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ABSTRACT

An efficient, Rh-catalyzed intramolecular Pauson −Khand-type carbonylation of alkyne-carbodiimides leading to 4,5-dihydro-1 H-pyrrolo[2,3-
b]pyrrolin-2-ones and 1 H-pyrrolo[2,3- b]indol-2-ones is described.

As part of our ongoing interest in designing new synthetic
strategies for nitrogen heterocycles, we have developed facile
and efficient methods involving ring-forming reactions such
as electrocyclizations, intramolecular hetero Diels-Alder
reactions, hetero Michael additions, etc., of functionalized
carbodiimides and ketenimines as the key synthetic step.1 It
is well documented that [2+2+1]-cocyclization of an alkyne,
an alkene, and carbon monoxide promoted by transition
metals, which is known as the Pauson-Khand reaction (when
Co2(CO)8 is used) or the Pauson-Khand-type reaction (when
other metal complexes are used), is a powerful and elegant
synthetic method for cyclopentenones and their derivatives.2

The hetero Pauson-Khand reaction has also been developed
in which a carbonyl or imine functionality instead of an
alkene or alkyneπ-component is incorporated as a hetero-
alkene counterpart.3 Allenes are versatile building blocks in
organic synthesis,4 and recently, the synthetic utility of such

cyclocarbonylation reactions has been greatly enhanced
through the use of an allene functionality instead of alkenes.5

However, there had been no reports on Pauson-Khand-type
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reactions involving heterocumulene as a 2π-component,6

until our recent report of the heterocumulenic Pauson-
Khand-type reaction appeared.7 The reaction involved alkyne-
carbodiimides as both 2π-components in the intramolecular
[2+2+1]-cyclocarbonylation. Unfortunately, however, it
required stoichiometric amounts of Mo(CO)6 in the presence
of DMSO as a promoter upon heating in toluene to obtain
good to fair yields of the Pauson-Khand products, pyrrolo-
[2,3-b]pyrrolinones and pyrrolo[2,3-b]indolones.7 Our atten-
tion has now focused on the development of a catalytic
version of the heterocumulenic Pauson-Khand-type reaction.
Here, we present therhodium-catalyzedheterocumulenic
Pauson-Khand-type reaction of alkyne-carbodiimides for the
first time.8

First, screening of metal catalysts2 in combination with
an additive (ligand) was performed in the Pauson-Khand-
type reaction of N-[(o-phenylethynyl)]phenyl-N′-propyl-
carbodiimide (1a) under an atmospheric pressure of carbon
monoxide in toluene at ca. 120°C. Selected results are listed
in Table 1. The use of a stoichiometric amount of Mo(CO)6

(100 mol %)3d,7 in the presence of 5 equiv of DMSO afforded
Pauson-Khand product2a in 55% yield (entry 1). However,
catalytic use (5 mol %) of the same Mo complex and DMSO
(25 mol %) under the same conditions required a longer
reaction time (8 h) and was less effective, as it gave 16%

yield of 2a (entry 2). The reactions employing 5 mol % of
Cr(CO)6, W(CO)6, Ru3(CO)12,3e,g and Co2(CO)8 resulted in
much lower or no yield of2a (entries 3-6), whereas
Co2(CO)8 (5 mol %) combined with P(OPh)3 (20 mol %)
provided 2a in somewhat better yield (entry 7). When
[RhCl(CO)dppp]2 (5 mol %) (generated in situ by mixing
[RhCl(cod)]2 and 1,3-bis(diphenylphosphino)propane (dppp,
11 mol %) as the ligand) was used,9 the best results were
obtained, with 77% yield of2a (entry 10). The efficiency of
the catalytic system was found to be largely dependent on
the combination of the complex with its ligand. It is clear
that dppp is superior to the other phosphine ligands, P(OPh)3,
1,2-bis(diphenylphosphino)ethane (dppe), and 1,4-bis(di-
phenylphosphino)butane (dppb) for this substrate (entry 10
vs entries 8, 9, and 12).10 The amount of the catalyst,
[RhCl(CO)dppp]2, could be reduced to 2.5 mol %, while
maintaining a fairly good yield (58%) of2a (entry 11).

