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Palladium-catalyzed tandem reaction to construct benzo[c]phenanthridine:
application to the total synthesis of benzo[c]phenanthridine alkaloids†

Pei Lv, Kanglun Huang, Longguan Xie and Xiaohua Xu*

Received 19th December 2010, Accepted 1st February 2011
DOI: 10.1039/c0ob01208d

A concise and efficient synthesis of benzo[c]phenanthridines
was accomplished by the palladium-catalyzed ring-opening
coupling of azabicyclic alkene with o-iodobenzoates, followed
by tandem cyclization. The strategy was successfully applied
in the total synthesis of benzo[c]phenanthridine alkaloids
such as sanguinarine, chelerythrine, nitidine and avicine.

The benzo[c]phenanthridine alkaloids are an important group
of naturally occurring products possessing various biological
activities.1 Recently, aromatic benzo[c]phenanthridine alkaloids
have received extensive attention for their interesting biological
potential. For example, sanguinarine(1) inhibits lipoxygenase and
mediates chemical defense against microorganisms, virus and
herbivores in plants;2 while chelerythrine(2), fagaronine(3) and
nitidine(4) inhibit protein kinase C and DNA topoisomerase 1
(Fig. 1).3 Effective syntheses of benzo[c]phenanthridine alkaloids
and their derivatives have therefore been research subjects of
recent interest. In the early reports, much effort was focused
upon the construction of the A and D rings of the alkaloids.4

In addition, synthesis of aminodihydro benzo[c]phenanthridine
was realized by Clement5 starting from 2-methylbenzonitrile and
4-(N,N-dimethylamino)benzaldehyde. However, some drawbacks
still remain such as the requirements for a multistep pathway
and challenging transformation in some cases. Herein, we wish
to report a facile and general approach toward the syntheses of
such alkaloids and their derivatives via a palladium-catalyzed ring-
opening coupling-cyclization sequence.

Fig. 1 Some benzo[c]phenanthridine alkaloids.
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Since the alkaloids shown in Fig. 1 only structurally vary by
the substituents and oxidation states in the A and D rings, it is
possible to develop a general route toward all the target molecules.
To construct the core structure of the benzo[c]phenanthridine
alkaloids in a one step operation, starting from appropriately
chosen components, we envisioned that a tandem strategy consist-
ing of a metal-catalyzed ring-opening coupling of an azabicyclic
alkene with o-iodobenzoates as the key step,6 followed by an
intramolecular cyclization could be feasible (Scheme 1). Although
the first efficient route to unsubstituted benzo[c]phenanthridinone
by a nickel-catalyzed strategy has been realized by Cheng,7 the
method is limited to unnatural benzo[c]phenanthridine and the
required substrates such as electron-rich 1,3-benzodioxole azabi-
cycles to synthesize natural benzo[c]phenanthridine alkaloids are
not effective.8 Our research interest in the total synthesis of natural
benzo[c]phenanthridine alkaloids and functionalized derivatives
prompted us to re-investigate the metal-catalyzed tandem cy-
clization of azabicyclic alkene with o-iodobenzoates to construct
benzo[c]phenanthridines with more variable substituents.

Scheme 1 Retrosynthetic analysis of benzo[c]phenanthridines.

Retrosynthetic analysis of the targeted alkaloids reveals that
cis-dihydro benzo[c]phenanthridinones 7 would be key inter-
mediates. N-Methylation of the intermediate 7 could give
dihydro benzo[c]phenanthridinones 6. Appropriate oxidation
of dihydro benzo[c]phenanthridinones 6 would provide the
oxybenzo[c]phenanthridine, which could be readily converted to
aromatic benzo[c]phenanthidine by reduction with LiAlH4.9

Because most of the natural benzo[c]phenanthridines have
the 1,3-benzodioxole moiety and multiple methoxy groups, we
selected the 1,3-benzodioxole-azabicycle 9 (prepared in 3 steps
from catechol)10 and o-iodobenzoate 8 as the model substrates to
optimize the conditions effective for formation of the product 10
via a cyclization sequence (Table 1). Although the ring-openings of
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Table 1 Survey on the model reaction of azabicycle 9 with o-iodobenzoate
8a

entry catalyst, ligand (ratio) solvent time (h) yield (%)b

1c NiBr2(dppe) CH3CN 20 0
2 Pd(OAc)2, PPh3, (1 : 2.2) DMF 20 57
3c NiCl2, dppe, (1 : 1) CH3CN 12 0
4 Pd(PPh3)4 DMF 20 55
5 Pd2(dba)3, dppe (1 : 2) DMF 12 0
6c Ni(PPh3)2Cl2, CH3CN 12 0
7 Pd(CH3CN)2Cl2, PPh3(1 : 2) CH3CN 12 0
8d Pd(PPh3)2Cl2 DMF 20 58
9d Pd(PPh3)2Cl2 CH3CN 20 75
10d Pd(PPh3)2Cl2 THF 12 90
11d Pd(PPh3)2Cl2 Tol 20 15
12 Pd(OAc)2, PPh3, (1 : 2.2) THF 20 0

a Conditions: iodo ester (1 mmol), azabicycle (1.5 equiv), Et3N (8 equiv;
used as an additive), solvent (25 mL) were employed. b Isolated yield of
product after chromatography. c Run at 80 ◦C. d ZnCl2 (0.5 equiv) was
added.

