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A new synthetic route has been developed for the preparation of indolo[3,2,1-d,e]phenanthridines and
isochromeno[3,4-a]carbazoles via palladium catalyzed intramolecular biaryl coupling reactions. The cou-
pling reactions proceeded smoothly and in high yields under ligand-free conditions with the catalytic
system Pd(OAc)2/Cs2CO3/TBAB. Under optimized reaction conditions no halogen-reduced products were
observed.

� 2011 Elsevier Ltd. All rights reserved.
The search for new methods for the construction of organic
molecules from simple and readily available starting materials is
an ongoing challenge for organic chemists. Intramolecular
aryl–aryl coupling reactions involving palladium reagents have
been used to synthesize many condensed hetero aromatic
compounds.1–6 Out of all of these coupling reactions, palladium-
catalyzed cyclization reactions have proven over the last decade
to be an extremely powerful and useful tool for the construction
of carbon–carbon, as well as carbon–heteroatom bonds.7 In partic-
ular, intramolecular biaryl coupling reactions are of considerable
interest due to their utility in the synthesis of many condensed
hetero aromatic compounds, such as indoles, quinolines, or
carbazoles.8 Among these carbazoles9 and their fused derivatives,
such as pyrido,10 pyrrolo,11 and pyranocarbazoles12 have received
considerable attention from both medicinal as well as synthetic
chemists as these compounds display a wide range of biological
activities such as anti-cancer,13 anti-HIV,14 DNA-intercalator,15 or
anti-microbial.16

Although a number of protocols have been developed for the
coupling of biaryl moieties, many of them have limited applicabil-
ity in organic synthesis due to the harshness of reaction conditions,
functional group intolerance17, or high18 (or even stoichiometric)19

catalyst loading. Another problem is the use of phosphine and
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other auxiliary ligands, which are often added to tailor catalyst
selectivity or to increase catalyst lifetime, as the removal of the
ligands may become problematic in the separation process.20 Over-
coming these hurdles will necessarily require the discovery and
development of new or even novel catalytic systems. However,
many palladium-catalyzed biaryl-coupling reactions proceed
under ligand-free conditions only poorly and give no or only low
product yields.21 These above mentioned observations have
prompted us to test one such reaction—a Heck type reaction—
under ligand-free conditions to improve the product yield and
undertake a study of this reaction to synthesize biologically inter-
esting heterocycles such as indolo[3,2,1-d,e]phenanthridines and
isochromeno[3,4-a]carbazoles.

The Heck precursors 9-(2-bromobenzyl)-2,3,4,9-tetrahydro-1
H-carbazol-1-ones 3a–d required for our present study were
synthesized22 in 90–95% yields by stirring 2,3,4,9-tetrahydro-1
H-carbazol-1-ones 1a–e with 2-bromobenzyl bromide 2 in dry ace-
tone in the presence of KOH. The structures of the compounds 3a
and 3d were confirmed by X-ray diffraction studies (Figs. 1 and
2, and Supplementary data). When the coupling reaction was
carried out with precursor 3a in the presence of 5 mol % of
Pd(OAc)2 as catalyst, Cs2CO3 as base, and tetrabutylammonium
bromide (TBAB) as an additive in anhydrous DMF as a solvent at
110 �C for 2 h under a nitrogen atmosphere, the 2-methyl-8H-
indolo[3,2,1-de]phenanthridin-10-ol derivative 4a was obtained
in 90% (Scheme 1).23
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Figure 2. X-ray crystal structure of compound 3d, thermal ellipsoid probability at
50%.