Given the best result (entry 10, Table 1) in the model
reaction of1a, we thus applied this catalytic system under
the optimized conditions to substrates1 bearing a variety of
substituents (R1, R2) on the terminal alkyne and the nitrogen
atom. The results are shown in Table 2. The alkyl- and aryl-
substituted carbodiimides1 produced moderate to good yields
of 2, whereas in the cases of carbodiimides1b,g having a
substituent of R2 ) cyclohexyl, Pauson-Khand products
2b,g were obtained in lower yields. This is probably due to
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Table 1. Screening of Catalysts and Additives in
Pauson-Khand-Type Reactions of1a to Give 2a

entry catalyst (mol %) additive (mol %)
time
(h)

yield
(%)a

1 Mo(CO)6 (100) DMSO (500) 1 55
2 Mo(CO)6 (5) DMSO (25) 8 16
3 Cr(CO)6 (5) DMSO (25) 7 0
4 W(CO)6 (5) DMSO (25) 13 0
5 Ru3(CO)12 (5) DMSO (25) 7 0
6b Co2(CO)8 (5) DMSO (25) 8 12
7b Co2(CO)8 (5) P(OPh)3 (20) 10 28
8c [RhCl(cod)]2 (5) PPh3 (22) 7 6
9c [RhCl(cod)]2 (5) dpped (11) 6 17

10c [RhCl(cod)]2 (5) dpppe (11) 1.5 77
11c [RhCl(cod)]2 (2.5) dpppe (5.5) 2 58
12c [RhCl(cod)]2 (5) dppbf (11) 4 29

a Yield of isolated product2a. b Dimethoxyethane was used as solvent.
c cod ) 1,5-cyclooctadiene.d 1,2-Bis(diphenylphosphino)ethane.e 1,3-
Bis(diphenylphosphino)propane.f 1,4-Bis(diphenylphosphino)butane.
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steric hindrance caused by the bulky cyclohexyl group in
the cyclization process.

To study the generality of the catalytic carbodiimide
Pauson-Khand reaction, this Rh catalyst was next applied
to the reaction of ethylene-tethered alkyne-carbodiimides3
(Table 3). The use of 5 mol % of [RhCl(CO)dppp]2 catalyst
generated in situ also proved to be effective for the Pauson-
Khand-type reaction ofN-(3-alkynyl)-N′-arylcarbodiimides
3b-g to furnish 4,5-dihydro-1H-pyrrolo[2,3-b]pyrrolin-2-
ones (4b-g) in acceptable yields, whereas the reaction of
N-(3-pentynyl)-N′-propylcarbodiimide3a did not give any
cyclized products. The reason for the latter results can be
ascribed to the fact that dialkylcarbodiimides bearing less
bulky substituents (as in3a) are apt to dimerize or deteriorate
under such harsh reaction conditions.11

In conclusion, the first examples of Rh-catalyzed Pauson-
Khand-type reactions of alkyne-carbodiimides are reported,
thus providing a facile and efficient route to the Pauson-
Khand products, pyrrolo-indolones and pyrrolo-pyrrolinones.
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Table 3. Catalytic Pauson-Khand-Type Reaction of3 to
Give 4a

entry 3 R1 R2 4
yield
(%)b

1 3a Me n-Pr 4a 0
2 3b Me Ph 4b 43
3 3c Me p-MeC6H4 4c 44
4 3d Me p-ClC6H4 4d 47
5 3e Et Ph 4e 46
6 3f Et p-MeC6H4 4f 46
7 3g Et p-ClC6H4 4g 47

a 3 (0.53 mmol), 0.15 M, at 120°C of bath temp.b Yield of isolated4.

Table 2. Catalytic Pauson-Khand-Type Reaction of1 to
Give 2a

entry 1 R1 R2

time
(h) 2

yield
(%)b

1 1a Ph n-Pr 1.5 2a 77
2 1b Ph c-Hex 1.5 2b 27
3 1c Ph Ph 1.5 2c 50
4 1d Ph p-MeC6H4 1.5 2d 50
5 1e Ph p-ClC6H4 1.5 2e 57
6 1f Me3Si n-Pr 2.0 2f 60
7 1g Me3Si c-Hex 2.5 2g 20
8 1h Me3Si Ph 1.5 2h 85
9 1i Me3Si p-MeC6H4 1.5 2i 77

10 1j Me3Si p-ClC6H4 1.5 2j 77

a 1 (0.23 mmol), 0.16 M, at 120°C of bath temp.b Yield of isolated2.
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