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Easily accessible isoxazol-5(4H)-ones are useful precursors of
heterocycles. In this context, we report the ruthenium-catalyzed
transformation of 4-alkenyl-substituted isoxazol-5-ones to afford
1H-pyrrole derivatives. The operative conditions were proven to
be effective also on cyclohexane-fused isoxazolones giving

4,5,6,7-tetrahydroindoles. The reactions, which allow for access
to tri-and tetra-substituted pyrroles in moderate to high yields,
occur through decarboxylative ring-opening/ring-closure in-
volving C� H functionalization of the alkenyl moiety.

Introduction

Among the most important heterocyclic compounds, pyrroles
represent the structural core in a wide range of natural products
and synthetic compounds endowed with various pharmacolog-
ical and physicochemical properties.[1] Consequently, since the
pioneering Knorr, Paal-Knorr and Hantzsch reactions,[2] their
synthesis has always aroused interest in the most important
research areas of synthetic chemistry.[3] To avoid approaches
based on the use of strong operating conditions, which are
incompatible with many functional groups and a wide scope of
the reaction, transition metal-promoted synthetic protocols
have been developed to access pyrroles under mild reaction
conditions.[4] In this context, more recently Doyle and co-
workers described a silver-catalyzed coupling reaction between
enol diazoacetates and imino ethers providing fully substituted
pyrroles at room temperature (Scheme 1, reaction 1).[5] A
copper-catalyzed process through [3+2] spiroannulation of
oximes and azadienes followed by aromatization of the first-
obtained 3H-pyrroles was reported by the Jiang and Wei group
(Scheme 1, reaction 2).[6] Huang and co-workers developed a
gold-catalyzed cycloisomerization of 1,5-diynes to afford 1,2,4-
trisubstituted pyrroles (Scheme 1, reaction 3).[7]

Two interesting procedures to access pyrrole skeleton by
conversion of heterocyclic compounds have been recently
achieved using iron or ruthenium catalysis. The former, reported
by Makarov, is a rearrangement of furyl-tethered O-acetyl
oximes, which undergoes 5-exo-trig cyclization to generate
spiro-intermediates susceptible of aromatization by dihydrofur-
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Scheme 1. Recent transition metal-catalyzed procedures for the synthesis of
pyrroles.
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an ring-opening (Scheme 1, reaction 4).[8] In the second-one, the
treatment of isoxazoles with sulfonylhydrazones in ruthenium-
catalyzed copper-mediated conditions was proven to be a
convenient procedure to the synthesis of trisubstituted pyrroles
(Scheme 1, reaction 5).[9]

Exploitation of isoxazol-5-ones as building blocks in organic
synthesis has attracted considerable attention not only due to
their easy availability, but also to the versatile reactivity of the
generated nitrenoid active species arising from the N� O bond
cleavage, depending on their substituents.[10] Also in this field,
transition metal catalysis by palladium,[11] ruthenium,[12] iron,[13]

iridium[14] and rhodium[15] complexes has proved a powerful
tool for widening processes to obtain various types of hetero-
cycles, mainly through decarboxylative reactions. As regards the
catalysis with ruthenium, assuming that the generation of a Ru-
vinylnitrene intermediate by decarboxylative opening of iso-
xazolones in the presence of ruthenium(II) complexes is a
general behavior, it is possible to design new strategies for
heterocyclic synthesis by modulating the substituent at C4-
position. Having long-standing interest toward the investigation
of synthetic protocols for nitrogen-containing compounds by
carbon-nitrogen bond forming reactions,[16] as well as toward
the reactivity of the isoxazol-5-ones,[12d,e,17] herein we describe a
ruthenium(II)-catalyzed reaction for the transformation of 4-
alkenyl-substituted isoxazolones to tri- and tetrasubstituted NH-
pyrroles (Scheme 1, reaction 6).

