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Related to our research on structural modifications of pentalongin, the active principle of the medicinal
plant Pentas longiflora Oliv., a new synthesis of N-protected 1,2-dihydrobenz[g]isoquinoline-5,10-diones
and their 4-methyl derivatives, which represent a new class of compounds, is reported. In both cases, the
benz[g]isoquinoline skeleton was constructed by an intramolecular Heck reaction of N-protected
2-((allylamino)methyl)-3-bromo-1,4-dimethoxynaphthalenes and N-protected 2-((allylamino)methyl)-
3-bromo-1,4-naphthoquinones, respectively.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Pyranonaphthoquinones 1, which are prevalent in nature, con-
stitute an important research area in organic synthesis due to the
pronounced biological activities of these heterocyclic com-
pounds.1,2 Their applicability for medicinal use explains the syn-
thetic efforts made by different chemists over the years.2,3

Although their 2-aza analogues (Fig. 1), all of which have been
isolated as 2-azaanthraquinones 2–8, have rarely been found in
nature, they nevertheless possess promising antifungal and anti-
biotic properties.4–7 Moreover, an important anti-tumour activity
has been identified for several synthetic 2-azaanthraquinones.8

Within this scientific framework, structural modifications of the
natural pyranonaphthoquinone pentalongin (9) were envisaged,
the active principle of Pentas longiflora Oliv.1 In the past, we have
reported on a new synthesis of N-substituted benz[g]isoquinoline-
3,5,10(2H)-triones,9 and recently we have described the use of an
acid-mediated intramolecular cyclization for the synthesis of 1,2-
dihydrobenz[g]isoquinoline-5,10-diones.10 However, the severe
reaction conditions, which were required to synthesize the tar-
geted 1,2-dihydrobenz[g]isoquinoline-5,10-diones 10 were often
incompatible with the use of N-protecting groups and as a conse-
quence benz[g]isoquinoline-5,10-dione (8) and complex reaction
mixtures were obtained. Therefore, we now wish to report on the
: þ32 9 264 62 43.
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use of an intramolecular Heck reaction for the construction of
the benz[g]isoquinoline skeleton. The Heck reaction, which is
not disturbed by heteroatoms such as nitrogen and oxygen,11

allowed a simple and straightforward synthesis of 1,2-dihy-
drobenz[g]isoquinoline-5,10-diones and their 4-methyl substituted
derivatives.

In order to avoid full aromatization of the targeted 1,2-
dihydrobenz[g]isoquinoline-5,10-diones 10 and their 4-methyl
substituted derivatives 14 to the corresponding 2-azaan-
thraquinones, N-protection was included for the synthesis of the
target compounds.10
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Retrosynthetic analysis suggested that target compounds 10
could be prepared starting from 2-bromo-3-bromomethyl-1,4-
dimethoxynaphthalene (12). Reaction with allylamine, followed by
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N-protection and palladium-catalyzed intramolecular cyclization
should give N-protected 5,10-dimethoxy-4-methylene-1,2,3,4-tet-
rahydrobenz[g]isoquinoline (11) as the desired Heck-reaction
product. Oxidative cleavage of the 4-methylene group of compound
11 should give the corresponding ketone, which could be converted
to the target compounds 10 after reduction and subsequent de-
hydration. In addition, oxidation of the synthesized N-protected
2-((allylamino)methyl)-3-bromo-1,4-dimethoxynaphthalene
should give the corresponding 1,4-naphthoquinone 13, which
could then be converted to the target N-protected 4-methyl-1,2-
dihydrobenz[g]isoquinoline-5,10-dione 14 by an intramolecular
Heck reaction.

2. Results and discussion

Reaction of 2-bromo-3-bromomethyl-1,4-dimethoxynaph-
thalene (12)12 with an excess of allylamine in absolute ethanol
afforded 2-((allylamino)methyl)-3-bromo-1,4-dimethoxynaph-
thalene (15) in 97% yield (Scheme 1). Reaction of compound 15 with
a catalytic amount of tetrakis(triphenylphosphine)palladium(0)
and 4 equiv of sodium acetate in boiling ethanol failed to give
intramolecular ring closure and the starting material was re-
covered. Therefore, 2-((allylamino)methyl)-3-bromo-1,4-dime-
thoxynaphthalene (15) was converted into its N-methanesulfonyl
analogue 17 in 60% yield by reaction with methanesulfonyl chloride
in dichloromethane in the presence of triethylamine.

Having a suitable substrate for an intramolecular palladium-
mediated cyclization under Heck conditions in hand, different
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catalytic systems were tested in order to obtain 2-methanesulfo-
nyl-5,10-dimethoxy-4-methylene-1,2,3,4-tetrahydrobenz[g]-
isoquinoline (18) in an efficient way (Table 1). At first, palladium(II)
acetate was used in the presence of 1,3-bis(diphenylphosphino)-
propane (dppp) as a ligand. Although the first results were not
convincing, changing the solvent from ethanol to N,N-dimethyl-
acetamide (DMA) brought about a remarkable improvement in the
formation of the desired Heck-cyclization product 18 along with the
deallylated and debrominated naphthalene 19. Since a series of
bulky electron-rich phosphines, which have been developed by the
Buchwald group over the past several years, have attracted much
attention for their ability to effect various C–C, C–N and C–O bond
formations,13–15 several Buchwald phosphine ligands were evalu-
ated in the Heck reaction. In this way, palladium(II) acetate was
used in the presence of several of these phosphine ligands:
2-dicyclohexylphosphino-20,40,60-triisopropylbiphenyl (x-phos),
4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (xanth-phos),
2-di-tert-butylphosphino-20,40,60-triisopropylbiphenyl (t-Bu
x-phos), 2-dicyclohexylphosphino-20,60-dimethoxybiphenyl (S-
phos) and 2-dicyclohexylphosphino-20-(N,N-dimethylamino)bi-
phenyl (Dave-phos). In the course of these test reactions, the most
promising results were obtained upon the use of palladium(II) ace-
tate in the presence of x-phos and potassium acetate in DMA at
80 �C for 3 days. However, when this reaction was scaled-up for
preparative purposes, the ratio of the desired Heck-cyclization
product 18 and the deallylated and debrominated naphthalene 19
shifted towards the disturbing side-product 19. This effect could be
partially countered by the use of bis(2-methoxyethyl)ether as
N
H
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Table 1
Optimization of the Heck reaction starting from N-methanesulfonyl-2-((allylamino)methyl)-3-bromo-1,4-dimethoxynaphthalene (17)
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Entry Reagents Reaction conditions Scale (mmol) LC–MS (%)c

