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Abstract-Recent advances on antitumor-active benzo[c]phenmthridine alkaloids 

mainly focused on our synthetic works are described. 

1 .  Introduction 

Benzo[c]phenmthridine alkaloids are distributed in Papaveraceous and Rutaceous plants.z They have long 

history, in which the fust report) appeared in 1839. Over a century later nitidine (1) and fagaronine (Z), a 

nitidine (1) type 0,-bases isolated from Rutaceous plants, attracted much attention because of their 

antitumor-activities,d Although serious cytotoxicities made them unsuccessful drugs, fagaridine (3), a 

chelerythrine (5) type 0,-base, is at present under examination in clinical level.' (See Figure 1) This paper 

describes recent advances in the last decade on fully aromatized benzo[c]phenanthridine alkaloids mainly 

focused on our synthetic works. 

2 .  Classification 

Benzo[c]phenanthridine alkaloids are stmcturauy classified into five categories based on both their 

oxidation level and the number of oxygen functionalities as shown in Figure 1. It must be noted that 

antitumor-activities have been shown only in the fully aromatized 0,-bases and that all of alkaloids obtained 

from Rutaceous plants are limited to the fully aromatized 0,-bases. 

3.  Biosynthesis 

Benw[c]phenanthridine alkaloids are biosynthesjzed from tyrosine through benzylisoquinoline, 

tehahydroprotoberberine, and protopine alkaloids.' The pathway to sanguinarine (4) (a chelerythrine (5) 

type 0,-base), chelirubine (6) (a 0,-base), and macarpine (7) (a 0,-base) is shown in Scheme 1. 

4. Synthesis 

Many synthetic approaches to a benzo[c]phenanthridine skeleton have been r e p ~ r t e d . ~ ' , ~ ~  Although the most 

common route involves the construction of either ring B or C in the final step, nine routes are formally 

accessible in the methodology for the bond connections. (Figure 2) According to this methodology, 

selected recent synthetic works will be described. Among them no approaches through the bond 
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Scheme 1 A biosynthetic pathway for sanguinarine (4), chelirubine (6), and macarpine (7) 
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Figure 2 Nine possible bond connections 

connections between C,,-N, (111), C,,-C,, (VII), and C,,-C,, (IX) appeared, in spite of known routes2' 

such as photocyclization, Pschorr reaction, and cyclization of isocarbostyrils in the strategy for the last 

bond connection IX. 

4-1. Bond connection between C,-C,, (I) 
The most traditional synthetic route, which had been developed by Robinson et d.,' for the bond 

connection between C6-C,, (I) is based on Bischler-Napieralski (B. N.) isoquinoline construction. We have 

established a general synthetic method for the fully aromatized quaternary benzo[c]phenanthridine bases by 

modification of the Robinson's method, one of key reactions in which is direct cyclization of aromatic N -  

methylnaphthylformamides (36), prepared from tetralones (30) by successive reactions of reductive 
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Scheme2 Robinson's and the modified routes 
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Scheme 3 Limitation of 8. N. reaction of the aromatic formamide (38) 

amination, formylation, and dehydrogenation, to quaternary bases.' (Scheme 2) Many k i d s  of 0,- and 0,- 

bases were prepared by application of this general method. 

However, when 2-(3,4-dialkoxyphenyI)-N-methylnaphthylformamide~ were used as the starting materials 

for 0,-bases, cyclization exclusively occurred at thepara position (6') to the 3'-alkoxy group to afford 8,9- 

dialkoxy bases as sole products. (para-orientation) Thus, the 2-(3,4-dimethoxyphenyl)naphthyIformamide 

(38) yielded nitidine (1), but not chelerythrine ( 5 ) .  (Scheme 3 )  Therefore, introduction of a C, unit to the 

ortho position (C,,) before the cyclization should be needed for preparation of 5  from 38 .  (See 4-2) 

On the other hand, macarpine (7), a 0,-base, was synthesized by an alternative strategy based on B. N. 

rea~t ion .~  (Scheme 4) In the course of this synthetic work some new findings were observed. 