Results and Discussion

At the beginning of our study, we examined the behaviour of
the model substrate 2a, synthesized from the isoxazolone 1a
and ethyl propiolate (Scheme 2). The preparation of 2a
deserves some considerations. Performing the reaction with
TEA as catalyst in DCM, a mixture of 4- and 2-alkenyl isoxazolin-
5-ones (2a and 2a’), each of them as a mixture of E/Z isomers
on the double bond, were obtained. Better results in term of
regioselectivity were observed by switching the reaction
conditions to Na2CO3 as base (1 equiv.) in THF as solvent,
reporting a widely favourable ratio for the product 2a vs 2a’
(from 3 :1 to 5 :1 E/Z ratio), from which the E isomer was
isolated in 50% yield.[18] When 2a was treated with catalytic
[Ru(p-cymene)Cl2]2 in DMSO at 100 °C, that are the same
conditions successfully used by us for the conversion of 4-(1,4-
naphthoquinone)-substituted isoxazol-5-ones to benzo[f]indole-

4,9-diones,[12d] the total conversion to the pyrrole 3a as the sole
product was achieved. The reaction has been repeated starting
from the crude mixture obtained preparing 2a. Gratifyingly,
both E and Z isomers of compound 2 undergo the rearrange-
ment under Ru-catalysis, albeit with different reaction times
due to the in situ conversion of the Z isomers into the more
reactive E species. Conversely, the 2-alkenyl derivative 2a’ didn’t
react under the same reaction conditions. This allows to directly
employ the crude 2a/2a’ mixture making as whole the
procedure easier, also in terms of separation of the undesired
compound 2a’.

Given the satisfactory results in terms of preparation and
transformation of substrate 2a, a number of isoxazol-5-ones
were synthesized to evaluate the scope of the rearrangement
conditions. For this purpose, the 1a–g precursors were treated
with a series of alkynes bearing electron-withdrawing substitu-
ents. The functionalization with ethyl propiolates was carried
out following the conditions used for the preparation of
compound 2a. i. e. with Na2CO3 as base in THF as solvent, giving
products 2b–j mainly as isomers E (Scheme 3, reaction A). These
conditions were unsuccessfully applied to the reaction between
isoxazolones 1 and dimethyl acetylenedicarboxylate (DMAD).
Access to compounds 2k–r was achieved by operating with
catalytic triethylamine in DCM (Scheme 3, reaction B). An excess
of DMAD (4 equiv.) was proven to be necessary to minimize the
competitive formation of the substituted 1,3-oxazin-6-ones.[19]

To evaluate the robustness of the methodology, the
isoxazol-5-ones 2b–j were submitted to the treatment with
[Ru(p-cymene)Cl2]2 in DMSO at 100 °C (Scheme 4). As in the case
of substrate 2a, the reactions were carried out directly on the
crude mixture of the starting isoxazolone and ethyl propiolate.
The expected 2,3,5-trisubstituted pyrroles were obtained in all

Scheme 2. Preparation and ruthenium-catalyzed treatment of the isoxazol-
5(4H)-one 2a. Scheme 3. Preparation of the isoxazol-5(4H)-ones 2b–r.
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cases through a similar reaction outcome in terms of selectivity
and yields beside the unreactive regioisomeric material. In
addition to the carbethoxy group, the catalytic system is
tolerant towards electron-poor (hetero)aromatic rings. Indeed,
pyridin-2-yl and 4-nitrophenyl isoxazolone derivatives yielded
the corresponding pyrroles (3g, 3h and 3 i, respectively)
through satisfactory outcomes.

Then, the applicability of this synthetic path was applied to
the synthesis of tetrasubstituted pyrroles. Using the isoxazol-5-

ones 2k–r as substrates, after 24 h at 100 °C the reactions were
completed and the 2,3,4,5-tetrasubstituted pyrroles 3k–r were
obtained in satisfactory to good yields (Scheme 5). It should be
emphasized that the reactions were particularly clean, as
evidenced by the 1H-NMR of the crude mixture.

To improve the versatility of the reaction, isoxazolone 4 was
synthesized and functionalized at C4-position with methyl
propiolate and dimethyl acetylene dicarboxylate, yielding
compounds 5a and 5b (Scheme 6). Their treatment under the
standard conditions provided the formation of the 4,5,6,7-
tetrahydroindoles 6a and 6b, isolated in 63% and 58%,
respectively.

Furthermore, the practical utility of this approach to pyrrole
synthesis was demonstrated by performing a gram-scale
reaction on substrate 2a, which provided product 3a in 85%
yield (Scheme 7).

A plausible mechanism is depicted in Scheme 8. First step
should involve cleavage of the N� O bond by oxidative addition
of the ruthenium complex giving the intermediate A, which
undergoes decarboxylation to generate the ruthenium-nitre-

Scheme 4. Conversion of the isoxazol-5(4H)-ones 2b–j into the trisubstituted
pyrroles.

Scheme 5. Conversion of the isoxazol-5(4H)-ones 2k–r into the tetrasubsti-
tuted pyrroles.