18 19

1 Pd(OAc)2 (0.10 equiv) EtOH, 80 �C, 3 daysa 0.2 2 13
dppp (0.20 equiv)
KOAc (4 equiv)

2 Pd(OAc)2 (0.10 equiv) DMA, 80 �C, 3 daysa 0.2 28 49
dppp (0.20 equiv)
KOAc (4 equiv)

3 Pd(OAc)2 (0.10 equiv) DMA, 80 �C, 3 daysa 0.2 8 83
Bu4NBr (0.20 equiv)
KOAc (4 equiv)

4 Pd(OAc)2 (0.10 equiv) DMA, 80 �C, 3 daysa 0.2 51 39
x-phos (0.20 equiv)
KOAc (4 equiv)

5 Pd(OAc)2 (0.10 equiv) DMA, 80 �C, 16 hb 1.0 20 66
x-phos (0.20 equiv)
KOAc (4 equiv)

6 Pd(OAc)2 (0.10 equiv) Diglyme, 80 �C, 3 daysb 1.0 36 52
x-phos (0.20 equiv)
KOAc (4 equiv)

7 Pd(OAc)2 (0.10 equiv) DMA, 80 �C, 3 daysa 0.2 19 52
xanth-phos (0.20 equiv)
KOAc (4 equiv)

8 Pd(OAc)2 (0.10 equiv) DMA, 80 �C, 3 daysa 0.2 6 41
t-Bu X-phos (0.20 equiv)
KOAc (4 equiv)

9 Pd(OAc)2 (0.10 equiv) DMA, 80 �C, 3 daysa 0.2 16 31
S-phos (0.20 equiv)
KOAc (4 equiv)

10 Pd(OAc)2 (0.10 equiv) DMA, 80 �C, 3 daysa 0.2 21 31
Dave-phos (0.20 equiv)
KOAc (4 equiv)

11 Pd(PPh3)4 (0.05 equiv) EtOH, 150 �C, 16 ha 4.8 14 86
KOAc (1.5 equiv)

12 Pd(PPh3)4 (0.05 equiv) EtOH, D, 4 daysb 1.0 34 15
NaOAc (4 equiv)

Abbrevations: dppp, 1,3-bis(diphenylphosphino)propane; DMA, N,N-dimethylacetamide; x-phos, 2-dicyclohexylphosphino-20 ,40 ,60-triisopropylbiphenyl; xanth-phos, 4,5-
bis(diphenylphosphino)-9,9-dimethylxanthene; t-Bu x-phos, 2-di-tert-butylphosphino-20 ,40 ,60-triisopropylbiphenyl; S-phos, 2-dicyclohexylphosphino-20,60-dimethoxy-
biphenyl; Dave-phos, 2-dicyclohexylphosphino-20-(N,N-dimethylamino)biphenyl; diglyme, bis(2-methoxyethyl)ether.

a The reaction was performed in a sealed vessel.
b The reaction was performed under atmospheric pressure.
c The remaining fraction represents unidentified reaction products.
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a solvent. Finally, the use of tetrakis(triphenylphosphine)palla-
dium(0) as Heck-catalyst in the presence of sodium acetate in
boiling ethanol resulted in the most efficient synthesis of the target
compound 18 in comparison with previous reactions.

Since none of the test reactions are preferential in the synthesis
of the desired Heck-cyclization product 18, four reactions were
selected for purification by column chromatography (Scheme 2).
Comparing the isolated yields of the target compound 18, two re-
actions were found to be of further interest. In a first reaction,
N-methanesulfonyl-2-((allylamino)methyl)-3-bromo-1,4-dime-
thoxynaphthalene (17) was treated with a catalytic amount of
palladium(II) acetate in the presence of 2-dicyclohexylphosphino-
20,40,60-triisopropylbiphenyl (x-phos) and potassium acetate in
bis(2-methoxyethyl)ether at 80 �C for 3 days, after which the de-
sired Heck-cyclization product 18 was isolated in 33% yield together
with 41% of the deallylated and debrominated naphthalene 19. In
the second reaction, N-methanesulfonyl-2-((allylamino)methyl)-3-
bromo-1,4-dimethoxynaphthalene (17) was treated with a catalytic
amount of tetrakis(triphenylphosphine)palladium(0) and 4 equiv
of sodium acetate in boiling ethanol. After a reaction time of 4 days
the desired Heck-reaction product 18 was isolated in 36% yield.
Although these two reactions give similar results, the latter re-
action conditions were selected to perform the Heck-cyclization of
naphthalene 17 since the desired Heck-cyclization product was
formed predominantly under these conditions (Table 1) and could
easily be purified by column chromatography.