POCI, 4 2.OH 

Ar -N: 
CHO Me 

70% 
CHO Lo 49 28% 

48 
47 macarpine (7) 32% abnormal 8. N. product 

Scheme 4 Synthesis of macarpine (7) 
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Scheme 5 Direction of cyclization on abnormal 8. N. reaction 

Nitrosation of the naphthol (45) under mildly basic condition ('C,H,,ONO-&CO, in D m )  led to 

regioselective introduction of a nitrogen function to the para position of the hydroxyl group, giving the 

quinone monoxime methyl ether (46) after methylation. The basic nitrosation" with para selectivity was 

found to be applicable to a variety of phenol derivatives. Furthermore, in the final B. N. reaction abnormal 

cyclization (carbon insertion reaction into benzene ring)" occurred to produce an azoazulene skeleton (49)  

with a 7-5 ring system (rings A-B), together with macarpine (7), an expected cyclized product. Precise 

examination using various 2-phenylnaphthylformamides (50) as substrates indicated that the substitution 

pattern of oxygen functions on the 2-phenyl substituent restrictly controlled reaction paths to normal andlor 

abnormal cyclizations. The azoazulene products were given only when the naphthylformamides with a 2- 

alkoxy-4,5-methylenedioxyphenyl(50: R,=alkyl, 2R2=CH2) or 2-hydroxy-4,5-dialkoxyphenyl(50: R,=H, 

R,=alkyl) group at the 2 position were treated under the condition of B. N. reaction. Interestingly, the 

direction of carbon insertion could be dependent upon the character of the oxygen function on the 2 position 

(C,.) of 2-phenyl group." (Scheme 5) 

In the literdt~re'~ the 11-acetoxy-N-benzylbenzo[c]phenanthridine (56) was synthesized by the B. N. 

reaction of the corresponding naphthylamide (54) (bond connection I). The amide (54) was prepared by 

action of benzylamine to the benzyl phenyl ketone (53). (Scheme 6) The dihydrobenzo[c]phenanthridine 

(58) was also given by treatment of the stilbenamine (55), a side product in the synthesis of the starting 
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Scheme 6 The reported method13 through the bond connections I and IV 
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54, under the condition of B. N. reaction followed by reduction, in which a henzo[c]phenanthridine 

skeleton was constructed through the bond connection between C,,,-C,, (VI) (See 4-3). 

4-2.  Bond connection between N,-C, (11) 

In our synthetic strategy for chelerythrine (5) type alkaloids using 2-phenyl-1-naphthylfomamides, the 

ring construction could be achieved through the bond connection between N,-C, (11). For the successful 

reaction the naphthylformamides with a 3,4-dialkoxy-2-substituted phenyl group at the 2 position should be 

effectively prepared. It is known that the Claisen rearrangementI4 of aryl propargyl ethers afforded 

arylpyrans, which could be converted into salicylaldehyde derivatives by the bond cleavage of the double 

bond in the pyran ring. Thus, we examined Claisen rearrangement using primary and tertiary propargyl 

ethers. Heating primary ethers (60) (R'=H) in diethylaniline (thermal Claisen rearrangement) resulted in 

Scheme 7 Aryl propargyl ethers : Potential precursors for salicylaldehydes ? 

NMe - - NMe 
Me0 CHO C S F , A  Me0 

65 64 Me 66: R1=H, R2=CH0 
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67: R I = W  Rz=CHO I,  H ~ ~ ~ ,  NaCIOz 
46% on 67 ] NaH PO4 68: Rj=Me, Rz=C02Me 2, Po) ' 0 -- @) - < .  F'OC13, %OH. 1 %% 

Me0 \ ,Nt. Me Me0 N ' ~ e  93% on M) 
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chelerythrine (5) oxychelerythrine (69) 

Scheme 8 Synthesis of chelerythrine (5) and oxychelerythrine (69) 
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ineffective production of arylpyrans (61) (R'=H), whereas tertiary ethers (60) (R'=Me) smoothly,afforded 

cyclied products (61) (R'=Me) under the same condition. However, more difficult preparation of the 

tertiary ethers than the primary ethers made us investigate the Claisen rearrangement using primary ethers 

(60) (R'=H) under various conditions in details. 