Scheme 1. Synthesis of 8H-indolo[

Figure 1. X-ray crystal structure of compound 3a, thermal ellipsoid probability at
50%.
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The best possible conditions for the cyclization were found
through a series of experiments using various catalysts, bases,
additives and solvents (Table 1). We found that the catalyst, base
and solvent have a profound effect on the reaction yield. The use
of PdCl2, which is mostly used in Heck type reactions, provides only
30% yield of the cyclized product 4a (Table 1, entry 3). Here, it is
pertinent to note that the additives such as TBAB play an important
role in the cyclization. Without any additives the reaction did not
occur (entries 1 and 11). The effect of base on the reaction was also
investigated. The use of KOAc as a base gave 40% of 4a in DMF (en-
try 8). Replacement of KOAc with Cs2CO3 was found to be highly
effective with the catalyst Pd(OAc)2 (entries 10 and 12) and an
excellent yield of the product was obtained in DMF (entry 13).
Other inorganic bases such as K2CO3, Ag2CO3 and organic bases like
Et3N were explored. The use of Ag2CO3 was found to be effective
(entry 7). However, with K2CO3 and Et3N, no reaction did occur
at all (entries 5 and 6). Among the several aprotic polar solvents
examined, DMF gave the highest yields. Other solvents such as
DMSO were also found to be effective, but gave lower yields (en-
tries 3, 11, and 12). The reaction also did not occur at or below
3,2,1-de]phenanthridin-10-ol.

Table 1
Cyclization of 9-(2-bromobenzyl)-2,3,4,9-tetrahydro-1H-carbazol-1-one (3) under
various conditions

Entry Reactant Catalyst
10 mol %

Base
1.5 equiv

Additive
1.5 equiv

Solvent Yield

1 3a — Cs2CO3 — DMF N.R.
3 3a PdCl2 Cs2CO3 TBAB DMSO 20
4 3a PdCl2 Cs2CO3 TBAB DMF 30
5 3a Pd(OAc)2 Et3N TBAB DMF N.R.
6 3a Pd(OAc)2 K2CO3 TBAB DMF N.R.
7 3a Pd(OAc)2 Ag2CO3 TBAB DMF 38
8 3a Pd(OAc)2 KOAc TBAB DMF 40
10 3a Pd(OAc)2 Cs2CO3 TBAB DMA 54
11 3a Pd(OAc)2 Cs2CO3 — DMSO N.R.
12 3a Pd(OAc)2 Cs2CO3 TBAB DMSO 67
13 3a Pd(OAc)2 Cs2CO3 TBAB DMF 90
14 3b Pd(OAc)2 Cs2CO3 TBAB DMF 92
15 3c Pd(OAc)2 Cs2CO3 TBAB DMF N.R.
16 3d Pd(OAc)2 Cs2CO3 TBAB DMF 93
17 3e Pd(OAc)2 Cs2CO3 TBAB DMF 94

N.R.—No Reaction.



Scheme 2. Synthesis of 2, 13-dihydroisochromeno[3,4-a]carbazole.
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85 �C. In order to examine the versatility of this intramolecular
biaryl coupling reaction, a series of 8H-indolo[3,2,1-de]phenanthri-
din-10-ols 4a,b,d,e were synthesized under the optimized condi-
tions. Details of all reaction conditions that were checked are
given in Table 1.
Table 2
Cyclization of 1-(2-bromobenzyloxy)-6-methyl-9H-carbazole 6 under various condi-
tions

Entry Reactant Catalyst
(10 mol %)

Base
(1.5 equiv)

Additive
(1.5 equiv)

Solvent Yield
(%)

1 6a PdCl2 Ag2CO3 — DMSO 20
2 6a PdCl2 Ag2CO3 TBAB DMA 23
3 6a PdCl2 Ag2CO3 TBAB DMF 30
4 6a Pd(OAc)2 KOAc TBAB DMA 34
5 6a Pd(OAc)2 K2CO3 TBAB DMA N.R.
6 6a Pd(OAc)2 Cs2CO3 TBAB DMA 50
7 6a Pd(OAc)2 Ag2CO3 TBAB DMSO N.R.
8 6a Pd(OAc)2 Cs2CO3 TBAB DMF 85
9 6b Pd(OAc)2 Cs2CO3 TBAB DMF 80
10 6c Pd(OAc)2 Cs2CO3 TBAB DMF 81
11 6d Pd(OAc)2 Cs2CO3 TBAB DMF 82