After the Heck reaction, 2-methanesulfonyl-5,10-dimethoxy-4-
methylene-1,2,3,4-tetrahydrobenz[g]isoquinoline (18) was reacted
with a catalytic amount of osmium(VIII) oxide and an excess of
sodium periodate in aqueous acetone for 2 days at room temper-
ature (Scheme 3). Oxidative cleavage of the 4-methylene group of
compound 18 resulted in the formation of 2-methanesulfonyl-5,10-
dimethoxy-2,3-dihydrobenz[g]isoquinoline-4(1H)-one (20) in 82%
yield. Reduction of the ketone function with sodium borohydride in
methanol and subsequent cerium(IV) ammonium nitrate (CAN)
mediated oxidative demethylation afforded 2-methanesulfonyl-4-
hydroxy-1,2,3,4-tetrahydrobenz[g]isoquinoline-5,10-dione (22) in
87% yield. Surprisingly, this compound resisted acid-catalyzed de-
hydration and even treatment with concentrated hydrochloric acid
(12 M) did not give the desired 1,2-dihydrobenz[g]isoquinoline-



OMe

OMe
Br

N

17 (60%)

Mes

Pd(Ph3P)4 (5 mol%)
(sealed vessel)

1.5 equiv. KOAc
EtOH, 150 °C, 16 h

N
H

Mes
OMe

OMe

19 (65%)

N

OMe

OMe

18 (11%)

Mes

Pd(Ph3P)4 (5 mol%)
4 equiv. NaOAc

EtOH, Δ, 4 d

N

OMe

OMe

18 (36%)

Mes

0.1 equiv. Pd(OAc)2
0.2 equiv. x-phos
4 equiv. KOAc

A: Me2NC(=O)Me, 80 °C, 16 h
B: diglyme, 80 °C, 3 d

N
H

Mes
OMe

OMe

19

N

OMe

OMe

18

Mes
A: 18 (18%), 19 (54%)
B: 18 (33%), 19 (41%)

Scheme 2.

J. Jacobs et al. / Tetrahedron 64 (2008) 6364–6371 6367
5,10-dione 23. However, dehydration could be accomplished by
reaction of 22 with an excess of thionyl chloride and subsequent
treatment of the intermediate 4-chloro derivative with concen-
trated aqueous hydrochloric acid in diethyl ether to afford
2-methanesulfonyl-1,2-dihydrobenz[g]isoquinoline-5,10-dione
(23) in 58% yield.

In connection with our interest in palladium-mediated coupling
reactions of halogenated quinones with alkenes, the intramolecular
palladium-catalyzed cyclization of N-methanesulfonyl-2-((allyl-
amino)methyl)-3-bromo-1,4-naphthoquinone (24) was also
investigated (Scheme 4). The N-methanesulfonyl protected 1,4-
naphthoquinone 24 was prepared in 68% yield by oxidative
demethylation of N-methanesulfonyl-2-((allylamino)methyl)-3-
bromo-1,4-dimethoxynaphthalene (17) with cerium(IV) ammo-
nium nitrate. The palladium-mediated intramolecular cyclization of
N-methanesulfonyl-2-((allylamino)methyl)-3-bromo-1,4-naph-
thoquinone (24) was believed to give rise to the formation of
4-methylene intermediate 25, which is formed as the Heck-
N
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cyclization product and is likely to isomerize to the more conju-
gated and thus, more stable isomer 26. Indeed, after treatment of
the N-protected 1,4-naphthoquinone 24 with palladium(II) acetate
and an excess of sodium carbonate in boiling acetonitrile for 3 h,
none of the 4-methylene intermediate 25 was detected in the re-
action mixture. Instead, 4-methylbenz[g]isoquinoline-5,10-dione
(27) was obtained as the major reaction product and it was isolated
in 45% yield together with 13% of the desired 2-methanesulfonyl-4-
methyl-1,2-dihydrobenz[g]isoquinoline-5,10-dione (26). Probably,
2-methanesulfonyl-4-methyl-1,2-dihydrobenz[g]isoquinoline-
5,10-dione (26) oxidizes spontaneously to the more stable 4-
methylbenz[g]isoquinoline-5,10-dione (27), which has been
recently established as an antimicrobial compound.16 In vitro
testing revealed compound 27 to have a good bioactivity against
representative strains of Gram-positive bacteria (Staphylococcus
aureus, Bacillus subtilis), Gram-negative bacteria (Proteus vulgaris,
Pseudomonas aeruginosa), yeasts (Saccharomyces cerevisiae, Schizo-
saccharomyces pombe, Candida utilis, Rhodotorula rubra), and
N
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filamentous fungi (Aspergillus niger, Penicillium chrysogenum, Mucor
mucedo).16

3. Conclusion

Synthetic efforts were directed to 2-methanesulfonyl-1,2-dihy-
drobenz[g]isoquinoline-5,10-dione with an intramolecular Heck
reaction of N-methanesulfonyl-2-((allylamino)methyl)-3-bromo-
1,4-dimethoxynaphthalene in the key step. In addition, a first
synthesis of 2-methanesulfonyl-4-methyl-1,2-dihydrobenz[g]iso-
quinoline-5,10-dione and 4-methylbenz[g]isoquinoline-5,10-dione
was achieved using N-methanesulfonyl-2-((allylamino)methyl)-3-
bromo-1,4-naphthoquinone as substrate for the intramolecular Heck
reaction.

