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Using a palladium(Il)-catalysed oxidative cyclisation as key step, we describe a highly efficient total
synthesis of a series of naturally occurring 1,6-dioxygenated carbazole alkaloids: clausenine, 6-
methoxymurrayanine, clausenol, clausine G, clausine I, clausine Z and methyl 1,6-dihydroxy-9H-carba-
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1. Introduction

The structural diversity and promising biological activities of
carbazole alkaloids has led to an intense research activity in this
area.! =% All 1,6-dioxygenated carbazoles isolated from nature so far
have a one-carbon substituent at C-3 of the carbazole framework.
The central relay compound for the biogenesis of carbazole alka-
loids in higher plants is 3-methylcarbazole. Further oxygenation
reactions at the carbazole nucleus and oxidations at the 3-methyl
group take place afterwards.!>® Herein, we describe full details of
our palladium-catalysed route to the 1,6-dioxygenated carbazole
alkaloids clausenine (1), 6-methoxymurrayanine (2), clausenol (3),
clausine 1 (4), clausine G (5), clausine Z (6) and methyl 1,6-
dihydroxy-9H-carbazole-3-carboxylate (7) (Fig. 1).1°

In 1991, El-Feraly et al. reported the first isolation of a 1,6-
dioxygenated carbazole, 6-methoxymurrayanine (2), from the roots
of Clausena lansium."" Four years later, Chakraborty et al. isolated
clausenine (1) and clausenol (3) from the dried stem bark of Clausena
anisata and described their antibiotic activity against Gram-positive
and Gram-negative bacteria as well as fungi.'? Clausenol (3) is much
more active than clausenine (1) and the inhibition against some
bacteria is similar to that reported for streptomycin.!? In 1996, Wu
et al. described the isolation of clausine I (4) and clausine G (5) from
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the stem bark of Clausena excavata.!>' Clausine I (4) showed an in-
hibition of rabbit platelet aggregation induced by arachidonic acid. In
2005, Potterat et al. from Boehringer Ingelheim Pharma GmbH
reported the isolation of clausine Z (6) from the stems and leaves of C.
excavata.”” Clausine Z (6) showed an inhibitory activity against cyclin-
dependent kinase 5 (CDK5) and a protective effect on cerebral granule
neurons against free radical induced cell death. In 2010, Laphookhieo
et al. described the isolation of methyl 1,6-dihydroxy-9H-carbazole-
3-carboxylate (7) from the stems of C. excavata.'®

Due to their biological activity, several syntheses of 1,6-
dioxygenated carbazoles have been described. In 1995, Chakraborty
et al. reported the first synthesis of clausenine (1) and clausenol (3)
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Fig. 1. The naturally occurring 1,6-dioxygenated carbazole alkaloids 1-7.
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(three to four steps and 6% overall yield).!? In 1999, Lin and Zhang’s
optimisation of Chakraborty’s earlier synthetic route provided clau-
senol (3) in 17% overall yield.”'® In 2007, Tamariz et al. reported
a synthesis of 6-methoxymurrayanine (2) (six steps, 16% overall yield)
and clausenine (1) (six steps, 20% overall yield).’® In 2008, Fagnou
et al. described the synthesis of clausenine (1) in three steps and 69%
overall yield.®

We have developed a highly efficient palladium-catalysed syn-
thesis of the whole series of 1,6-dioxygenated carbazole alkaloids
described above (Fig. 1).1° Key steps of our route are a Buch-
wald—Hartwig coupling providing diarylamines and a subsequent
palladium(Il)-catalysed oxidative cyclisation.!= This approach has
also been successfully applied to the synthesis of 2-oxygenated,?%2!
6-oxygenated,>>  7-oxygenated,”>  1,7-dioxygenated,?*  2,6-
dioxygenated,® 2,7-dioxygenated®® and 1,7,8-trioxygenated car-
bazoles.® Retrosynthetic analysis of the seven 1,6-dioxygenated
carbazole alkaloids 1-7 led to identification of 4-bromoanisole
(8) and the methyl 4-aminobenzoates 9a and 9b as starting mate-
rials (Scheme 1).
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Scheme 1. Retrosynthetic analysis of the 1,6-dioxygenated carbazole alkaloids 1-7.

2. Results and discussion

Buchwald—Hartwig amination of 4-bromoanisole (8) and
methyl 4-amino-3-methoxybenzoate (9a) led quantitatively to the
diarylamine 10 (Scheme 2). As described by Akermark for acceptor-
substituted diarylamines,?’ oxidative cyclisation of 10 using over-
stoichiometric amounts of palladium(Il) acetate afforded directly
the carbazole 11 in 96% yield (Scheme 2, Table 1). Our first
experiments with catalytic amounts of palladium(Il) acetate in the
presence of copper(Il) acetate for reoxidation of palladium using
either thermal induction?® or microwave heating?>?*° provided
carbazole 11 only in poor yield (Table 1, entry 2). However, in the
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Scheme 2. Synthesis of clausenine (1). Reagents and conditions: (a) 1.1 equiv 8,
6 mol % Pd(OAc),, 12 mol % SPhos, 1.4 equiv Cs,COs, toluene, 110 °C, 5 d, 100%; (b) see
Table 1; (c) see Table 2.

Table 1
Oxidative cyclisation of the diarylamine 10 to methyl 1,6-dimethoxy-9H-carbazole-
3-carboxylate (11)

Reagents and conditions 11, Yield [%] 10, Yield [%]
2 equiv Pd(OAc),, HOACc, 96 —

117 °C, 4 h, Ar
0.1 equiv Pd(OAc),, 2.5 11 75

equiv Cu(OAc),, DMF,
130 °C, MW 300 W, 4 h, air

1.3 equiv Pd(OAc)s,, 76 —
2.5 equiv Cu(OAc),, HOAC,
117 °C, 40 h, Ar

0.1 equiv Pd(OAc),, 0.1
equiv K,COs3, HOPiv,
115°C, 14 h, Ar

presence of copper(ll) acetate, 1.3 equiv of palladium(Il) acetate
were sufficient to achieve satisfactory yields of carbazole 11 (Table
1, entry 3). Finally, using 10 mol % of palladium(Il) acetate and
potassium carbonate in pivalic acid,® carbazole 11 was obtained in
75% yield (Table 1, entry 4).

Reduction of carbazole 11 using lithium aluminium hydride in
diethyl ether/dichloromethane at room temperature afforded
clausenine (1) in only 48% yield along with 1,6-dimethoxy-3-
hydroxymethyl-9H-carbazole (12) in 36% yield and the previously
unknown biscarbazole 13 in up to 9% yield (Table 2). Reduction with
lithium aluminium hydride in tetrahydrofuran at elevated tem-
perature provided clausenine (1) in 74% yield (Scheme 2, Table 2).
Thus, clausenine (1) was obtained in three steps and 71% overall
yield.

Table 2
Reduction of methyl 1,6-dimethoxy-9H-carbazole-3-carboxylate (11) with lithium
aluminium hydride

Reagents and conditions 1, Yield [%] 12, Yield [%] 13, Yield [%]
4 equiv LiAlH, Et,0/ 48 36 9

CH,Cl, (1:1), 1t, 6 h
4 equiv LiAlHg4, THF, 67 °C, 4 h 74 — 1

Lithium aluminium hydride reductions of alkyl carbazole-3-
carboxylates to 3-methylcarbazoles have been known for a long
time.! In 2001, Bringmann et al. obtained biscarbazoles as side
products of the reduction of carbazole-3-carboxylic acid esters and
proposed a mechanistic pathway for this transformation.3® Re-
duction of the ester group of carbazole 11 followed by elimination
of metal oxide from intermediate 14 would lead to the quinone
imine methide 15 (Scheme 3). Subsequent attack of different nu-
cleophiles at the quinone imine methide 15 would afford the
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Scheme 3. Proposed mechanism for the formation of clausenine (1) and the biscar-
bazole 13.
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observed products. Addition of hydride provides clausenine (1),
whereas addition of a second carbazole moiety leads to the bis-
carbazole 13. The formation of the biscarbazole 13 is explained by
attack of carbazole 11 at intermediate 15 followed by reduction of
the ester group to a hydroxymethyl group.

A selective cleavage of the methyl ether at the 1-position of the
carbazole 11 would afford clausine G (5). However, treatment of 11
with 4 equiv of boron tribromide at low temperature led to methyl
1,6-dihydroxy-9H-carbazole-3-carboxylate (7) in 67% yield along
with the non-natural isoclausine G (16) in 33% yield (Scheme 4,
Table 3). Thus, using mild reaction conditions the methyl ether at C-
6 is cleaved first. Subsequent to our original communication on this
work,!° the carbazole 7 was isolated from the stems of C. excavata
collected in southern Thailand by Laphookhieo et al.'® Therefore,
we aimed at an optimisation of the double ether cleavage of car-
bazole 11. Using 6 equiv of boron tribromide and warming to room
temperature provided exclusively methyl 1,6-dihydroxy-9H-car-
bazole-3-carboxylate (7) in 75% yield. Using this route, methyl 1,6-
dihydroxy-9H-carbazole-3-carboxylate (7) is accessible in three
steps and 72% overall yield.
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carbazole-3-carboxylate

HO COOMe

sy

’}‘ OoM
& e

16 Isoclausine G

Scheme 4. Synthesis of methyl 1,6-dihydroxy-9H-carbazole-3-carboxylate (7) and
isoclausine G (16). Reagents and conditions: see Table 3.