After several trials, we succeeded in developing exclusive cyclization to an isomeric 2-methylarylfurans 

(63), but not arylpyran (61) (R'=H), when the Claisen rearrangement was subjected in the presence of 

cesium fluoride (CsF) (the CsF-mediated Claisen rearrangement). Treatment of the formed arylfurans (63) 

with a combination of either osmium terboxide-periodic acid or ozone-dimethyl sulfide gave an intended 

salicylaldehyde derivatives (62). Thus, a new method for the effective introduction of a C, unit to the ortho 

position of a phenolic function was explored.15 (Scheme 7) 

Application of the newly developed method to the phenyl propargyl ether (64) gave the aldehyde (67) after 

methylation, which was transformed into chelerythrine (5) in moderate yield under acidic condition.'' 

Improvement of the cyclizatjon step was achieved by treatment of the 2-(3,4-dimethoxy-2- 

methoxycarbonylphenyl)-1-naphthylformamid (68) under the condition of Vismeier-Haack reaction 

(POC1,-1,3-dimethoxybenzene), giving oxychelerythrine (69) in nearly quantitative yield.'7 (Scheme 8) 

The benzofuranylnaphthylformm'de (65) was also easily accessible from 4-fomyl-7-methoxy-2- 

methylbenzofuran (70), derived from i~ovanillin,'~ as shown in Scheme 8. Thus, the 2-methylfuran moiety 

in a benzofuran skeleton was found to act as not only a source of a C, unit but also the protecting group of 

a phenolic function. 

4-3. Bond connection between C,,-C,,, (IV) 

One step c~nshuct ion '~ of the B-C ring of a benzo(c]phenanthridine base through the bond connection 

between C,,-C,,, (IV) was reported in the base-induced intramolecular cycl i t ion of the N-(2- 

ethenylbenzoy1)- N, 2-dimethylbenzamide derivative 75.  (Scheme 9) 
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Scheme 9 The reported method'' through the bond connection IV 
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4-4.  Bond connection between C,,,-C,,, (V) 

Cyclizations using enamides or benzynes were known as the bond connection between C,,,-C,,, (V) in 

traditional methods." Recently palladium-catalyzed intramolecular coupling reaction19 was skilfully applied 

to this bond formation by Harayama et al. (Scheme 10) 

P ~ ( O A C ) ~  
P(PhMeb 
AgzCO3 

Me0 Me0 N. - oxycheleryihrine Me 
Me0 3 Mei 96% 

(69) 

Scheme 10 The reported methodig through the bond connection V 

4-5. Bond connection between C,,,-C,, (VI) 

As noted in Scheme 1 benzo[c]phenanthridine bases are biosynthesized through tetrahydroprotoberberines, 

in which the C-N bond in the B-C rings of a tetrahydroprotoberberine skeleton is cleaved to yield an 

intermediacy enamino aldehyde (21). Recycluation of it by attacking of the enamine function to the formyl 
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83 (I 1~-H): 53% irom 81 2. HCI 
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Scheme 11 The reported methodzoa through the bond connection VI ( 1 )  

" 0 -  
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48% 85 56% 0 
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Scheme 12 The reported methodzob through the bond connection VI (2) 
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function produces a benzo[c]phenanthridine skeleton (22). Although photocyclization2bf 
anhydroprotoberberines had been reported, Hanaoka er al.zb.20 independently developed' the biomimetic 

transformation of dihydroberberinium bases into benzo[c]phenanthridine ones through the bond connection 

between C,,,-C,, (VI). The syntheses of ambinme (83),2" a partially hydrogenated base, using an enamine 

derived from the isoquinolmium salt (82) and nitidine ( l ) ' O b  using the enamide (86) were examplified in 

Schemes 11 and 12, respectively. 

The related biomimetic cyclization2' was also reported. 