4. Experimental section

4.1. General experimental methods

Spectroscopic data were recorded as follows: 1H NMR spectra
were recorded at 270 MHz and 13C NMR spectra were recorded at
68 MHz. Peak assignments were performed with the aid of the
DEPT technique, 2D-COSY and HETCOR spectra. Mass spectra were
recorded using a direct inlet system (70 eV) with a VL detector (ES,
4000 V). Elemental analyses were executed with a Perkin Elmer
Series II CHNS/O Analyzer 2400. The reported melting points are
not corrected. Flash chromatography was carried out using a glass
column with silica gel (particle size 0.035–0.07 mm, pore diameter
ca. 6 nm). Solvent systems were determined via initial TLC analysis
(Merck, silica gel 60F254). Diethyl ether was freshly distilled over
sodium benzophenone ketyl and dichloromethane was distilled
over calcium hydride.

4.2. Synthesis of 2-((allylamino)methyl)-3-bromo-1,4-
dimethoxynaphthalene (15)

To a stirred solution of allylamine (0.175 mol, 10 g) in ethanol
(20 ml) was added dropwise a solution of 2-bromo-3-bromo-
methyl-1,4-dimethoxynaphthalene (12)12 (0.0175 mol, 6.3 g) in
ethanol (100 ml) and the reaction mixture was stirred in a stop-
pered flask at room temperature for 2 days. Most of the solvent was
evaporated in vacuo and the residue was dissolved in dichloro-
methane (100 ml), washed twice with water and dried (MgSO4).
Flash chromatography on silica gel using 2% methanol in
chloroform as eluent gave 15 (5.7 g, 97% yield) as a brown oil, which
was found to decompose rapidly. Therefore, this compound was
used as such in the next step.

4.2.1. 2-((Allylamino)methyl)-3-bromo-1,4-dimethoxy-
naphthalene (15)

1H NMR (CDCl3): d 3.30–3.33 (2H, m, NCH2CH]CH2), 3.97 (3H, s,
OCH3), 3.98 (3H, s, OCH3), 4.12 (2H, s, ArCH2), 5.08–5.30 (2H, m,
CH]CH2), 5.88–6.01 (1H, m, CH]CH2), 7.51–7.58 (2H, m, H-6 and
H-7), 8.06–8.11 (2H, m, H-5 and H-8). 13C NMR (CDCl3): d 47.1
(ArCH2), 51.4 (NCH2), 61.4 (OCH3), 63.1 (OCH3), 115.8 (]Cquat), 116.8
(CH]CH2), 122.5 and 122.9 (C-5 and C-8), 126.8 and 127.1 (C-6 and
C-7), 127.8 (]Cquat), 128.4 (]Cquat), 128.7 (]Cquat), 135.9
(CH]CH2), 150.2 (]C–O), 151.8 (]C–O). IR (NaCl): nmax 3378, 1643,
1605, 1574 cm�1. MS (ES) m/z (%): 335/337 (Mþ, 3), 279 (5), 201 (12),
50 (100).
4.3. Synthesis of N-methanesulfonyl-2-((allylamino)methyl)-
3-bromo-1,4-dimethoxynaphthalene (17)

A solution of methanesulfonyl chloride (0.012 mol, 1.37 g) in
dichloromethane (10 ml) was added dropwise to a stirred solution
of 2-((allylamino)methyl)-3-bromo-1,4-dimethoxynaphthalene
(15) (0.012 mol, 4.12 g) and triethylamine (0.012 mol, 1.21 g) in
dichloromethane (50 ml) under nitrogen atmosphere. After 2 h, the
solution was washed with 2 M HCl and then with a saturated
aqueous solution of sodium hydrogen carbonate. The organic phase
was dried (MgSO4) and evaporated in vacuo. Flash chromatography
on silica gel with ethyl acetate/hexane (1:4) as eluent gave 17 (3 g,
60% yield) as white crystals.

4.3.1. N-Methanesulfonyl-2-((allylamino)methyl)-3-bromo-1,4-
dimethoxynaphthalene (17)

An analytical sample was prepared by recrystallization from
ethanol, which afforded 17 as white crystals, mp 120.0–120.9 �C. 1H
NMR (CDCl3): d 3.01 (3H, s, SO2CH3), 3.78 (2H, d�t, J¼1.3, 6.3 Hz,
NCH2CH]CH2), 3.97 (3H, s, OCH3), 3.98 (3H, s, OCH3), 4.85 (2H, s,
ArCH2), 4.95–5.13 (2H, m, CH]CH2), 5.70 (1H, d�d�t, J¼6.3, 10.2,
17.2 Hz, CH]CH2), 7.56–7.62 (2H, m, H-6 and H-7), 8.06–8.15 (2H,
m, H-5 and H-8). 13C NMR (CDCl3): d 39.5 (SO2CH3), 46.2 (ArCH2),
49.3 (NCH2), 61.4 (OCH3), 63.1 (OCH3), 116.2 (]Cquat), 117.8
(CH]CH2), 122.7 and 123.0 (C-5 and C-8), 124.5 (]Cquat), 127.0 and
127.69 (C-6 and C-7), 127.74 (]Cquat), 129.3 (]Cquat), 133.4
(CH]CH2), 150.4 (]C–O), 153.2 (]C–O). IR (KBr): nmax 1634, 1612,
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1566, 1138 cm�1. MS (ES) m/z (%): 413/415 (Mþ, 27), 334/336 (19),
281 (28), 201 (100). Anal. Calcd for C17H20BrNO4S: C, 49.26; H, 4.87;
N, 3.38. Found: C, 49.44; H, 4.88; N, 3.20.