Table 3

Ether cleavage of methyl 1,6-dimethoxy-9H-carbazole-3-carboxylate (11)
Reagents and conditions 7, Yield [%] 16, Yield [%]
4 equiv BBr3, CH,Cl,, —78 °Cto —10°C, 17.5h 67 33
6 equiv BBr3, CH,Cl,, —78°Ctort, 16.5 h 75 —

Reduction of carbazole 11 using diisobutylaluminium hydride
(DIBAL-H)?? followed by oxidation with commercially available
manganese(IV) oxide3334 led to 6-methoxymurrayanine (2) in 87%
yield over both steps (four steps and 84% overall yield) (Scheme 5).
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Scheme 5. Synthesis of 6-methoxymurrayanine (2), isoclausine I (17) and clausine Z
(6). Reagents and conditions: (a) 2.6 equiv DIBAL-H, Et,0, —78°C, 3.5 h, 87%; (b)
5 equiv MnO,, CH,Cl,, rt, 24 h, 100%; (c) 3 equiv BBr3, CH,Cl,, —78 °C to rt, 24 h, 73% of
17 and 24% of 6.

Ether cleavage of 6-methoxymurrayanine (2) using boron tri-
bromide afforded clausine Z (6) and the non-natural isoclausine I
(17). This approach leads to clausine Z (6) in five steps and 20%
overall yield.

Obviously, the methoxy group at C-1 of the carbazole ring is
more stable towards ether cleavage than the methyl ether in the 6-
position. This finding led us to devise a different protecting group
strategy for the synthesis of the 1-hydroxy-6-methoxycarbazoles
clausenol (3), clausine I (4) and clausine G (5).

Following a literature procedure, 3-hydroxy-4-nitrobenzoic acid
(18) was converted into the benzyloxy-substituted arylamine 9b via
three steps (Scheme 6).3° Benzyl ethers are cleaved selectively in
the presence of methyl ethers using hydrogen and palladium on
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COOMe COOMe
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Scheme 6. Synthesis of clausine G (5). Reagents and conditions: (a) MeOH, cat. H,SO4,
65 °C, 17 h, 99%; (b) BnBr, K;COs, acetone, 56 °C, 17 h, 100%; (c) Fe, HOAc, rt to 40 °C,
4h, 100%; (d) 6 mol % Pd(OAc),, 12 mol % SPhos, 1.4 equiv Cs,COs5, 1.1 equiv 4-
bromoanisole (8), toluene, 80 °C, 64 h, 90%; (e) see Table 4; (f) 10% Pd/C, Hy, CH,Cly/
MeOH (1:1), rt, 18 h, 89%.

activated carbon. Moreover, both protecting groups can be removed
in a one pot reaction using boron tribromide. Buchwald—Hartwig
amination using similar conditions as described for the diarylamine
10 provided the diarylamine 21. The best results for the cyclisation
of 21 were achieved using 2 equiv of palladium(Il) acetate, which
led to the carbazole 22 in 62% yield (Table 4). Using 1 equiv of
palladium(Il) acetate in the presence of 2.5 equiv of copper(Il)
acetate provided the carbazole 22 in 53% yield. Using catalytic
amounts of palladium(Il) acetate and potassium carbonate in piv-
alic acid afforded the carbazole 22 in up to 54% yield. Cleavage of
the benzyl ether with palladium on activated carbon under hy-
drogen atmosphere provided clausine G (5) in six steps and 49%
overall yield based on commercially available 3-hydroxy-4-
nitrobenzoic acid (18).

Table 4
Oxidative cyclisation to methyl 1-benzyloxy-6-methoxy-9H-carbazole-3-
carboxylate (22)
Reagents and conditions 22, Yield [%] 21, Yield [%]
2 equiv Pd(OAc),, HOACc, 62 3
100°C, 14 h, Ar
1 equiv Pd(OAc),, 2.5 equiv 53 29
Cu(OAc),, HOAc,
100 °C, 40 h, Ar
0.1 equiv Pd(OAc);, 0.1 equiv 48 141
K>COs3, HOPiv, 100 °C, 14 h, air
0.2 equiv Pd(OAc),, 0.1 equiv 54 17

K»CO3, HOPiv, 115 °C, 40 h, air
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Reduction of compound 22 using lithium aluminium hydride
afforded the benzyl-protected clausenol 23 in 94% yield along with
the biscarbazole 24 in 3% yield (Scheme 7). Catalytic hydrogenolysis
of 23 provided clausenol (3) in seven steps and 52% overall yield.
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Scheme 7. Synthesis of clausenol (3). Reagents and conditions: (a) 4 equiv LiAlH,4, THF,
67 °C, 7 h, 94% of 23 and 3% of 24; (b) 10% Pd/C, H,, CH,Cl,/MeOH (1:1), rt, 40 h, 100%.

Reduction of carbazole 22 with diisobutylaluminium hydride
(DIBAL-H) led to the carbinol 25 (Scheme 8).3? Subsequent oxida-
tion using activated manganese(IV) oxide afforded the benzyl-
protected clausine 1 26.3334 Using aluminium trichloride as Lewis
acid in refluxing 1,4-dioxane resulted in selective removal of the
benzyl ether and provided quantitatively clausine I (4).3° Treatment
of compound 26 with boron tribromide led to cleavage of both
ethers and provided clausine Z (6). Thus, the present route affords
clausine I (4) in eight steps and 52% overall yield and clausine Z (6)
in eight steps and 29% overall yield both starting from commer-
cially available starting materials.

Many naturally occurring carbazoles exhibit useful antibiotic
activities.® Previously, we have reported on the anti-TB activity of
carbazole derivatives.? Therefore, a selection of the carbazoles
described in the present paper (compounds 4, 5, 6, 22, 23, 25 and
26) has been tested for their inhibitory effect on Mycobacterium

MeO, COOMe MeO CH,OH
— -
N N e
4 OBn d n
22 25
MeO, CHO MeO, CHO
..
N N bu
4 OBn 4
26 4 Clausine |
MeO, CHO HO, CHO
-
\ N oH
4 OBn 4
26 6 Clausine Z

Scheme 8. Synthesis of clausine I (4) and clausine Z (6). Reagents and conditions: (a)
2.6 equiv DIBAL-H, Et,0, —78 °C, 3.5 h, 95%; (b) 5 equiv MnO,, CH,Cl,, rt, 24 h, 100%;
(c) 10 equiv AlCls, dioxane, 101 °C, 3 h, 100%; (d) 4 equiv BBr3, CH,Cly, —78 °C to rt,
24 h, 55%.

tuberculosis (MTB) Hs7Rv strain using the microplate alamar blue
assay (MABA).4! Compound 23 was found to exhibit an inhibitory
activity; minimum inhibitory concentration (MTB Hs;Rv):
MICg9=31.7 uM; toxicity (vero cells): IC5o >128 uM; selectivity in-
dex (ICSO/MICQQ)Z SI >4.

3. Conclusion

We have described efficient synthetic routes to all seven 1,6-
dioxygenated carbazoles, which have been isolated so far from
natural sources. Clausenine (1), 6-methoxymurrayanine (2), clau-
senol (3), clausine I (4), clausine G (5), clausine Z (6) and methyl 1,6-
dihydroxy-9H-carbazole-3-carboxylate (7) are available in three to
eight steps and up to 83% overall yield via a sequence of Buch-
wald—Hartwig amination and oxidative cyclisation as key steps for
construction of the carbazole framework. One derivative (com-
pound 23) showed a moderate activity against M. tuberculosis.

4. Experimental section
4.1. General

All reactions were carried out in oven-dried glassware using dry
solvents under an argon atmosphere unless stated otherwise.
Dichloromethane, diethyl ether, dioxane, tetrahydrofuran and tol-
uene were dried using a solvent purification system (MBraun-SPS).
Acetone was distilled from phosphorus(V) oxide and stored over
3 A molecular sieves. Palladium(ll) acetate was recrystallised from
glacial acetic acid. All other chemicals were used as received from
commercial sources. Flash chromatography was performed using
silica gel from Acros Organics (0.035—0.070 mm). Thin layer chro-
matography was performed with TLC plates from Merck (60 Fas54)
using UV-light for visualisation. Melting points were measured on
a Gallenkamp MPD 350 melting point apparatus. Ultraviolet spectra
were recorded on a Perkin Elmer 25 UV/VIS spectrometer. Infrared
spectra were recorded on a Thermo Nicolet Avatar 360 FT-IR
spectrometer using the ATR method (Attenuated Total Re-
flectance). NMR spectra were recorded on Bruker Avance 11300 and
DRX 500 spectrometers. Chemical shifts ¢ are reported in parts per
million with the non-deuterated solvent as internal standard.>” The
following abbreviations have been used: s: singlet, d: doublet, dd:
doublet of doublets, t: triplet, tt: triplet of triplets, m: multiplet and
br: broad. Mass spectra were recorded on a Finnigan MAT-95
spectrometer (electron impact, 70 eV) or by GC/MS-coupling us-
ing an Agilent Technologies 6890 N GC System equipped with
a 5973 Mass Selective Detector (electron impact, 70 eV). ESI-MS
spectra were recorded on an Esquire LC with an ion trap detector
from Bruker. Positive and negative ions were detected. Elemental
analyses were measured on an EuroVector EuroEA3000 elemental
analyser.

