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Abstract  A novel catalyst system of (μ-oxo)tetraruthenium cluster (2) combined 

with 1,2-bis(diphenylphosphino)benzene (dppbz) realized a simple, selective, and 

practical synthesis of indole and its derivatives from 2-(2-aminoaryl)ethyl alcohols 

via dehydrogenative N-heterocyclization reaction.  Spontaneous formation of a 

stoichiometric amount of hydrogen (H2) was observed, and the present reaction 

proceeded smoothly under an argon atmosphere without oxidants and/or hydrogen 

acceptors.  

Indole is one of the most important heterocycles as a result of its abundance in natural products, 

biologically active molecules, and pharmaceuticals.1,2  For example, an indole skeleton is included in the 

essential amino acid tryptophan, the neurotransmitter serotonin, the anti-inflammatory drug indomethacin,3 

and antitumoral nortopsentins.4  Furthermore, the neurokinin-, chemokine-, serotonin-, and 

melanocortin-receptor families have been found to be activated by ligands with an indole skeleton.5  

Accordingly, considerable attention has been focused on developing the highly efficient synthesis of indole 
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and its derivatives.  Among various methods for the construction of an indole skeleton,6 oxidative or 

dehydrogenative N-heterocyclization of 2-(2-aminoaryl)ethyl alcohols is one of the most promising 

protocols,7-11 since the starting alcohols are easily prepared by the condensation of 2-nitrotoluene 

derivatives with formaldehyde in the presence of bases, followed by the reduction of a nitro functionality to 

an amino one.8   

We have been interested in ruthenium chemistry, and have successfully synthesized many novel low-valent 

ruthenium complexes,12 which can be used as highly efficient catalysts for characteristic organic 

synthesis.13  In addition, we have succeeded in the synthesis of a novel and isolable (μ-oxo)tetraruthenium 

cluster (2)14 by an unusual reaction of a zero-valent ruthenium complex, Ru(η6-cot)(η2-dmfm)2 (1)15
 [cot = 

1,3,5-cyclooctatriene, dmfm = dimethyl fumarate], with H2O (eq. 1). 

 

 

More recently, we have reported that this novel (μ-oxo)tetraruthenium cluster (2) efficiently catalyzed a 

simple, practical, and selective oxidation of primary and secondary alcohols to the corresponding aldehydes 

and ketones, respectively, under air.16  As part of continuing exploratory work, we have conducted studies 

aimed at expanding the applicability of 2 to catalytic organic synthesis.  The results of this effort show that 

a new catalyst system of 2 combined with 1,2-bis(diphenylphosphino)benzene (dppbz) is highly effective 

for dehydrogenative N-heterocyclization of 2-(2-aminoaryl)ethyl alcohols to the corresponding indole 

derivatives.   

 

2-(2-Aminophenyl)ethyl alcohol (3a) was treated with a catalytic amount of 2 and 

1,2-bis(diphenylphosphino)benzene (dppbz) in toluene at 130 °C (bath temp.) for 20 h under 1 atm of O2 

(balloon) to give indole (4a) in 77% yield (eq. 2).   

 

OH

NH2

(-oxo)Ru4 (2) 0.0050 mmol
dppbz 0.025 mmol

toluene 1.0 mL
130 oC (bath temp.), 20 h
under O2 (1 atm, balloon)3a 1.0 mmol

N
H

(eq.2)

4a 77%
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As shown in Table 1, dppbz has a crucial effect on the 

catalytic activity of 2.  In the absence of dppbz, 

indole was obtained in only 14% yield.  Among 

diphosphines, 1,2-bis(diphenylphosphino)ethane 

(dppe) was applicable (4a, 71%), and the moderate 

catalytic activity of 2 combined with other 

diphosphines, such as 1,2-bis(diphenylphosphino)- 

methane (dppm), and 1,2-bis(diphenylphosphino)- 

propane (dppp), was observed.  The use of two 

equivalents of PPh3 instead of dppbz also increased 

the catalytic activity of 2; however, the catalytic 

activity of 2 combined with 

1,2-bis(diphenylphosphino)butane (dppb) or 

tricyclohexylphosphine (PCy3) was low.  No positive 

effect of diamine ligands, such as 

N,N,N’,N’-tetraethylethylenediamine (TEEDA) and 

2,2’-bipyridine (2,2’-bipy), was observed.   

As for solvents,17 toluene and mesitylene were 

suitable for the present reaction, and the temperature over 130 °C is required for complete conversion of 3a 

to 4a.   

The results obtained from the reaction of several 2-(2-aminoaryl)ethyl alcohols 3 under optimum reaction 

conditions are summarized in Table 2.  2-(2-Aminoaryl)ethyl alcohols 3b-f bearing chloro, bromo, methyl 

and methoxy substituents on a phenyl ring were smoothly converted into the corresponding indole 

derivatives 4b-f in high yields.18  Especially, 4-bromoindole, which is a key intermediate in the synthesis 

of ergot alkaloids,19 can be readily synthesized.   