4.4. Reaction of N-methanesulfonyl-2-((allylamino)methyl)-
3-bromo-1,4-dimethoxy-naphthalene (17) with tetrakis-
(triphenylphosphine)palladium(0)

Procedure 1. A mixture of N-methanesulfonyl-2-((allylamino)-
methyl)-3-bromo-1,4-dimethoxynaphthalene (17) (4.8 mmol,
2.0 g), anhydrous potassium acetate (7.7 mmol, 0.75 g) and tetra-
kis(triphenylphosphine)palladium(0) (0.24 mmol, 300 mg) in an-
hydrous ethanol (100 ml) was heated in an autoclave at 150 �C for
16 h. The reaction mixture was allowed to cool to room tempera-
ture, filtered and evaporated in vacuo. The residue was dissolved in
dichloromethane, washed with water, dried (MgSO4) and evapo-
rated in vacuo. Flash chromatography on silica gel using ethyl
acetate/petroleum ether (1:4) gave 2-methanesulfonyl-5,10-dime-
thoxy-4-methylene-1,2,3,4-tetrahydrobenz[g]isoquinoline (18)
(180 mg, 11% yield) as fine white needles, mp 115.1–115.5 �C. A
second fraction was collected by elution with ethyl acetate/petro-
leum ether (1:1) to give N-methanesulfonyl-2-(aminomethyl)-1,4-
dimethoxynaphthalene (19) (0.91 g, 64%) as yellow-brown crystals.

Procedure 2. A mixture of N-methanesulfonyl-2-((allylamino)-
methyl)-3-bromo-1,4-dimethoxynaphthalene (17) (1 mmol,
0.41 g), anhydrous sodium acetate (4 mmol, 0.33 g) and tetrakis-
(triphenylphosphine)palladium(0) (0.05 mmol, 58 mg) in anhy-
drous ethanol (20 ml) was heated under reflux for 4 days under
nitrogen atmosphere. The solvent was evaporated in vacuo and the
residue was dissolved in dichloromethane (50 ml), washed with
water, dried (MgSO4) and evaporated in vacuo. Flash chromatog-
raphy on silica gel with ethyl acetate/hexane (1:4) as eluent
afforded 2-methanesulfonyl-5,10-dimethoxy-4-methylene-1,2,3,4-
tetrahydrobenz[g]isoquinoline (18) (120 mg, 36% yield) as white
crystals.

Procedure 3. A mixture of N-methanesulfonyl-2-((allylamino)-
methyl)-3-bromo-1,4-dimethoxynaphthalene (17) (1.0 mmol,
414 mg), anhydrous potassium acetate (4.0 mmol, 393 g) and pal-
ladium(II) acetate (0.10 mmol, 23 mg) in anhydrous N,N-dimethyl-
acetamide or bis(2-methoxyethyl)ether (15 ml) was heated at
80 �C for 16 h and 3 days, respectively. The reaction mixture was
allowed to cool to room temperature, filtered and poured in water.
The aqueous phase was extracted with small portions of ethyl ac-
etate (3�). The organic extracts were washed with water, dried
(MgSO4) and evaporated in vacuo. Flash chromatography on silica
gel using ethyl acetate/petroleum ether (1:4) gave 2-meth-
anesulfonyl-5,10-dimethoxy-4-methylene-1,2,3,4-tetrahydrobenz-
[g]isoquinoline (18) in 18–33% yield (Scheme 2). A second fraction
was collected by elution with ethyl acetate/petroleum ether (1:1) to
give N-methanesulfonyl-2-(aminomethyl)-1,4-dimethoxynaph-
thalene (19) in 41–54% yield (Scheme 2).

4.4.1. 2-Methanesulfonyl-5,10-dimethoxy-4-methylene-1,2,3,4-
tetrahydrobenz[g]isoquinoline (18)

An analytical sample was prepared by recrystallization from
ethanol to give 18 as fine white needles, mp 115.1–115.5 �C. 1H NMR
(CDCl3): d 2.69 (3H, s, SO2CH3), 3.83 (3H, s, OCH3), 3.93 (3H, s,
OCH3), 4.27 (2H, s, H-3), 4.81 (2H, s, H-1), 5.61 (1H, m, ]CHaHb),
6.44 (1H, m, ]CHaHb), 7.54–7.57 (2H, m, H-7 and H-8), 8.03–8.18
(2H, m, H-6 and H-9). 13C NMR (CDCl3): d 37.8 (SO2CH3), 44.0 (C-1),
53.1 (C-3), 60.3 (OCH3), 61.6 (OCH3), 118.0 (]CH2), 121.5 (]Cquat),
122.0 and 123.2 (C-6 and C-9), 126.6 and 127.1 (C-7 and C-8), 128.0
(]Cquat), 128.7 (]Cquat), 133.4 (]Cquat), 148.3 (]C–O), 151.5 (]C–
O). IR (KBr): nmax 1634, 1613, 1152 cm�1. MS (ES) m/z (%): 333 (Mþ,
100), 302 (19), 254 (32), 238 (51). Anal. Calcd for C17H19NO4S: C,
61.24; H, 5.74; N, 4.20. Found: C, 61.16; H, 5.80; N, 4.06.
4.4.2. N-Methanesulfonyl-2-(aminomethyl)-1,4-
dimethoxynaphthalene (19)