4.2. Methyl 3-methoxy-4-(4-methoxyphenylamino)benzoate (10)

4-Bromoanisole (8) (233 uL, 1.86 mmol) was added to a solution
of methyl 4-amino-3-methoxybenzoate (9a) (306 mg, 1.69 mmol),
palladium(ll) acetate (22.8 mg, 0.101 mmol), SPhos (83.2 mg,
0.203 mmol) and caesium carbonate (771 mg, 2.37 mmol) in tolu-
ene (31 mL). After stirring for 120 h at reflux, the solvent was re-
moved under reduced pressure. The residue was directly submitted
to flash chromatography on silica gel (petroleum ether/ethyl acetate
4:1) to provide methyl 3-methoxy-4-(4-methoxyphenylamino)-
benzoate (10) as colourless solid, yield: 485 mg (100%), mp
58.5-59 °C.

UV (MeOH): Amax=233 (sh), 325 nm. IR (ATR): »=3400, 3000,
2948, 2835, 2636, 1699, 1598, 1523, 1507, 1452, 1431, 1406, 1356,
1273,1255,1218, 1171, 1124, 1101, 1030, 987, 898, 874, 825, 760, 724,
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660, 610 cm~ L. 'H NMR (500 MHz, CDCl3): 6=3.82 (s, 3H), 3.87 (s,
3H), 3.96 (s, 3H), 6.30 (br s, 1H), 6.90 (d, J=8.8 Hz, 2H), 6.92 (d,
J=8.4Hz, 1H), 7.16 (d, J=8.8 Hz, 2H), 7.49 (d, J=1.7 Hz, 1H), 7.55 (dd,
J=8.4, 1.7 Hz, 1H). '3C NMR and DEPT (125 MHz, CDCl5): 6=51.84
(CH3), 55.64 (CH3), 55.75 (CH3), 109.85 (CH), 110.78 (CH), 114.81 (2
CH), 119.07 (C), 124.19 (CH), 124.56 (2 CH), 133.40 (C), 140.07 (C),
146.03 (C), 156.48 (C), 167.40 (C=0). MS (El): m/z (%)=287 (100,
M), 272 (66), 256 (9), 241 (35), 228 (11), 213 (4), 198 (4), 184 (5),
170 (5), 128 (10), 121 (4). Anal. Calcd (%) for C;gH17NOg4: C 66.89, H
5.96, N 4.88. Found: C 67.01, H 6.10, N 4.96.

4.3. Methyl 1,6-dimethoxy-9H-carbazole-3-carboxylate (11)

Method A (2 equiv of palladium(II) acetate). A solution of methyl
3-methoxy-4-(4-methoxyphenylamino)benzoate (10) (159 mg,
0.554 mmol) and palladium(II) acetate (259 mg, 1.11 mmol) in gla-
cial acetic acid (7 mL) was heated at reflux for 4 h. The solvent was
removed under reduced pressure and the residue was purified by
flash chromatography on silica gel (petroleum ether/ethyl acetate
1:1) to afford methyl 1,6-dimethoxy-9H-carbazole-3-carboxylate
(11) as colourless crystals, yield: 152 mg (96%), mp 144.5—145.0 °C.

Method B (catalytic amounts of palladium(Il) acetate). A solu-
tion of methyl 3-methoxy-4-(4-methoxyphenylamino)benzoate
(10) (53.1mg, 0.185mmol), palladium(ll) acetate (4.2 mg,
0.018 mmol) and potassium carbonate (2.6 mg, 0.018 mmol) in
pivalic acid (175 mg) was heated at 115°C for 14 h under air.
Dichloromethane was added and the solution was washed twice
with a saturated aqueous solution of potassium carbonate. The
combined aqueous layers were extracted three times with
dichloromethane. The combined organic layers were washed with
brine, dried over magnesium sulfate and the solvent was removed
under reduced pressure. Purification of the residue by flash
chromatography on silica gel (isohexane/ethyl acetate 4:1) afforded
methyl 1,6-dimethoxy-9H-carbazole-3-carboxylate (11) as colour-
less crystals, yield: 39.5 mg (75%), mp 144.5—145.0 °C.

UV (MeOH): Amax=224, 238, 248, 258, 268, 285, 321, 348 (sh)
nm. IR (ATR): »=3355, 3013, 2998, 2921, 2851, 1761, 1686, 1629,
1609, 1585, 1506, 1482, 1462, 1435, 1404, 1357, 1310, 1261, 1202,
1174, 1132, 1102, 1036, 995, 947, 915, 880, 840, 812, 792, 767, 755,
729, 675 cm~ L. 'H NMR (500 MHz, CDCl3): 6=3.93 (s, 3H), 3.98 (s,
3H), 4.05 (s, 3H), 7.09 (dd, J=8.8, 2.5 Hz, 1H), 7.38 (d, J=8.8 Hz, 1H),
7.56 (m, 2H), 8.35 (br s, 1H), 8.44 (d, J=0.9 Hz, 1H). >*C NMR and
DEPT (125 MHz, CDCl3): 6=52.18 (CH3), 55.87 (CH3), 56.11 (CH3),
103.23 (CH), 106.55 (CH), 112.14 (CH) 116.02 (CH), 116.39 (CH),
121.58 (C), 123.66 (C), 124.37 (C), 133.82 (C), 134.41 (C), 145.27 (C),
154.56 (C), 168.12 (C=0). MS (EI): m/z (%)=285 (100, M "), 270 (74),
254 (10), 242 (8), 224 (8), 211 (8), 183 (5), 168 (5), 142 (6), 127 (13),
120 (5), 105 (5). Anal. Calcd (%) for C46H15NO4: C 67.36, H 5.30,
N 4.91. Found: C 67.33, H 5.49, N 4.96.

4.4. Clausenine (1,6-dimethoxy-3-methyl-9H-carbazole) (1)
and 1,6-dimethoxy-3-(3-hydroxymethyl-1,6-dimethoxy-9H-
carbazol-9-yl)methyl-9H-carbazole (13)

A1 M solution of lithium aluminium hydride in tetrahydrofuran
(1.3 mL, 1.3 mmol) was added within 5 min at room temperature to
a solution of methyl 1,6-dimethoxy-9H-carbazole-3-carboxylate
(11) (R=0.53, petroleum ether/ethyl acetate 1:1) (92.3 mg,
0.325 mmol) in tetrahydrofuran (9 mL). The mixture was heated at
reflux for 4 h. Water was carefully added and the mixture was
neutralised with 1 M hydrochloric acid. The aqueous layer was
separated and extracted four times with dichloromethane. The
combined organic layers were washed with brine, dried over
magnesium sulfate and the solvent was removed in vacuum. Pu-
rification of the residue by flash chromatography on silica gel
(petroleum ether/ethyl acetate 9:1) afforded clausenine (1,6-

dimethoxy-3-methyl-9H-carbazole) (1), Rg=0.65 (petroleum
ether/ethyl acetate 1:1) as colourless crystals, yield: 57.8 mg (74%),
mp 149—150°C (lit.:’? 151 °C) along with 1,6-dimethoxy-3-(3-
hydroxymethyl-1,6-dimethoxy-9H-carbazol-9-yl)methyl-9H-car-
bazole (13), R=0.14 (petroleum ether/ethyl acetate 1:1) as a
colourless solid, yield: 1.0 mg (1%).

Compound 1: UV (MeOH): Anax=226, 241, 258 (sh), 287 (sh),
299, 340, 354 nm. IR (ATR): »=3385, 2955, 2918, 2852, 1619, 1581,
1505, 1486, 1459, 1451, 1437, 1394, 1304, 1268, 1207, 1145, 1129,
1035, 1025, 940, 838, 821, 800, 769 cm~'. 'H NMR (500 MHz,
DMSO-dg): 6=2.45 (s, 3H), 3.82 (s, 3H), 3.95 (s, 3H), 6.78 (s, 1H), 6.97
(dd, J=8.7, 2.4 Hz, 1H), 7.33 (d, J=8.7 Hz, 1H), 7.46 (s, 1H), 7.55 (d,
J=2.4Hz,1H),10.92 (br s, 1H). >*C NMR and DEPT (125 MHz, DMSO-
dg): 6=21.57 (CH3), 55.23 (CH3), 55.51 (CH3), 102.64 (CH), 107.53
(CH), 111.97 (CH), 112.31 (CH), 114.56 (CH), 122.75 (C), 123.48 (C),
127.45 (C), 128.56 (C), 134.68 (C), 145.33 (C), 152.80 (C). MS (EI): m/z
(%)=241 (91, M™), 226 (100), 211 (11), 198 (20), 183 (7), 167 (9), 155
(17),154 (14). Anal. Calcd (%) for C15H15NO2: C 74.67, H 6.27, N 5.81.
Found: C 74.88, H 6.36, N 5.50.

Compound 13: 'H NMR (300 MHz, CDCl3): 6=3.84 (s, 3H), 3.87 (s,
3H), 3.90 (s, 3H), 3.96 (s, 3H), 4.86 (s, 2H), 5.98 (s, 2H), 6.75 (d,
J=1.1Hz,1H),6.98(d,J=1.3 Hz,1H),6.99—7.05 (m, 2H), 7.28—7.35 (m,
2H), 7.38 (d, J=2.5 Hz, 1H), 7.41 (s, 1H), 7.54 (d, J=2.5 Hz, 1H), 7.70 (d,
J=13 Hz, 1H), 8.02 (br s, 1H). MS (ESI, —10 V): m/z=495 (M—H)".