Scheme 3. A catalytic cycle
The starting materials 1-hydroxy carbazoles 5a–d for another
series of coupling reactions were easily prepared24 by the reaction
of 2,3,4,9-tetrahydro-carbazol-1-ones 1a–d upon reduction with
Pd/C. Treatment of 1-hydroxy carbazoles 5 with 2-bromobenzyl-
bromide 2 in acetone in the presence of anhydrous K2CO3 under
refluxing conditions afforded the corresponding O-substituted
products 6 in high yield (Scheme 2).25 The actual coupling reaction
was first tested for 1-(2-bromo-benzyloxy)-6-methyl-9H-carba-
zole 6a. The use of bases such as Ag2CO3, KOAc or K2CO3 in DMA
gave only low yields of 7a (entries 2, 4, and 5). Our next attempt
to initiate the cyclization of 6a in presence of Pd(OAc)2, Cs2CO3

as the base, TBAB as an additive in DMA as the solvent gave the cy-
clized product 10-methyl-2,13-dihydroisochromeno[3,4-a]carba-
zole 7a in 60% yield (Table 2, entry 6). All attempts to optimize
the reactions conditions using PdCl2 gave lower yields. Therefore,
we decided to focus the optimization attempts on the Pd(OAc)2

system.
A study of the influence of various solvents (DMF, DMSO, and

DMA) suggested that DMF is the best choice. No reaction was
found to occur below 90 �C. Switching to the mild base Cs2CO3 in
these reactions gave the desired cyclized product 7a. The best re-
sults were achieved using Cs2CO3 as the base, Pd(OAc)2 as the cat-
alyst, TBAB as an additive and DMF as a solvent at 110 �C. After 4 h
of reaction time this procedure provided a 85% yield of the cyclized
product 7a (entry 8).26 The results for all compounds 7a–d are
summarized in Table 2.

From a mechanistic point of view, the cyclization most likely
proceeds through oxidative addition of Pd(0) to the 1-(2-bromo-
benzyloxy)-9H-carbazole 6 to give a r-aryl palladium intermedi-
ate. Electrophilic attack on the aromatic ring leads to the biaryl pal-
ladium species, which after reductive elimination of palladium
affords the cyclized products 7.
for the formation of 4.
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A similar catalytic cycle for the formation of the product 4 from
the substrate 3 is outlined in Scheme 3. Abstraction of halide by
Cs2CO3 leads to cationic intermediate 9 presumably stabilized by
the nitrogen atom of the tetrahydrocarbazole moiety. Cs2CO3

abstraction of a proton from 9 leads to the intermediate 11. On
subsequent enolization and dehydrogenation, the product 4 was
obtained. It has been observed that the biaryl coupling reactions
proceeded smoothly under our optimized reaction conditions and
gave good yields of the cyclized products under ligand-free condi-
tions. No halogen-reduced product was observed at all. The use of
Cs2CO3 as base seems to completely inhibit the formation of this
undesired reduced product and thus dramatically improves the
yield of the desired product 4.