An analytical sample was prepared by recrystallization from
methanol to afford 19 as yellow-brown crystals, mp 99.4–100.9 �C.
1H NMR (CDCl3): d 2.84 (3H, s, SO2CH3), 3.91 (3H, s, OCH3), 3.98 (3H,
s, OCH3), 4.48 (2H, d, J¼5.9 Hz, NCH2), 5.15 (1H, t, J¼5.9 Hz, NH),
6.73 (1H, s, H-3), 7.46–7.58 (2H, m, H-6 and H-7), 7.98–8.02 (1H, m,
H-5 or H-8), 8.21–8.24 (1H, m, H-5 or H-8). 13C NMR (CDCl3): d 40.8
(SO2CH3), 43.0 (NCH2), 55.8 (OCH3), 62.4 (OCH3), 104.1 (C-3), 121.8
and 122.6 (C-5 and C-8), 124.6 (]Cquat), 125.9 and 127.0 (C-6 and C-
7), 126.5 (]Cquat), 128.4 (]Cquat), 147.5 (]C–O), 152.4 (]C–O). IR
(KBr): nmax 3287, 1630, 1598, 1143 cm�1. MS (ES) m/z (%): 295 (Mþ,
2), 212 (13), 91 (100). Anal. Calcd for C14H17NO4S: C, 56.93; H, 5.80;
N, 4.74. Found: C, 56.74; H, 5.73; N, 4.52.

4.5. Synthesis of 2-methanesulfonyl-5,10-dimethoxy-2,3-
dihydrobenz[g]isoquinoline-4(1H)-one (20)

To a stirred solution of 2-methanesulfonyl-5,10-dimethoxy-4-
methylene-1,2,3,4-tetrahydrobenz[g]isoquinoline (19) (1.6 mmol,
0.52 g) in acetone (40 ml) and water (10 ml) was added first a cat-
alytic amount of osmium(VIII) oxide. Sodium periodate (3.2 mmol,
0.68 g) was added in small potions over a period of 1 h and the
mixture was stirred for 2 days, after which it was poured in 1 M HCl.
The aqueous solution was extracted with dichloromethane, dried
(MgSO4) and evaporated in vacuo. Flash chromatography on silica
gel with ethyl acetate/hexane (1:1) as eluent gave 2-meth-
anesulfonyl-5,10-dimethoxy-2,3-dihydrobenz[g]isoquinoline-
4(1H)-one (20) as a grey powder.

4.5.1. 2-Methanesulfonyl-5,10-dimethoxy-2,3-dihydrobenz[g]-
isoquinoline-4(1H)-one (20)

An analytical sample was prepared by recrystallization from
ethanol to afford 20 as grey crystals, mp 170.5–170.9 �C. 1H NMR
(CDCl3): d 2.80 (3H, s, SO2CH3), 3.85 (3H, s, OCH3), 4.02 (3H, s,
OCH3), 4.22 (2H, s, H-3), 4.81 (2H, s, H-1), 7.56–7.73 (2H, m, H-7 and
H-8), 8.07–8.10 (1H, m, H-6 or H-9), 8.33–8.36 (2H, m, H-6 or H-9).
13C NMR (CDCl3): d 37.5 (SO2CH3), 43.2 (C-1), 55.1 (C-3), 62.1
(OCH3), 63.3 (OCH3), 118.6 (]Cquat), 122.2 and 125.0 (C-6 and C-9),
124.9 (]Cquat), 127.2 and 130.1 (C-7 and C-8), 129.2 (]Cquat), 131.6
(]Cquat), 147.7 (]C–O), 156.5 (]C–O). IR (KBr): nmax 1685, 1634,
1613, 1562, 1157 cm�1. MS (ES) m/z (%): 335 (Mþ, 43), 256 (100), 241
(11). Anal. Calcd for C16H17NO5S: C, 57.30; H, 5.11; N, 4.18. Found: C,
56.91; H, 5.06; N, 4.05.

4.6. Synthesis of 2-methanesulfonyl-5,10-dimethoxy-2,3-
dihydrobenz[g]isoquinoline-4(1H)-ol (21)

To a cooled (0 �C) solution of 2-methanesulfonyl-5,10-dime-
thoxy-2,3-dihydrobenz[g]isoquinoline-4(1H)-one (20) (3.3 mmol,
1.11 g) in methanol (20 ml) was added sodium borohydride
(6.6 mmol, 0.25 g) and the mixture was stirred for 16 h at room
temperature in a flask, which was fitted with a calcium chloride
tube. The reaction was quenched by the careful addition of water
(1 ml) and the solution was concentrated in vacuo to 5 ml. After the
addition of 2 M HCl, the aqueous solution was extracted with small
portions of dichloromethane. The combined organic extracts were
washed with brine, dried (MgSO4) and evaporated in vacuo.
Recrystallization from ethyl acetate/hexane (1:1) gave 2-meth-
anesulfonyl-5,10-dimethoxy-2,3-dihydrobenz[g]isoquinoline-
4(1H)-ol (21) (0.85 g, 76% yield) as colourless needles.