4.5. Methyl 1,6-dihydroxy-9H-carbazole-3-carboxylate (7) and
isoclausine G (methyl 6-hydroxy-1-methoxy-9H-carbazole-3-
carboxylate) (16)

Method A. A 1 M solution of boron tribromide in dichloro-
methane (1.5 mL, 1.5 mmol) was added at —78 °C to a solution of
methyl 1,6-dimethoxy-9H-carbazole-3-carboxylate (11) (108 mg,
0.378 mmol) in dichloromethane (15 mL). After stirring for 30 min
at this temperature the solution was allowed to warm to —10 °C
and stirring was continued for 17 h. Methanol (4 mL) was added
and the solvents were evaporated. Purification of the residue by
flash chromatography on silica gel (petroleum ether/ethyl acetate
4:1) afforded methyl 1,6-dihydroxy-9H-carbazol-3-carboxylate (7)
as light brown crystals, yield: 66.2 mg (67%) mp 198—200 °C, along
with methyl 6-hydroxy-1-methoxy-9H-carbazole-3-carboxylate
(16) as light brown crystals, yield: 34.0 mg (33%), mp 205—206 °C.

Method B. A 1 M solution of boron tribromide in dichloromethane
(2.1 mL, 2.1 mmol) was added at —78 °C to a solution of methyl 1,6-
dimethoxy-9H-carbazole-3-carboxylate (11) (102 mg, 0.358 mmol)
in dichloromethane (15 mL). After stirring for 30 min at this tem-
perature the solution was allowed to warm to room temperature and
stirring was continued for 16 h. Methanol (5.6 mL) was added and the
solvents were evaporated. Purification of the residue by flash chro-
matography on silica gel (isohexane/ethyl acetate 4:1) afforded
methyl 1,6-dihydroxy-9H-carbazol-3-carboxylate (7) as light brown
crystals, yield: 68.8 mg (75%), mp 198—200 °C.

Compound 7: UV (MeOH): Anax=223, 242, 251, 268, 285, 326,
339 (sh), 356 (sh) nm. IR (ATR): »=3339, 3237, 2955, 2921, 2850,
1672, 1614, 1589, 1504, 1460, 1435, 1342, 1315, 1283, 1244, 1205,
1182, 1088, 1002, 918, 879, 847, 806, 731, 656 cm . 'H NMR
(500 MHz, DMSO-dg): 6=3.84 (s, 3H), 6.91 (dd, J=8.6, 2.3 Hz, 1H),
7.31 (d, J=8.6 Hz, 1H), 7.40 (d, J=1.2 Hz, 1H), 7.41 (d, J=2.3 Hz, 1H),
8.15(d, J=1.2 Hz, 1H), 8.31 (br s, 1H), 10.0 (br s, 1H), 11.21 (s, 1H). 13C
NMR and DEPT (125 MHz, DMSO-dg): 6=51.70 (CH3), 104.92 (CH),
109.62 (CH), 112.18 (CH), 114.12 (CH), 115.60 (CH), 119.72 (C), 123.13
(C), 123.67 (C), 133.34 (C), 134.15 (C), 142.72 (C), 150.99 (C), 167.12
(C=0). MS (ESI, —10 V): m/z=256 (M—H), 513 (2M—H)". MS (EI):
mfz (%)=257 (100, M™), 256 (9), 226 (40), 198 (16), 170 (4), 169 (4),
113 (8). HRMS: m|/z calcd for C14H11NO4: 257.0688, found: 257.0697.

Compound 16: UV (MeOH): Anhax=223, 239, 248, 258, 268, 286,
324, 353 (sh) nm. IR (ATR): »=3327, 3015, 2955, 2924, 2846, 2476,



6732 C. Borger, H.-J. Knolker / Tetrahedron 68 (2012) 6727—6736

1698, 1681, 1608, 1583, 1500, 1460, 1432, 1329, 1294, 1273, 1234,
1212, 1108, 1033, 985, 950, 911, 890, 856, 802, 768, 754, 729,
672 cm~ L. 'H NMR (500 MHz, acetone-dg): 6=3.90 (s, 3H), 4.04 (s,
3H), 7.04 (dd, J=8.7, 2.4 Hz, 1H), 7.46 (d, J=8.7 Hz, 1H), 7.53 (d,
J=1.1Hz, 1H), 7.59 (d, J=2.4 Hz, 1H), 8.14 (s, 1H), 8.37 (s, 1H), 10.51
(brs,1H). 3C NMR and DEPT (125 MHz, acetone-dg): 6=52.01 (CH3),
55.98 (CHs), 105.97 (CH), 106.74 (CH), 113.12 (CH), 116.60 (CH),
116.76 (CH), 121.68 (C), 124.12 (C), 125.09 (C), 134.70 (C), 135.49 (C),
146.29 (C), 152.47 (C), 168.02 (C=0). MS (EI): m/z (%)=272 (100),
271 (91, M), 270 (7), 257 (31), 256 (28), 241 (17), 240 (14), 213 (5),
212 (6), 199 (6), 198 (9), 197 (7), 170 (7), 169 (7), 121 (7), 120 (7).
HRMS: m/z calcd for Cy5H13NOg4: 271.0845, found: 271.0856.

4.6. 3-Hydroxymethyl-1,6-dimethoxy-9H-carbazole (12)

A 1.5 M solution of diisobutylaluminium hydride in toluene
(380 pL, 0.570 mmol) was added in 5 min at —78 °C to a solution of
methyl 1,6-dimethoxy-9H-carbazole-3-carboxylate (11) (109 mg,
0.385 mmol) in diethyl ether (10 mL). After stirring for 1.5 h at this
temperature, a further portion of a 1.5 M solution of diisobutyl-
aluminium hydride in toluene (280 pL, 0.420 mmol) was added in
5 min and stirring was continued for 2 h. The solution was allowed
to warm to room temperature and ice water was added. The
aqueous layer was separated and extracted with diethyl ether four
times. The combined organic layers were washed with water, dried
over magnesium sulfate and the solvents were removed under
reduced pressure. Purification of the residue by flash chromato-
graphy on silica gel (petroleum ether/ethyl acetate 3:1 to 1:3)
afforded 3-hydroxymethyl-1,6-dimethoxy-9H-carbazole (12) as
colourless crystals, yield: 85.9 mg (87%), mp 114.5—115.5 °C.

UV (MeOH): Amax=226, 246, 257, 265 (sh), 286 (sh), 298, 337,
351 nm. IR (ATR): »=3445, 3188, 2998, 2934, 2889, 2834, 1617, 1582,
1505, 1486, 1459, 1438, 1395, 1309, 1266, 1238, 1214, 1189, 1146,
1039, 1018, 985, 941, 863, 832, 803, 774, 756, 693, 668, 617 cm~ . 'H
NMR (500 MHz, CDCl3): 6=3.92 (s, 3H), 4.01 (s, 3H), 4.83 (s, 2H),
6.93 (d, J=0.8 Hz, 1H), 7.06 (dd, J=8.7, 2.5 Hz, 1H), 7.35 (d, J=8.7 Hz,
1H), 7.50 (d, J=2.5 Hz, 1H), 7.61 (s, 1H), 8.14 (br s, 1H). *C NMR and
DEPT (125 MHz, CDCl3): 6=55.67 (CH3), 56.15 (CH3), 66.65 (CH3),
103.17 (CH), 105.64 (CH), 111.75 (CH), 111.91 (CH) 115.37 (CH),
124.09 (C), 124.13 (C), 130.39 (C), 132.60 (C), 134.50 (C), 145.99 (C),
154.01 (C). MS (EI): m/z (%)=257 (100, M™), 255 (21), 242 (55), 240
(36), 226 (10), 214 (6), 212 (6), 198 (8), 183 (8), 170 (5), 154 (8), 140
(6),127 (5),115 (6). Anal. Calcd (%) for C15H15NO3: C 70.02, H 5.88, N
5.44. Found: C 70.19, H 5.82, N 5.58.

4.7. 6-Methoxymurrayanine (3-formyl-1,6-dimethoxy-9H-
carbazole) (2)

Manganese(IV) oxide (77.5 mg, 0.892 mmol) was added to a so-
lution of 3-hydroxymethyl-1,6-dimethoxy-9H-carbazole (12)
(45.9 mg, 0.178 mmol) in dichloromethane (10 mL) and the sus-
pension was stirred for 24 h at room temperature. The suspension
was filtered using dichloromethane over silica gel and the solvent
was removed under reduced pressure. Purification of the residue by
flash chromatography on silica gel (petroleum ether/ethyl acetate
1:1) afforded 6-methoxymurrayanine (3-formyl-1,6-dimethoxy-
9H-carbazole) (2) as colourless crystals, yield: 45.5 mg (100%), mp
230.5—231.5 °C (lit.:"! 231233 °C).