In conclusion, we have developed a convenient and high yield-
ing method for the synthesis of indolo[3,2,1-d,e]phenanthridines
and isochromeno[3,4-a]carbazoles, present in many biologically
active alkaloids, by palladium-catalyzed intramolecular Heck reac-
tion under ligand-free conditions. The method is new, mild and
highly effective for the cyclization of biaryl systems, and afforded
the cyclized products in high yields. The method is likely to be
applicable for many other ring systems and hetero atomic species.
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bromobenzylbromide (1 mmol) and dried K2CO3 in acetone was refluxed in a
steam bath for 3 h. The reaction mixture was monitored by TLC. After
completion of the reaction the excess solvent was removed and dissolved in
ice water and neutralized with ice cold 1:1 HCl. The solid separated was
filtered, washed with water and dried. Then, it was purified by column
chromatography over silica gel using petroleum ether and ethyl acetate (99:1)
to get the respective 1-(2-bromo-benzyloxy)-9H-carbazole (6).
1-(2-Bromo-benzyloxy)-6-methyl-9H-carbazole (6a):
White solid (0.307 g, 84%); mp: 252 �C; IR (KBr) 3429, 2920, 1675, 1574 cm�1;
1H NMR (CDCl3, 400 MHz): d (ppm) 2.52 (s, 3H, CH3), 5.33 (s, 2H, O–CH2), 6.93
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H), 7.23 (d, 1H, J = 7.6 Hz, 7-H), 7.32-7.36 (m, 2H, 50& 8-H), 7.58 (d, 1H,
J = 7.6 Hz, 2-H), 7.62 (d d, 1H, J = 8.0 Hz, J = 1.2 Hz, 30-H), 7.67 (d, 1H, J = 7.6 Hz,
4-H), 7.84 (s, 1H, 5-H), 8.20 (bs, 1H, 9-H). 13C NMR (CDCl3, 125 MHz) d (ppm)
21.46, 66.99, 107.40, 110.60, 113.38, 119.50, 120.46, 122.91, 123.83, 124.52,
127.21, 127.63, 128.76, 129.36, 129.55, 130.33, 132.84, 136.27, 137.50, 144.45;
MS, m/z (%): 368 (M+2, 97), 366 (M+, 100), 350 (29), 271 (18), 165 (10), 113 (9);
Anal. Calcd for C20H16BrNO: C, 65.59; H, 4.40; N, 3.82 %. Found: C, 65.55; H,
4.37; N, 3.86%.

26. General procedure for the synthesis of 2,13-dihydroisochromeno[3,4-a]carbazole
(7):
To a mixture of 1-(2-Bromo-benzyloxy)-9H-carbazole (1 mmol), Bu4NBr
(1.5 equiv) and Cs2CO3 (1.5 equiv) in anhydrous DMF (8 mL) was added
Pd(OAc)2 (10 mol %) placed in a pre-heated oil bath at 110 �C for 2 h. After
completion of the reaction, the mixture was cooled and diluted with water.
This was extracted with EtOAc. The combined organic extracts were washed
with aq 1 N HCl, water, brine solution and dried (anhyd Na2SO4). The solvent
was removed by distillation and the crude product was purified by column
chromatography over silica gel using pet. ether as the eluent to give the final
compound 7.
10-methyl-2,13-dihydroisochromeno[3,4-a]carbazole (7a):
White solid (0.242 g, 85%); mp: 259 �C; IR (KBr) 3432, 2920, 1623, 1577 cm�1;
1H NMR (CDCl3, 500 MHz): d (ppm) 2.56 (s, 3H, CH3), 5.31 (s, 2H, O–CH2), 7.21
(d, 1H, J = 7.5 Hz, 3-H), 7.29 (d t, 1H, J = 7.5 Hz, J = 1.5 Hz, 4-H), 7.42 (d, 1H,
J = 8.0 Hz, 11-H), 7.43 (d t, 1H, J = 7.5 Hz, J = 1.5 Hz, 5-H), 7.47 (d, 1H, J = 8.0 Hz,
12-H), 7.63 (d, 1H, J = 8.0 Hz, 7-H), 7.77 (d, 1H, J = 8.0 Hz, 6-H), 7.81 (d, 1H,
J = 8.0 Hz, 8-H), 8.09 (s, 1H, 9-H), 8.28 (bs, 1H, 13-H); 13C NMR (CDCl3,
125 MHz) d (ppm) 21.53, 66.71, 106.59, 110.59, 111.93, 113.31, 119.93, 120.48,
122.88, 124.66, 126.31, 127.38, 128.71, 129.12, 129.41, 129.63, 130.19, 136.28,
136.86, 142.68; MS, m/z (%): 285 (M+, 100), 270 (25), 218 (16), 164 (12), 113
(11); Anal. Calcd for C20H15NO: C, 84.19; H, 5.30; N, 4.91 %. Found: C, 84.22; H,
5.35; N, 4.95 %.
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