4.6.1. 2-Methanesulfonyl-5,10-dimethoxy-2,3-dihydrobenz[g]-
isoquinoline-4(1H)-ol (21)

1H NMR (CDCl3): d 2.96 (3H, s, SO2CH3), 3.05 (1H, d, J¼5.3 Hz,
OH), 3.48 (1H, d�d, J¼3.3, 13.5 Hz, CHH-3), 3.94 (3H, s, OCH3), 4.00
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(1H, d�d�d, J¼1.3, 3.6, 13.5 Hz, CHH-3), 4.07 (3H, s, OCH3), 4.45
(1H, d, J¼16.5 Hz, CHaHb-1), 4.93 (1H, dd, J¼1.3, 16.5 Hz, CHaHb-1),
5.26–5.31 (1H, m, H-4), 7.52–7.59 (2H, m, H-7 and H-8), 8.05–8.11
(2H, m, H-6 and H-9). 13C NMR (CDCl3): d 36.9 (SO2CH3), 43.5 (C-1),
50.0 (C-3), 61.6 (OCH3), 62.2 (C-4), 63.2 (OCH3), 121.4 (]Cquat),
122.34 and 122.6 (C-6 and C-9), 125.7 (]Cquat), 126.4 and 126.9 (C-7
and C-8), 127.8 (]Cquat), 128.3 (]Cquat), 148.4 (]C–O), 151.5 (]C–
O). IR (KBr): nmax 3460, 1646, 1616, 1172 cm�1. MS (ES) m/z (%): 337
(Mþ, 6), 150 (11), 149 (10), 135 (19), 43 (100). Anal. Calcd for
C16H19NO5S: C, 56.96; H, 5.68; N, 4.15. Found: C, 56.73; H, 5.61; N,
4.03.

4.7. Synthesis of 2-methanesulfonyl-4-hydroxy-1,2,3,4-
tetrahydrobenz[g]isoquinoline-5,10-dione (22)

A solution of cerium(IV) ammonium nitrate in water (5 ml)
was added dropwise to a cooled (0 �C) solution of 2-methane-
sulfonyl-5,10-dimethoxy-2,3-dihydrobenz[g]isoquinoline-4(1H)-ol
(21) (0.15 mmol, 50 mg) in acetonitrile (2 ml) and the mixture was
stirred for 20 min at 0 �C. The mixture was poured in water and
extracted with small portions of ethyl acetate. The combined or-
ganic extracts were washed with brine, dried (MgSO4) and evapo-
rated in vacuo. Recrystallization from ethyl acetate/hexane (1:1)
gave 2-methanesulfonyl-4-hydroxy-1,2,3,4-tetrahydrobenz[g]iso-
quinoline-5,10-dione (22) (40 mg, 87%) as yellow crystals, mp
178.5–178.8 �C.

4.7.1. 2-Methanesulfonyl-4-hydroxy-1,2,3,4-tetrahydrobenz[g]-
isoquinoline-5,10-dione (22)

1H NMR (DMSO-d6): d 3.04 (3H, s, SO2CH3), 3.03–3.10 (1H, m,
CHH-3), 3.73 (1H, d�d, J¼1.7, 13.2 Hz, CHH-3), 4.03 (1H, d,
J¼19.5 Hz, CHaHb-1), 4.45 (1H, d, J¼19.5 Hz, CHaHb-1), 4.81 (1H,
m, H-4), 5.66 (1H, d, J¼5.9 Hz, OH), 7.88–7.93 (2H, m, H-7 and H-
8), 8.02–8.07 (2H, m, H-6 and H-9). 13C NMR (DMSO-d6): d 36.0
(SO2CH3), 41.9 (C-1), 49.1 (C-3), 58.5 (C-4), 125.8 and 126.0 (C-6
and C-9), 131.3 (]Cquat), 131.4 (]Cquat), 134.1 and 134.4 (C-7 and
C-8), 140.5 (]Cquat), 140.6 (]Cquat), 182.4 (C]O), 183.4 (C]O). IR
(KBr): nmax 3420, 1654, 1589 cm�1. MS (ES) m/z (%): 307 (Mþ, 11),
289 (14), 288 (13), 210 (54), 209 (50), 200 (100). Anal. Calcd for
C14H13NO5S: C, 54.72; H, 4.26; N, 4.56. Found: C, 54.60; H, 4.11;
N, 4.30.

4.8. Synthesis of 2-methanesulfonyl-1,2-dihydrobenz[g]-
isoquinoline-5,10-dione (23)

To a solution of 2-methanesulfonyl-4-hydroxy-1,2,3,4-tetra-
hydrobenz[g]isoquinoline-5,10-dione (22) (0.03 mmol, 9 mg) in
dichloromethane (5 ml) was added thionyl chloride (0.15 mmol,
18 mg) and the mixture was heated under reflux for 16 h. The
solvent was evaporated in vacuo and the residue was mixed
with diethyl ether (2 ml) and 12 M HCl (2 ml). The mixture was
stirred vigorously for 1 day in a stoppered flask, which was
protected from light with aluminium foil. Water was added and
the solution was extracted with diethyl ether, dried (MgSO4)
and evaporated in vacuo. Flash chromatography on silica gel
using ethyl acetate/hexane (2:3) as eluent gave 2-methane-
sulfonyl-1,2-dihydrobenz[g]isoquinoline-5,10-dione (23) (5 mg,
58%) as red crystals. Spectral data were in accordance with
literature data.10

4.9. Synthesis of N-methanesulfonyl-2-((allylamino)methyl)-
3-bromo-1,4-naphthoquinone (24)

A solution of cerium(IV) ammonium nitrate (3 mmol, 1.63 g) in
water (10 ml) was added dropwise to a cooled (0 �C) solution of N-
methanesulfonyl-2-((allylamino)methyl)-3-bromo-1,4-dimethoxy-
naphthalene (17) (1 mmol, 0.41 g) in acetonitrile (20 ml) and the
reaction mixture was stirred for an additional 30 min at the same
temperature. After the addition of water, the aqueous solution was
extracted with small portions of ethyl acetate. The combined
organic extracts were washed with brine, dried (MgSO4) and
evaporated in vacuo. Recrystallization from ethyl acetate afforded
N-methanesulfonyl-2-((allylamino)methyl)-3-bromo-1,4-naph-
thoquinone (24) (0.26 g, 68% yield) as fine yellow needles, mp
162.6–163.5 �C.