UV (MeOH): Amax=221 (sh), 240, 253, 277, 296, 337, 350 nm. IR
(ATR): v=3138, 3010, 2921, 2852, 1655, 1628, 1608, 1578, 1496, 1466,
1437,1360, 1327,1305, 1262,1239, 1217, 1185, 1139, 1105, 1031, 1023,
944, 844, 805, 782, 749, 705, 668 cm~ . TH NMR (500 MHz, acetone-
dg): 6=3.92 (s, 3H), 4.08 (s, 3H), 7.12 (dd, J=8.8, 2.4 Hz, 1H), 7.43 (d,
J=1.0 Hz, 1H), 7.56 (d, J=8.8 Hz, 1H), 7.79 (d, J=2.4 Hz, 1H), 8.34 (d,
J=1.0Hz, 1H), 10.03 (s, 1H), 10.83 (br s, 1H). >°C NMR (125 MHz,
acetone-dg): 6=56.06 (CH3), 56.08 (CH3), 103.64 (CH), 103.78 (CH),

113.50 (CH), 116.86 (CH), 120.81 (CH), 124.44 (C), 124.87 (C), 130.71
(C), 135.45 (C), 135.80 (C), 147.27 (C), 155.60 (C), 191.72 (CHO). MS
(E): m/z (%)=255 (100, M™), 240 (67), 225 (5), 224 (5), 212 (6), 184
(4). HRMS: m/z calcd for C15H13NO3: 255.0895, found: 255.0885.

4.8. Clausine Z (3-formyl-1,6-dihydroxy-9H-carbazole) (6) and
isoclausine I (3-formyl-6-hydroxy-1-methoxy-9H-carbazole) (17)

A1 M solution of boron tribromide in dichloromethane (250 pL,
0.250 mmol) was added at —-78°C to a solution of 6-
methoxymurrayanine (3-formyl-1,6-dimethoxy-9H-carbazole) (2)
(23.5 mg, 0.083 mmol) in dichloromethane (5 mL). The solution
was allowed to warm slowly to room temperature in 24 h. Meth-
anol (1.5 mL) was added and the solvents were removed in vacuum.
Purification of the residue by flash chromatography on silica gel
(petroleum ether/ethyl acetate 1:1) afforded clausine Z (3-formyl-
1,6-dihydroxy-9H-carbazole) (6) as colourless crystals, yield:
4.7 mg (24%), mp 151 °C (decomp.), along with isoclausine I (3-
formyl-6-hydroxy-1-methoxy-9H-carbazole) (17) as colourless
crystals, yield: 14.7 mg (73%) mp 229—230.5 °C.

Compound 6: UV (MeOH): Anmax=226, 246, 279, 298, 342,
355 nm. IR (ATR): »=3219, 2922, 2853, 1657, 1579, 1457, 1327, 1196,
1136, 958, 851, 800, 711 cm~ L. 'H NMR (500 MHz, DMSO-dg):
0=6.93 (dd, J=8.6, 2.4 Hz, 1H), 7.24 (d, J=1.0Hz, 1H), 7.34 (d,
J=8.6 Hz, 1H), 7.44 (d, J=2.4 Hz, 1H), 8.13 (d, J=1.0 Hz, 1H), 9.12 (br s,
1H),9.90 (s, 1H), 10.29 (br s, 1H), 11.41 (br s, TH). *C NMR (125 MHz,
DMSO-dg): 6=104.93 (CH), 106.44 (CH), 112.42 (CH), 115.73 (CH),
118.88 (CH), 123.15 (C), 123.84 (C), 128.71 (C), 134.04 (C), 134.48 (C),
143.65 (C), 151.30 (C), 191.72 (CHO). MS (El): m/z (%)=227 (100, M™),
226 (60), 198 (27),197 (24),170 (13), 169 (10). HRMS: m/z calcd for
C13H9NO3: 227.0582, found: 227.0573.

Compound 17: UV (MeOH): Amax=221, 240, 253, 277, 297, 340,
352 nm. IR (ATR): »=3359, 3304, 3003, 2922, 2848, 2507, 2456,
1655,1627,1574,1493, 1463, 1388, 1371, 1330, 1297, 1257,1207, 1132,
1035, 996, 954, 852, 807, 793, 760, 734, 712, 672 cm~ L. '"H NMR
(500 MHz, acetone-dg): 6=4.07 (s, 3H), 7.06 (dd, J=8.6, 2.4 Hz, 1H),
7.41 (d, J=1.0 Hz, 1H), 7.49 (d, J=8.6 Hz, 1H), 7.62 (d, J=2.4 Hz, 1H),
8.25 (d,J=1.0 Hz, 1H),10.02 (s, 1H). 3C NMR (125 MHz, acetone-dg):
0=56.05 (CH3), 103.68 (CH), 105.93 (CH), 113.31 (CH), 116.69 (CH),
120.89 (CH), 124.21 (C), 125.18 (C), 130.54 (C), 135.29 (C), 135.56 (C),
147.21(C),152.65 (C), 191.75 (CHO). MS (EI): m/z (%)=241 (100, M™),
240 (13), 227 (24), 226 (40), 171 (8), 170 (15), 121 (5). HRMS: m/z
calcd for C14H11NOs3: 241.0739, found: 241.0736.

4.9. Methyl 3-hydroxy-4-nitrobenzoate (19)

Concentrated sulfuric acid (0.5 mL) was added slowly to a solu-
tion of 3-hydroxy-4-nitrobenzoic acid (18) (1.88 g, 10.3 mmol) in
methanol (not dried, HPLC grade, 60 mL) and the solution was
heated under reflux for 18 h. Sodium bicarbonate was added and
the solvent was removed under reduced pressure. Water and ethyl
acetate were added to the residue and the aqueous layer was
separated. The aqueous layer was extracted five times with ethyl
acetate. The combined organic layers were washed twice with
brine, dried over magnesium sulfate and the solvent was removed
under reduced pressure to afford methyl 3-hydroxy-4-
nitrobenzoate (19) as yellow crystals, yield: 2.00g (99%), mp
89.5—90.5 °C (lit.: 86—88 °C,38 91—-92 °C39).

UV (MeOH): Amax=238, 270, 351 nm. IR (ATR): »=3310, 3124,
3050, 2962, 2842, 1720, 1622, 1587, 1521, 1476, 1434, 1323, 1283,
1222, 1147, 1098, 1067, 967, 891, 843, 798, 780, 743, 666 cm ™. 'H
NMR (500 MHz, CDCl3): 6=3.96 (s, 3H), 7.61 (dd, J=8.8, 1.7 Hz, 1H),
7.83 (d, J=1.7 Hz, 1H), 8.17 (d, J=8.8 Hz, 1H), 10.50 (s, 1H). 1>C NMR
and DEPT (125 MHz, CDCl3): 6=53.08 (CH3), 120.73 (CH), 121.80
(CH), 125.41 (CH), 135.90 (C), 138.10 (C), 154.79 (C), 164.97 (C=0).
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MS (ESI, —10V): m/z=196 (M—H)". Anal. Calcd (%) for CgH7NOs:
C48.74, H 3.58, N 7.10. Found: C 48.58, H 3.44, N 7.25.

4.10. Methyl 3-benzyloxy-4-nitrobenzoate (20)

Potassium carbonate (771 mg, 5.75 mmol) and then benzyl
bromide (692 pL, 5.83 mmol) were added to a solution of methyl 3-
hydroxy-4-nitrobenzoate (19) (878 mg, 4.45 mmol) in acetone
(27 mL). The suspension was heated under reflux for 17 h and then
water was added. The aqueous layer was separated and extracted
four times with ethyl acetate. The combined organic layers were
washed twice with 2 M aqueous sodium hydroxide solution, twice
with a saturated aqueous solution of ammonium chloride, and
twice with brine. The combined organic layers were dried over
magnesium sulfate and the solvents were removed in vacuum.
Purification of the residue by flash chromatography on silica gel
(petroleum ether/ethyl acetate 4:1) afforded methyl 3-benzyloxy-
4-nitrobenzoate (20) as light yellow crystals, yield: 1.28 g (100%),
mp 93—-94.5 °C (lit.:3> 91-93 °().

UV (MeOH): Amax=241 (sh), 266 (sh), 327 nm. IR (ATR): »=3118,
3085, 3061, 3037, 2964, 2878, 1730, 1606, 1525, 1497, 1440, 1422,
1384, 1372,1297, 1269, 1235, 1213, 1190, 1115, 1083, 1003, 979, 918,
883, 852, 831, 802, 743, 700 cm~L. 'H NMR (500 MHz, CDCl3):
6=3.96 (s, 3H), 5.29 (s, 2H), 7.35 (t, J=7.4 Hz, 1H), 7.40 (t, J=7.4 Hz,
2H), 747 (d, J=7.4 Hz, 2H), 7.70 (dd, J=8.4, 1.6 Hz, 1H), 7.83 (d,
J=1.6Hz, 1H), 7.85Hz (d, J=8.4Hz, 1H). 3C NMR and DEPT
(125 MHz, CDCl3): 6=53.01 (CH3), 71.49 (CH3), 116.17 (CH), 121.84
(CH), 125.53 (CH), 127.40 (2 CH), 128.56 (CH), 128.90 (2 CH), 134.92
(C), 135.14 (C), 142.94 (C), 151.56 (C), 165.30 (C=0). MS (ESI, 10 V):
m/z=305 (M+NH4)*, 597 (2M-+Na)*. Anal. Calcd (%) for C;sH13NOs:
C 62.72, H 4.56, N 4.88. Found: C 62.93, H 4.35, N 4.90.