In all reactions, no indoline derivatives were formed.  Since dehydrogenation of indoline (5a) to indole 

(4a) did not proceed at all under the present catalytic reaction conditions, the present reaction does not 

involve the formation of indoline as an intermediate.8,20  In addition, the present reaction proceeds under 

an air or an argon atmosphere, and neither oxidant nor hydrogen acceptor was required (Scheme 1).  When 

the reaction was carried out under an argon atmosphere, the spontaneous formation of a stoichiometric 

amount of H2 (1.0 mmol, 22.4 mL) was detected in a gas phase by the careful GC analysis (MS-5A). 

 

Table 1. Effect of ligands a

a 3a (1.0 mmol), 2 (0.0050 mmol, 0.50 mol%), 
dppbz, and toluene (1.0 mL) at 130 °C (bath temp.) 
for 20 h under an O2 atmosphere (1 atm, balloon).  
b Determined by GLC. 

ligand (mol%)entry yield of 4a (%) b

1

2

3

4

5

6

dppm

dppe

dppp

dppb

dppbz

7

8

9

10

TEEDA

2,2'-bipy

14

70

35

63

71

63

37

36

11

20

(5.0)

(5.0)

(2.5)

(2.5)

(2.5)

(2.5)

(1.0)

(2.5)

(2.5)

PPh3

PCy3

dppbz8 77(2.5)

dppbz8 91(5.0)
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under O2 (1 atm, balloon)

under air (1 atm, balloon)

under Ar (1 atm, balloon)

91%

80%

85%

OH

NH2

(-oxo)Ru4 (2) 0.0050 mmol
dppbz 0.050 mmol

toluene 1.0 mL
130 oC (bath temp.), 20 h

3a 1.0 mmol

N
H

4a

 

Scheme 1. Synthesis of 4a from 3a under O2, air, and argon atmosphere 

 

Table 2. (μ-oxo)Ru4 (2)/dppbz-catalyzed synthesis of indole derivatives (4) by 
dehydrogenative N-heterocyclization of 2-(2-aminoaryl)ethyl alcohols (3) a 

OH

NH2

N
H

OH

NH2
3a

N
H 4a

OH

NH2

Cl Cl

Cl N
HCl

OH

NH2

Br

N
H

Br

OH

NH2
N
H

OH

NH2

MeO

N
H

MeO

entry 2-(2-aminoaryl)ethyl alcohol (3) indole derivative (4) isolated yield (%)

90 (99) b

64

74

71

50 c

62 c

1

2

3

4

5

6

3b 4b

3c 4c

3d 4d

3e 4e

3f 4f
 

a 3 (1.0 mmol), 2 (0.0050 mmol, 0.50 mol%), dppbz (0.050 mmol, 5.0 mol%), and toluene 
(2.0 mL) at 130 °C (bath temp.) for 4 h under an O2 atmosphere (1 atm, balloon).  b Figure 
in the parentheses is GLC yield.  c For 20 h. 
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Considering the results obtained above, the most plausible mechanism is illustrated in Scheme 2.  We 

believe that the oxidation of an alcohol functionality in 3 to an aldehyde one first proceeded, and 

subsequent intramolecular dehydration between an aldehyde group with an amino group gave a cyclic 

imine intermediate, 3H-indole.  Direct isomerization of 3H-indole proceeded to give the desired indole,21 

not via an indoline intermediate (vide supra).   

 

OH

NH2X

[Ru]-dppbz CHO

NH2X
- H2 X N- H2O

X N
H  

 

Scheme 2. Plausible mechanism 

 

In order to investigate the role of dppbz, the stoichiometric reaction of 2 with dppbz was monitored by 31P 

NMR, which clearly showed that -PPh2 (dppbz, -15.19 ppm, s) was completely converted into -P(=O)Ph2 

(dppbzO2, 28.03 ppm, s) during the reaction.22  This result clearly showed that the transfer of oxo ligands 

from 2 to dppbz occurred first to give a coordinatively unsaturated ruthenium species.23  There are no 

further evidences about the real catalyst species, but an excess amount of dppbz (10 equivalents) is needed 

for the success of the present reaction, which strongly suggests that the coordination of an excess dppbz to 

a coordinatively unsaturated ruthenium species may give a real catalyst species (Scheme 3).24 

 

Ru
O

Ru
O

2 dppbz

dppbzO2

Ru Ru

Ph2P PPh2
coordinatively
unsaturated sites

 
 

Scheme 3. Active ruthenium species 

 

In conclusion, we have developed a novel ruthenium catalyst system of 2 combined with dppbz, which 

realized a simple, selective, and practical synthesis of indole and its derivatives 4 from 

2-(2-aminoaryl)ethyl alcohols 3 in toluene at 130 °C for 4-20 h under neutral conditions.  A stoichiometric 

amount of hydrogen (H2) was formed spontaneously during the reaction, and neither oxidant nor hydrogen 

acceptor was required.  Investigation of an active ruthenium species (cluster or mononuclear) as well as an 

application of the present catalyst system to other oxidative reactions are now in progress. 
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