4.9.1. N-Methanesulfonyl-2-((allylamino)methyl)-3-bromo-1,4-
naphthoquinone (24)

1H NMR (CDCl3): d 3.02 (3H, s, SO2CH3), 3.96 (2H, br d, J¼6.3 Hz,
CH2CH]CH2), 4.58 (2H, s, ArCH2), 5.17–5.31 (2H, m, CH]CH2), 5.88
(1H, d�d�t, J¼6.3, 10.2, 17.2 Hz, CH]CH2), 7.74–7.84 (2H, m, H-7
and H-8), 8.11–8.19 (2H, m, H-6 and H-9). 13C NMR (CDCl3): d 38.8
(SO2CH3), 46.9 (ArCH2), 51.9 (CH2CH]CH2), 119.5 (CH]CH2), 127.3
and 127.8 (C-6 and C-9), 130.9 (]Cquat), 131.3 (]Cquat), 132.9
(CH]CH2), 134.3 and 134.6 (C-6 and C-7), 141.9 (]Cquat), 145.3
(]Cquat), 177.4 (C]O), 181.5 (C]O). IR (KBr): nmax 1673, 1591,
1147 cm�1. MS (ES) m/z 304/306 (Mþ�SO2CH3, 6), 149 (12), 84 (79),
49 (100). Anal. Calcd for C15H14BrNO4S: C, 46.89; H, 3.67; N, 3.65.
Found: C, 46.81; H, 3.60; N, 3.68.
4.10. Reaction of N-methanesulfonyl-2-((allylamino)methyl)-
3-bromo-1,4-naphthoquinone (24) with palladium(II) acetate

A mixture of N-methanesulfonyl-2-((allylamino)methyl)-3-
bromo-1,4-naphthoquinone (24) (0.5 mmol, 192 mg), sodium
carbonate (2.5 mmol, 265 mg) and palladium(II) acetate
(0.25 mmol, 56 mg) in acetonitrile (20 ml) was heated under
reflux for 3 h. Water was added and the aqueous solution was
extracted with small portions of ethyl acetate. The combined
organic extracts were washed with brine, dried (MgSO4) and
evaporated in vacuo. Flash chromatography on silica gel using
ethyl acetate/petroleum ether (1:4) as eluent gave first 4-meth-
ylbenz[g]isoquinoline-5,10-dione (27) (Rf¼0.20, 50 mg, 45% yield),
mp 126.5 �C. Using the same solvent mixture, 2-methanesulfonyl-
4-methyl-1,2-dihydrobenz[g]isoquinoline-5,10-dione (26) (Rf¼0.12,
20 mg, 13% yield) eluted as a second fraction from the column.
Recrystallization from acetone afforded 26 as dark red crystals, mp
185.0–185.4 �C.

4.10.1. 2-Methanesulfonyl-4-methyl-1,2-dihydrobenz[g]-
isoquinoline-5,10-dione (26)

1H NMR (CDCl3): d 2.28 (3H, d, J¼1.5 Hz, CH3), 2.98 (3H, s,
SO2CH3), 4.73 (2H,s, H-1), 6.86 (1H, d, J¼1.5 Hz, H-3), 7.73–7.76 (2H,
m, H-7 and H-8), 8.07–8.10 (2H, m, H-6 and H-9). 13C NMR (CDCl3):
d 18.0 (CH3), 39.1 (SO2CH3), 41.2 (C-1), 115.9 (]Cquat), 125.9 and
126.7 (C-6 and C-9), 129.2 (]Cquat), 131.5 (]Cquat), 131.8 (C-3), 132.3
(]Cquat), 133.8 (C-7 and C-8), 137.9 (]Cquat), 182.1 (C]O), 183.6
(C]O). IR (KBr): nmax 1668, 1639, 1618, 1588, 1549, 1145 cm�1. MS
(ES) m/z 223 (Mþ�SO2CH3, 30), 195 (9), 149 (22), 57 (100). Anal.
Calcd for C15H13NO4S: C, 59.39; H, 4.32; N, 4.62. Found: C, 59.61; H,
4.66; N, 4.58.

4.10.2. 4-Methylbenz[g]isoquinoline-5,10-dione (27)
1H NMR (CDCl3): d 2.84 (3H, s, CH3), 7.82–7.86 (2H, m, H-7 and

H-8), 8.25–8.30 (2H, m, H-6 and H-9), 8.89 (1H, s, H-3), 9.45 (H-1).
13C NMR (CDCl3): d 19.4 (CH3), 126.6 (]Cquat), 126.8 and 127.3 (C-6
and C-9), 132.5 (]Cquat), 133.4 (]Cquat), 134.1 (]Cquat), 134.5 and
134.6 (C-7 and C-8), 135.5 (]Cquat), 148.2 (C-1), 158.5 (C-3), 183.1
(C]O), 184.8 (C]O). IR (KBr): nmax 1678, 1638, 1617 cm�1. MS (ES)
m/z 223 (Mþ, 13), 84 (13), 58 (31), 43 (100). Anal. Calcd for
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C14H9NO2: C, 75.33; H, 4.06; N, 6.27. Found: C, 75.71; H, 4.22; N,
6.30.
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