4.11. Methyl 4-amino-3-benzyloxybenzoate (9b)

Iron powder (2.62 g,46.9 mmol) was added carefully to a solution
of methyl 3-benzyloxy-4-nitrobenzoate (20) (1.35 g, 4.69 mmol) in
glacial acetic acid (20 mL). The resulting mixture was stirred for 2 h
at room temperature and then for 2 h at 40 °C. The suspension was
filtered with ethyl acetate over Hyflo Super Cel® medium and the
solvents were removed under reduced pressure. Water was added
to the residue and the mixture was extracted four times with ethyl
acetate. The combined organic layers were washed with brine, dried
over magnesium sulfate and the solvents were removed under
reduced pressure. Purification of the residue by flash chromatogra-
phy onsilica gel (petroleum ether/ethyl acetate 4:1) afforded methyl
4-amino-3-benzyloxybenzoate (9b) as colourless solid, yield: 1.21 g
(100%), mp 99—100 °C (lit.:>> 99—101 °C).

UV (MeOH): Amax=230, 278 (sh), 306 nm. IR (ATR): »=3475,
3447, 3353, 3199, 3080, 3024, 2985, 2945, 1681, 1618, 1578, 1522,
1499, 1438, 1399, 1363, 1315, 1298, 1264, 1219, 1186, 1148, 1106,
1016, 994, 927, 905, 889, 841, 824, 789, 765, 736, 692, 626 cm ™. 'H
NMR (500 MHz, CDCl3): 6=3.86 (s, 3H), 4.20 (br s, 2H), 5.12 (s, 2H),
6.69 (dd, J=6.7, 2.0 Hz, 1H), 7.36 (tt, J=7.2, 2.5 Hz, 1H), 7.41 (tt, J]=8.0,
2.2 Hz, 2H), 7.46 (d, J=7.4 Hz, 2H), 7.56 (m, 1H), 7.57 (dd, J=6.7,
1.8 Hz, 1H). '*C NMR and DEPT (125 MHz, CDCl3): 6=51.86 (CH3),
70.65 (CHy), 112.72 (CH), 113.41 (CH), 119.54 (C), 124.50 (CH), 127.97
(2 CH), 128.34 (CH), 128.75 (2 CH), 136.74 (C), 141.51 (C), 145.38 (C),
167.39 (C=0). MS (El): m/z (%)=257 (34, M), 226 (6), 166 (44),
138 (9), 91 (100), 79 (6), 65 (9), 52 (5). Anal. Calcd (%) for
C15H15NO3: C 70.02, H 5.88, N 5.44. Found: C 69.86, H 5.92, N 5.35.

4.12. Methyl 3-benzyloxy-4-(4-methoxyphenylamino)
benzoate (21)

4-Bromoanisole (8) (108 pL, 0.860 mmol) was added to a solu-
tion of methyl 4-amino-3-benzyloxybenzoate (9b) (202 mg,

0.787 mmol), palladium(Il) acetate (10.6 mg, 0.047 mmol), SPhos
(38.8 mg, 0.094 mmol) and caesium carbonate (359 mg, 1.10 mmol)
in toluene (16 mL). After stirring for 64 h at 80 °C, the solvent was
removed under reduced pressure. The residue was directly sub-
mitted to flash chromatography on silica gel (petroleum ether/ethyl
acetate  4:1) to provide methyl 3-benzyloxy-4-(4-
methoxyphenylamino)benzoate (21) as colourless solid, yield:
257 mg (90%), mp 92.5—94 °C along with 16.2 mg (8%) of unreacted
methyl 4-amino-3-benzyloxybenzoate (9b).

UV (MeOH): Amax=235 (sh), 325 nm. IR (ATR): »=3402, 3035,
2991, 2947, 2835, 1701, 1598, 1508, 1437, 1355, 1272, 1220, 1179,
1123, 1101, 1012, 907, 872, 825, 760, 696 cm™~'. "H NMR (500 MHz,
CDCl3): 6=3.81 (s, 3H), 3.87 (s, 3H), 5.18 (s, 2H), 6.35 (br s, 1H), 6.90
(dd, J=8.6, 2.2 Hz, 2H), 6.93 (d, J=8.4 Hz, 1H), 7.15 (d, J=8.6 Hz, 2H),
7.38 (tt,J]=7.3,1.4 Hz, 1H), 7.43 (tt, J]=6.9, 1.3 Hz, 2H), 7.49 (dd, J=7.9,
1.6 Hz, 2H), 7.58 (dd, J=8.4, 1.4 Hz, 1H), 7.62 (d, J=1.4 Hz, 1H). 1C
NMR and DEPT (125 MHz, CDCl3): 6=51.85 (CH3), 55.63 (CH3), 70.95
(CH,), 110.07 (CH), 112.27 (CH), 114.79 (2 CH), 118.99 (C), 124.49
(CH),124.89 (2 CH),128.15(2 CH),128.48 (CH), 128.82 (2 CH), 133.26
(C), 136.54 (C), 140.44 (C), 145.22 (C), 156.59 (C), 167.34 (C=0). MS
(ESI, 10V): m/z=364 (M+H)*, 727 (2M+H)". Anal. Calcd (%) for
Co2H21NO4: C 72.71, H 5.82, N 3.85. Found: C 71.92, H 5.60, N 4.02.

4.13. Methyl 1-benzyloxy-6-methoxy-9H-carbazole-3-
carboxylate (22)

Method A (2 equiv of palladium(Il) acetate). A solution of methyl
3-benzyloxy-4-(4-methoxyphenylamino)benzoate (21) (241 mg,
0.663 mmol) and palladium(ll) acetate (298 mg, 1.33 mmol) in
glacial acetic acid (15 mL) was heated at 100 °C for 14 h. The solvent
was removed in vacuum and the residue was purified by flash
chromatography on silica gel (petroleum ether/ethyl acetate 4:1) to
afford methyl 1-benzyloxy-6-methoxy-9H-carbazole-3-carboxy-
late (22) as colourless crystals, yield: 148 mg (62%), mp
174—175 °C along with 7.7 mg (3%) of unreacted methyl 3-benzyl-
oxy-4-(4-methoxyphenylamino)benzoate (21).

Method B (catalytic amounts of palladium(Il) acetate). A solu-
tion of methyl 3-benzyloxy-4-(4-methoxyphenylamino)benzoate
(21) (138 mg, 0.381 mmol), palladium(ll) acetate (8.5 mg,
0.038 mmol) and potassium carbonate (5.2 mg, 0.038 mmol) in
pivalic acid (400 mg) was heated at 115 °C for 16 h under air. A
further portion of palladium(Il) acetate (8.5 mg, 0.038 mmol) was
added and stirring was continued for another 24 h. Dichloro-
methane was added and the solution was washed twice with
a saturated aqueous solution of potassium carbonate. The com-
bined aqueous layers were extracted three times with dichloro-
methane. The combined organic layers were washed with brine,
dried over magnesium sulfate and the solvent was removed in
vacuum. Purification of the residue by flash chromatography on
silica gel (isohexane/ethyl acetate 4:1) afforded methyl 1-
benzyloxy-6-methoxy-9H-carbazole-3-carboxylate (22) as colour-
less crystals, yield: 74.1 mg (54%), mp 174—175°C along with
238mg (17%) of wunreacted methyl 3-benzyloxy-4-(4-
methoxyphenylamino)benzoate (21).

UV (MeOH): Amax=225 (sh), 238, 248, 258, 268, 285, 321, 334
(sh), 350 (sh) nm. IR (ATR): »=3380, 3090, 3031, 2921, 2849, 1707,
1688, 1678, 1612, 1581, 1499, 1484, 1437, 1406, 1337, 1306, 1267,
1232, 1203, 1176, 1129, 1093, 1024, 993, 956, 912, 883, 857, 839, 811,
796, 756, 729, 686, 622 cm~ . TH NMR (500 MHz, CDCl3): 6=3.93 (s,
3H), 3.98 (s, 3H), 5.29 (s, 2H), 7.09 (dd, J=8.8, 2.5 Hz, 1H), 7.36 (d,
J=8.8 Hz, 1H), 7.40 (tt, J=7.4, 1.4 Hz, 1H), 7.44 (tt, J=7.2, 1.4 Hz, 2H),
7.53 (dd, J=7.8, 1.4 Hz, 2H), 7.57 (d, J=2.5 Hz, 1H), 7.68 (d, J=1.0 Hz,
1H), 8.38 (br s, 1H), 8.46 (d, J=1.0 Hz, 1H). >C NMR and DEPT
(125 MHz, CDCl3): 6=52.20 (CH3), 56.10 (CH3), 70.78 (CHy), 103.22
(CH), 107.68 (CH), 112.13 (CH), 116.08 (CH), 116.62 (CH), 121.53 (C),
123.82 (C), 124.36 (C), 128.29 (2 CH), 128.56 (CH), 128.85 (2 CH),
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133.87 (C), 134.42 (C), 136.57 (C), 144.48 (C), 154.57 (C), 168.06
(C=0). MS (ESI, 25V): m/z=362 (M+H)*, 379 (M+NH4)
384 (M+Na)t, 723 (2M-+H)", 740 (2M+NH4)", 745 (2M+Na)™.
Anal. Calcd (%) for C;3H19NO4: C 7312, H 5.30, N 3.88. Found:
C 7291, H5.41, N 3.92.