7-oxa- and azanorbornenes could be readily effected by nickel and
palladium catalysts,11 most of them are incapable of converting the
azabicycle 9 to amide 10. As shown in Table 1, when the catalyst
was Pd(OAc)2/PPh3 or Pd(PPh3)4, moderate yields of the desired
annulation product were obtained (entry 2, 4). Only Pd(PPh3)2Cl2

in THF gave the amide 10 in excellent yield (entry 10). Nickel
complexes such as NiBr2(dppe), Ni(PPh3)2Cl2, Ni(dppe)Cl2, were
ineffective to catalyze the coupling reaction. Furthermore, the
polarity of the solvent proved to be important, increasing the
polarity of solvent tended to lower the yields of 10 because the
deamination as the side reaction got worse.

Accordingly, a couple of methyl o-iodobenzoates 13a–d were
prepared from the corresponding substituted benzoic acids 12a–
d respectively (Scheme 2). The acids 12a–d were prepared by
oxidation of o-iodobenzaldehydes 11a,12 11b,13 11c14 and 11d14

using the reported procedure.15

Scheme 2 Preparation of o-iodobenzoates.

Next, under the optimized conditions, the palladium-catalyzed
tandem coupling–cyclization of functionalized o-iodobenzoates
13a–d with azabicycle 9 were investigated to achieve the total
syntheses of natural benzo[c]phenanthridine alkaloids (Scheme 3).
In contrast with that of the o-iodobenzoate, the reaction of
functionalized 13a–d required a longer reaction time, presumably
due to the highly electron-rich character of the ring-opening
coupling intermediate 14. Removal of the Boc group from
unannulated 14 by following literature precedent16 failed to give the
expected product, but the corresponding naphthalene derivatives

Scheme 3 Pd-catalyzed tandem coupling cyclization of azabicycle 9 with
functionalized o-iodobenzoates.

15 (Fig. 2) were obtained instead through a deamination process.
In the case of methyl 6-iodo-2,3-dimethoxy benzoate 13b, a
demethylated product 7-hydroxy-8-methoxy-2,3-methylenedioxy
dihydrobenzo[c]phenanthridinone 16b was obtained instead of the
normal product. Product 16b was fully identified by 1H and 13C
NMR and MS (M + Na+: 360.0847). Demethylation could be
attributed to the effect of Lewis acid (ZnX2) and formation of a
hydrogen bond.17

Fig. 2 Structures of 14 and 15.

A proposed catalytic cycle is depicted in Scheme 4, which
initiates with the reduction of Pd(II) by zinc to Pd(0). Oxidative
addition of RI to the Pd(0) species forms Pd(PPh3)2RI A.
Exo addition of R–Pd to the azabicyclic alkene affords an
intermediate B, which undergoes b-heteroatom elimination to
bring about the ring-opening intermediate C. Transmetalation
of C with ZnCl2, followed by an amidation and deprotection
of the Boc group produces the tandem ring-opening coupling
product benzo[c]phenanthridinones and regenerates the Pd(II)
species (Scheme 4).

Scheme 4 A proposed catalytic cycle for Pd-catalyzed tandem ring-
opening coupling–cyclization.
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Utilization of the benzo[c]phenanthridinones 16 in the total
syntheses of natural alkaloids has been demonstrated as shown
in Scheme 5. Oxidation of amides 16 with DDQ in either
benzene or 1,4-dioxane failed in giving the desired dehydrogenated
products. However, the N-methylated products 17 could be readily
aromatized by oxidation of DDQ. Thus, treatment of dihydro
benzo[c]phenanthridinones 16 with iodomethane and potassium
hydroxide in acetone afforded the corresponding N-methylated
products 17 in quantitative yields. Oxidation of 17 with DDQ was
successfully carried out, giving oxybenzo[c]phenanthridine alka-
loids in good yields. Reduction9 of oxybenzo[c]phenanthridines
with LiAlH4 followed by treatment with HCl gave the de-
sired quaternary benzo[c]phenanthridine chlorides in high yields
(Scheme 5).

Scheme 5 Syntheses of some benzo[c]phenanthridine alkaloids.

In conclusion, a concise and versatile strategy for the total syn-
thesis of benzo[c]phenanthridine alkaloids using readily available
starting materials and inexpensive reagents has been developed.
It features a palladium-catalyzed tandem ring-opening coupling–
cyclization process as a key synthetic step. This efficient strategy
should allow easy access to a variety of benzo[c]phenanthridine
alkaloids and their analogues.
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