromatography on silica gel (CH2Cl2/MeOH,
10:1, 1%NH4OH) to give compound 5 (0.66 g, 1.9 mmol, 95%)
as a white solid.
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