4.14. Clausine G (methyl 1-hydroxy-6-methoxy-9H-carbazole-3
-carboxylate) (5)

A suspension of methyl 1-benzyloxy-6-methoxy-9H-carbazole-
3-carboxylate (22) (76.5 mg, 0.212 mmol) and palladium on acti-
vated carbon (10% Pd) (15.3 mg) in dichloromethane (5 mL) and
methanol (5 mL) was stirred under hydrogen (1 atm) for 18 h at
room temperature. The reaction mixture was filtered with
dichloromethane over a short pad of Celite® 557 and the solvents
were removed in vacuum. Purification of the residue by flash
chromatography on silica gel (petroleum ether/ethyl acetate 2:1)
afforded clausine G (methyl 1-hydroxy-6-methoxy-9H-carbazole-
3-carboxylate) (5) as beige crystals, yield: 51.0 mg (89%), mp
145—147 °C (lit.:1* >280 °C).

UV (MeOH): Amax=224, 241, 250, 268, 284, 325 (sh), 334,
349 nm. IR (ATR): »=3355, 2952, 2922, 2833, 1667, 1630, 1612, 1582,
1500, 1471, 1455, 1431, 1355, 1322,1297,1251,1202, 1172, 1125, 1087,
1026, 1001, 916, 871, 828, 793, 765, 751, 723, 658 cm~ L. 'H NMR
(500 MHz, acetone-dg): 6=3.88 (s, 3H), 3.92 (s, 3H), 7.08 (dd, J=8.8,
2.5 Hz, 1H), 7.52 (d, J=8.8 Hz, 1H), 7.55 (d, J=1.1 Hz, 1H), 7.77 (d,
J=2.5Hz, 1H), 8.37 (d, J=1.1 Hz, 1H), 9.04 (br s, 1H), 10.45 (br s, 1H).
13C NMR (125 MHz, acetone-dg): 6=51.91 (CH3), 56.07 (CH3), 103.59
(CH), 111.10 (CH), 113.23 (CH), 115.71 (CH), 116.67 (CH), 121.96 (C),
124.94 (C), 124.98 (C), 134.35 (C), 136.09 (C), 143.46 (C), 155.26 (C),
168.01 (C=0). MS (ESI, 10V): m/z=272 (M+H)*, 543 (2M+H)",
560 (2M+NH4)", 565 (2M-+Na)™. Anal. Calcd (%) for C15H13NO4:
C 66.41, H 4.83, N 5.16. Found: C 66.43, H 4.95, N 4.76.

4.15. 1-Benzyloxy-6-methoxy-3-methyl-9H-carbazole (23) and
1-benzyloxy-3-(1-benzyloxy-3-hydroxymethyl-6-methoxy-9H-
carbazol-9-yl)methyl-6-methoxy-9H-carbazole (24)

A1 M solution of lithium aluminium hydride in tetrahydrofuran
(1.2 mL, 1.2 mmol) was added within 5 min at room temperature to
a solution of methyl 1-benzyloxy-6-methoxy-9H-carbazole-3-
carboxylate (22) (108 mg, 0.298 mmol) in tetrahydrofuran
(14 mL). The mixture was heated under reflux for 7 h and then,
water was added slowly. The aqueous layer was separated and
extracted four times with diethyl ether. The combined organic
layers were washed with brine, dried over magnesium sulfate and
the solvents were removed under reduced pressure. Purification of
the residue by flash chromatography on silica gel (petroleum ether/
ethyl acetate 6:1 to 1:1) afforded 1-benzyloxy-6-methoxy-3-
methyl-9H-carbazole (23) as colourless crystals, yield: 89.4 mg
(94%), mp 119.5—120 °C along with 1-benzyloxy-3-(1-benzyloxy-3-
hydroxymethyl-6-methoxy-9H-carbazol-9-yl)methyl-6-methoxy-
9H-carbazole (24) as a colourless solid, yield 5.7 mg (3%).

Compound 23: UV (MeOH): Apax=223, 226, 242, 259 (sh), 287
(sh), 299, 341, 355 nm. IR (ATR): »=3437, 3033, 2998, 2917, 2828,
1618, 1578, 1504, 1480, 1459, 1432, 1393, 1379, 1315, 1305, 1264,
1210, 1180, 1145, 1125, 1038, 1027, 969, 948, 905, 841, 826, 802, 769,
737,697, 621 cm™ L. 'TH NMR (500 MHz, CDCl3): 6=2.53 (s, 3H), 3.92
(s,3H), 5.23 (s, 2H), 6.81 (s, 1H), 7.04 (dd, J=8.7, 2.5 Hz, 1H), 7.31 (d,
J=8.7Hz, 1H), 7.39 (t, J=7.3 Hz, 1H), 7.44 (t, J=7.3 Hz, 2H) 7.47 (s,
1H), 7.50 (d, J=2.5 Hz, 1H), 7.52 (d, J=6.9 Hz, 2H), 8.04 (br s, 1H). *C
NMR and DEPT (125 MHz, CDCl3): 6=22.06 (CH3), 56.15 (CH3), 70.49
(CH3), 103.19 (CH), 108.89 (CH), 111.73 (CH), 112.83 (CH), 115.06
(CH), 124.00 (C), 124.54 (C), 128.03 (2 CH), 128.31 (CH), 128.77 (2
CH), 129.10 (C), 129.14 (C), 134.55 (C), 137.13 (C), 144.80 (C), 153.79

(C). MS (ESI, —10V): m/z=316 (M-H)~ Anal. Calcd (%) for
C21H19NOy: C 79.47, H 6.03, N 4.41. Found: C 79.55, H 5.77, N 4.38.

Compound 24: UV (MeOH): Anax=222, 238 (sh), 250 (sh), 272
(sh), 291, 299 (sh), 339 nm. IR (ATR): v=3326, 3064, 3028, 2922,
2852,1721,1676, 1580, 1466, 1434, 1310, 1262, 1203, 1137, 1024, 942,
910, 836, 799, 735, 696, 621 cm~L 'H NMR (500 MHz, CDCl3):
0=3.86 (s, 3H), 3.93 (s, 3H), 4.85 (s, 2H), 4.90 (s, 2H), 5.12 (s, 2H),
5.96 (s, 2H), 6.63 (d, J=0.9 Hz, 1H), 7.00 (dd, J=8.8, 2.5 Hz, 1H), 7.05
(dd, j=8.8, 2.5Hz, 1H), 7.03—7.06 (m, 1H), 7.18—=7.21 (m, 3H),
7.25-727 (m, 1H), 729 (d, J=8.8 Hz, 1H), 7.30—-7.32 (m, 3H),
7.32—7.35 (m, 6H), 7.58 (d, J=2.2 Hz, 1H), 7.74 (d, J=1.3 Hz, 1H), 8.07
(br s, 1H). 3C NMR and DEPT (125 MHz, CDCl3): 6=49.42 (CH,),
56.14 (CH3), 56.24 (CH3), 66.43 (CHy), 70.25 (CHy), 70.85 (CHy),
102.93 (CH), 103.32 (CH), 105.73 (CH), 108.17 (CH), 110.51 (CH),
110.70 (CH), 111.73 (CH), 112.16 (CH), 115.35 (CH), 115.49 (CH),
123.51 (C),123.97 (C), 124.32 (C), 124.89 (C), 127.77 (2 CH), 128.01 (2
CH), 128.26 (CH), 128.58 (2 CH), 128.67 (CH), 128.72 (2 CH), 129.81
(C), 129.83 (C), 130.64 (C), 131.94 (C), 134.29 (C), 136.03 (C), 136.56
(€),136.63 (C), 136.68 (C), 144.81 (C), 146.31 (C), 153.69 (C). MS (ES],
10 V): m/z=647 (M+H—H,)" (ESI, 75 V): m/z=631 (M—OH)".

4.16. Clausenol (1-hydroxy-6-methoxy-3-methyl-9H-carbazole)
(3)

A suspension of 1-benzyloxy-6-methoxy-3-methyl-9H-carba-
zole (23) (59.5 mg, 0.187 mmol) and palladium on activated carbon
(10% Pd) (11.9 mg) in dichloromethane (7 mL) and methanol (7 mL)
was stirred under a hydrogen atmosphere for 40 h at room tem-
perature. The reaction mixture was filtered using dichloromethane
over a small plug of Celite® 557 fine and the solvents were removed
under reduced pressure. Purification of the residue by flash chro-
matography on silica gel (petroleum ether/ethyl acetate 2:1)
afforded clausenol (1-hydroxy-6-methoxy-3-methyl-9H-carba-
zole) (3) as beige crystals, yield: 42.5 mg (100%), mp 190.5—191 °C
(lit.:2 192 °C).