4-6.  Bond connection between C,,-C,,, (VIII) 
Cyclization of the (3-pheny1tetrahydroisoquinolinyl)acetate derivative (91) afforded the 12- 

hydroxybenzo[c]phenanthridine skeleton (92) through the bond connection between C,,-C,,, (VIII). 

Fagaronine (2) was prepared by the reductive removal of the phenolic function of 92" as shown in 

Scheme 13. Replacing the acetate residue in 9 1  into a vinyl one resulted in more straightforward 

preparationz%f a benzo[c]phenanthridine base (94) (2 steps: 77-84%). 

Zn 
R02C 

87 
95% 

89 90 91 
OHC 

88 

fagaronine (2) t- 
1. MeS03Me 

OMe 
70% 

2. H2SOflaCI Me0 , N 

Scheme 13 The reported methodz2 through the bond connection Vlll 

4-7.  Others: Direct ring construction 

Diels-Alder reaction could lead to the direct construction of rings B or C when benzynes were used as 

dienophiles and either enamides or isocyanates as dienes, respectively. The benzyne derivatives were 

generated in situ by either diazotization of anthranilic acid derivatives (95) and (101) or oxidation of the 

benzotriawle derivative (109). The reactions using benzynes generated by the former methodz4 were 

shown in Schemes 14 and 15, whereas the reaction using a benzyne generated by the latter method2' in 

Scheme 16. Similar reactionz6 using a naphthyl isocyanate (118) and a morpholio enamine (119) 

afforded a benzo[c]phenanthridine skeleton (120) with a hydrogenated ring A by a stepwise construction 

of the ring B through the addition of 119 to 118 followed by cycloaddition. The corresponding aromatic 

base (121) was given by dehydrogenation of the ring A. (Scheme 17) 
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97 98 

R3 100 

Scheme 14 The reported methodz4 through direct ring construction (1) 
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Scheme 15 The reported methodz4 through direct ring construction (2) 

5 .  Pharmacological Activity 
Fully aromatized benzo[cjphenanthridine bases show potent pharmacological activitiesz7 including 

antitumor activity. Recently it was reported that the antitumor activity of nitidine (1) and fagaronine (2) was 

due to the inhibition of DNA t ~ ~ o i s o m e r a s e s . ~ ~ . ~ ~  On the other hand chelerythrine (5) inhibited protein 

kinase C (PKC).29 Sanguinarine (4), a methylenedioxy analog of 5 in the ring A, also inhibited PKC (IC,,: 

217 pM), but it more effectively inhibited catalytic subunit of the cyclic-AMP dependent protein kinase 

(IC,,: 6 pM).30 It was pointed that sanguinarine (4) mediated chemical defense against microorganisms, 

viruses, and herbivores in the plants, in which choline acetyl-transferase was strongly inhibited (IC,,: 284 

IIM).~' 

Cho et UI.'~ found that the 3-arylisoquinolone derivative (122) showed that the strong antitumor activity 

against human melanoma (SK-MEL-2) (IC,,: 0.2 nM). The isoquinolone (122) could he a bioisostere of 
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Scheme 16 The reported methodz5 through direct ring construction (3) 

NCO 
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r,!"' R2 - Pd,C pRi R2 + Hcl'A 1 
\ N , ~  44.89% R, N. H 30.70% 

R3 from 117 
0 0 
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Scheme 17 The reported method2"hrough direct ring construction (4) 

chelerythrine (5) via its C,,,-C,, bond cleavage of the ring C. Removal of the vinyl group on the 3-phenyl 

substituent in 122 resulted in lowering activit~.'~ 
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6. Conclusion 

Antitumor activity of fully aromatized benzo[c]phenanthridine bases caused to develop possible synthetic 

approaches to their basic skeleton. While limited sh.ategies have been available for the synthesis of partially 

hydrogenated bases because of incomplete examination for their pharmacological activities. Furthermore, 

no reports on their asymmetric synthesis have not appeared as possible as we know. Thus, main attention 

should direct to establishment of general synthetic methods of partially hydrogenated 

benzo[c]phenanthridine bases including asymmetric synthesis. 
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