UV (MeOH): Amax=227, 242, 292 (sh), 299, 343, 357 nm. IR
(ATR): v=3367, 3228, 2921, 2851, 1652, 1621, 1590, 1578, 1520, 1481,
1457, 1434, 1388, 1318, 1298, 1269, 1210, 1178, 1142, 1095, 1024,
1005, 988, 943, 871, 833, 796, 748, 662, 623 cm . 'H NMR
(500 MHz, DMSO-dg): 6=2.37 (s, 3H), 3.81 (s, 3H), 6.61 (s, 1H), 6.95
(dd, J=8.7, 2.5 Hz, 1H), 7.31 (s, 1H), 7.32 (d, J=8.7 Hz, 1H), 7.51 (d,
J=2.5Hz, 1H), 9.59 (s, 1H), 10.64 (br s, 1H). 3C NMR (125 MHz,
DMSO-dg): 6=21.36 (CH3), 55.53 (CHs), 102.65 (CH), 110.90 (CH),
111.36 (CH), 111.89 (CH), 114.37 (CH), 122.98 (C), 123.98 (C), 127.43
(C), 128.45 (C), 134.72 (C), 142.86 (C), 152.66 (C). MS (ESI, —10 V):
m/[z=226 (M—H)~, 453 (2M—-H)".

4.17. 1-Benzyloxy-3-hydroxymethyl-6-methoxy-9H-carbazole
(25)

A 1.5 M solution of diisobutylaluminium hydride in toluene
(220 pL, 0.330 mmol) was added within 5 min at —78 °C to a solu-
tion of  methyl 1-benzyloxy-6-methoxy-9H-carbazole-3-
carboxylate (22) (77.9 mg, 0.216 mmol) in diethyl ether (15 mL).
After stirring for 1.5 h at this temperature, an additional portion of
a 1.5 M solution of diisobutylaluminium hydride in toluene (160 pL,
0.240 mmol) was added within 5 min and stirring was continued
for 2 h. Water (2 mL) was added and the solution was allowed to
warm to room temperature. Additional water was added, the
aqueous layer was separated and extracted with diethyl ether four
times. The combined organic layers were washed with brine, dried
over magnesium sulfate and the solvents were removed under
reduced pressure. Purification of the residue by flash chromatog-
raphy on silica gel (petroleum ether/ethyl acetate 1:1) afforded
1-benzyloxy-3-hydroxymethyl-6-methoxy-9H-carbazole (25) as
colourless crystals, yield: 67.9 mg (95%), mp 120—120.5 °C.
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UV (MeOH): Amax=226, 247, 258, 287 (sh), 298, 324 (sh), 338,
352 nm. IR (ATR): »=3488, 3278, 3030, 2990, 2929, 2828, 1618,
1581, 1505, 1485, 1463, 1434, 1383, 1318, 1299, 1265, 1214, 1144,
1029, 1009, 961, 947, 827, 799, 776, 738, 698, 673 cm~ . 'H NMR
(500 MHz, CDCl3): 6=3.92 (s, 3H), 4.83 (s, 2H), 5.26 (s, 2H), 7.03 (d,
J=0.9 Hz, 1H), 7.06 (dd, J=8.8, 2.4 Hz, 1H), 7.34 (d, J=8.8 Hz, 1H),
7.35—7.39 (m, 1H), 7.44 (tt, J=7.3, 1.6 Hz, 2H), 7.49—7.52 (m, 3H),
7.64 (d, J=0.9 Hz, 1H), 8.17 (br s, 1H). 3C NMR and DEPT (125 MHz,
CDCl3): 6=56.15 (CH3), 66.63 (CHa), 70.59 (CH3), 103.17 (CH), 106.84
(CH), 111.90 (CH), 112.05 (CH), 115.45 (CH), 124.08 (C), 124.31 (C),
128.11 (2 CH), 128.44 (CH), 128.83 (2 CH), 130.57 (C), 132.55 (C),
134.51 (C), 136.88 (C), 145.22 (C), 154.03 (C). MS (ESI, 100 V):
m/z=316 (M—OH)", 356 (M+Na)™ 631 (2M—H,0—OH)", 689
(2M+Na)*. Anal. Calcd (%) for Co;H1gNO3: C 75.66, H 5.74, N 4.20.
Found: C 75.81, H 5.88, N 4.24.

4.18. 1-Benzyloxy-3-formyl-6-methoxy-9H-carbazole (26)

Manganese(IV) oxide (63.9 mg, 0.736 mmol) was added to
a solution of 1-benzyloxy-3-hydroxymethyl-6-methoxy-9H-carba-
zole (25) (49.1 mg, 0.147 mmol) in dichloromethane (10 mL) and
the suspension was stirred for 24 h at room temperature. The
suspension was filtered using dichloromethane over silica gel and
the solvent was removed under reduced pressure. Purification of
the residue by flash chromatography on silica gel (petroleum ether/
ethyl acetate 1:1) afforded 1-benzyloxy-3-formyl-6-methoxy-9H-
carbazole (26) as colourless crystals, yield: 48.8 mg (100%), mp
209.5-210°C.

UV (MeOH): Amax=240, 255 (sh), 278, 296, 338, 350 nm. IR
(ATR): v=3147, 3009, 2924, 2853, 1655, 1632, 1607, 1575, 1497, 1477,
1434,1396, 1359, 1325, 1308, 1263, 1236, 1217,1180, 1140, 1031, 1021,
952, 924, 874, 839, 812, 786, 752, 709, 699, 682, 632 cm L. 'TH NMR
(500 MHz, CDCl3): 6=3.94 (s, 3H), 5.31 (s, 2H), 712 (dd, J=8.8,
2.5 Hz,1H), 7.40 (d, J=8.8 Hz, 1H), 7.40 (m, 1H), 7.45 (m, 2H), 7.53 (d,
J=7.7 Hz, 2H), 7.54 (d, J=1.0 Hz, 1H), 7.58 (d, J=2.5 Hz, 1H), 8.19 (d,
J=1.0Hz, 1H), 8.50 (br s, 1H), 10.05 (s, 1H). >*C NMR and DEPT
(125 MHz, CDCl3): 6=56.12 (CH3), 70.83 (CH3), 103.23 (CH), 104.50
(CH), 112.39 (CH), 116.29 (CH), 120.79 (CH), 123.86 (C), 124.32 (C),
128.32 (2 CH), 128.68 (CH), 128.90 (2 CH), 129.89 (C), 134.29 (C),
134.96 (C), 136.29 (C), 145.46 (C), 154.88 (C), 191.88 (CHO). MS (ESI,
75V): mjz=332 (M+H)*, 354 (M+Na)". Anal. Calcd (%) for
C21H17NO3: C 76.12, H 5.17, N 4.23. Found: C 76.12, H 5.16, N 4.10.

4.19. Clausine I (3-formyl-1-hydroxy-6-methoxy-9H-carbazole)
(4)

Aluminium trichloride (176 mg, 1.32 mmol) was added to a so-
lution of 1-benzyloxy-3-formyl-6-methoxy-9H-carbazole (26)
(43.8 mg, 0.132 mmol) in 1,4-dioxane (8 mL) at room temperature.
The reaction mixture was heated under reflux for 3 h, then water
was added. The aqueous layer was separated and extracted with
diethyl ether four times. The combined organic layers were washed
with brine, dried over magnesium sulfate and the solvents were
removed in vacuum. Purification of the residue by flash chroma-
tography on silica gel (petroleum ether/ethyl acetate 1:1) afforded
clausine I (3-formyl-1-hydroxy-6-methoxy-9H-carbazole) (4) as
colourless crystals, yield: 31.8 mg (100%), mp 221.5—223 °C (lit.:13
222-224°C).

UV (MeOH): Amax=225 (sh), 242, 255, 278, 296, 340 (sh),
354 nm. IR (ATR): v=3385, 2955, 2919, 2852, 1619, 1581, 1486, 1460,
1437,1393, 1304, 1268, 1207, 1184, 1145, 1130, 1111, 1035, 1025, 940,
838, 821, 800, 769, 733, 712, 674 cm~ . 'H NMR (500 MHz, acetone-
dg): 6=3.92 (s, 3H), 7.11 (dd, J=8.8, 2.4 Hz, 1H), 7.40 (d, ]=0.6 Hz, 1H),
7.55 (d, J=8.8 Hz, 1H), 7.77 (d, J=2.4 Hz, 1H), 8.25 (d, J=0.6 Hz, 1H),
9.27 (s, 1H), 9.99 (s, 1H), 10.64 (br s, 1H). >C NMR (125 MHz, ace-
tone-dg): 6=56.05 (CH3), 103.66 (CH), 107.95 (CH), 113.46 (CH),

116.76 (CH), 119.60 (CH), 125.04 (C), 125.08 (C), 130.79 (C), 135.43
(C), 136.03 (C), 144.40 (C), 155.47 (C), 191.76 (CHO). MS (EI): m/z
(%)=241 (100, M™), 240 (10), 226 (78), 198 (15). HRMS: m/z calcd for
C14H11NO3: 241.0739, found: 241.0735.

4.20. Clausine Z (3-formyl-1,6-dihydroxy-9H-carbazole) (6)

A 1 M solution of boron tribromide in dichloromethane (510 pL
0.510 mmol) was added at —78 °C to a solution of 1-benzyloxy-3-
formyl-6-methoxy-9H-carbazole (26) (41.9 mg, 0.126 mmol) in
dichloromethane (10 mL). The solution was allowed to warm
slowly to room temperature over 18 h. Methanol (4 mL) was added
and the solvents were removed in vacuum. Purification of the
residue by flash chromatography on silica gel (petroleum ether/
ethyl acetate 1:1) afforded clausine Z (3-formyl-1,6-dihydroxy-9H-
carbazole) (6) as colourless crystals, yield: 15.8 mg (55%), mp 151 °C
(decomp.).

Spectroscopic data, see above.
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