Scheme 6. Preparation of 4,5,6,7-tetrahydroindoles.

Scheme 7. Gram-scale synthesis of product 3a.

Scheme 8. Proposed mechanism for the decarboxylative conversion of the
isoxazol-5(4H)-ones 2 into pyrroles 3.
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noid intermediate B. Then, B evolves to the ruthenacycle C by
an electrocyclic reaction. Finally, reductive elimination delivers
the product 3 and the regeneration of the active ruthenium
catalyst.

Conclusions

In summary, we have developed a procedure for the prepara-
tion of tri- and tetrasubstituted NH-pyrroles based on the
rearrangement of 4-alkenyl-isoxazol-5-ones. The reaction pro-
ceeds under thermal conditions in the presence of a
ruthenium(II) catalyst without the need for additional additives.
This synthetic protocol implies an electrocyclic reaction that
occurs after the cleavage of a nitrogen-oxygen bond and the
formation of a new carbon-nitrogen bond in the final reductive
elimination step of a rutenacycle intermediate. This method-
ology for the synthesis of 1H-pyrroles confirms the versatility of
the isoxazolones treated under ruthenium catalysis for the
conversion in different heterocyclic systems.

Experimental Section
General information. Melting points were determined by the
capillary method with a Büchi B-540 apparatus and are uncorrected.
IR spectra were measured with a Jasco FT/IR 5300 spectrometer. 1H
NMR and 13C NMR spectra were recorded with: Varian Oxford
300 MHz spectrometer at 300 and 75 MHz, respectively. Chemical
shifts are given as δ values in ppm relative to residual solvent peaks
(CHCl3) as the internal reference.

13C NMR spectra are 1H-decoupled
and the determination of the multiplicities was achieved by the
APT pulse sequence. Elemental analyses were executed on Perkin-
Elmer CHN Analyzer Series II 2400. Thin-layer chromatographic
separations were performed on Merck silica-gel 60-F254 precoated.
Preparative separations were performed by flash chromatography
by using Merck silica gel 0.035-0.070 mm.

General procedure for the preparation of 4-alkenyl-isoxazol-5-
ones 2a–l and 5a: To a stirred solution of the appropriate isoxazol-
5-one 1a–l or 4 (1.0 mmol), Na2CO3 (1.0 mmol, 105.9 mg) in DCM
(10 mL) the appropriate alkyne (1.0 mmol) was added. After
24 hours the solvent was removed under reduced pressure. The
crude reaction was used as such for the subsequent reaction. For
the characterization of the compounds 2a–l and 5a, a column
chromatography was made. The characterization of products 2k,l[19]

are consistent with those reported in the literature.

General procedure for the preparation of 4-alkenyl-isoxazol-5-
ones 2m–r and 5b: To a stirred solution of the appropriate
isoxazol-5-one 1a–g or 4 (1.0 mmol), DMAD (4.0 mmol, 568 mg),
triethylamine (100 μL) in DCM (10 mL) were added. After 24 hours
the solvent was removed under reduced pressure. The residue was
purified by FCC.

General procedure for the preparation of pyrroles 3a–r and 6a–
b. The crude mixture arising from the previous reaction to obtain
isoxazolones 2a–r or 5a,b (1.0 mmol) was solved in DMSO (6 mL)
and [Ru(p-cymene)Cl2]2 (30.6 mg, 0.05 mmol) was added in a sealed
tube. The resulted solution was magnetically stirred at 100 °C for
24 hours in oil bath. The reaction mixture was washed with brine
(5 mL×3) and extracted with AcOEt (5 mL×3), dried over MgSO4

and filtered. The solvent was removed under reduced pressure. The
residue was purified by FCC. The characterization of products

3a,h,i,[20] 3k,l,[21] 3o,[22] 6b[23] and 6a[24] are consistent with that
reported in the literature.

Gram-scale synthesis for the preparation of pyrrole 3a. In a sealed
tube, [Ru(p-cymene)Cl2]2 (0.17 mmol, 103 mg) was added to a
solution of substrate 3a (3.37 mmol, 920 mg) in DMSO (33 mL). The
resulted solution was magnetically stirred at 100 °C for 24 hours.
The reaction mixture was washed with brine (10 mL×3) and the
organic layer was extracted with AcOEt (10 mL x 3), dried over
MgSO4 and filtered. The solvent was removed under reduced
pressure. The residue was purified by FCC (7/3 hexane/AcOEt) and
3a was recovered as white solid with 85% yield (656 mg). The
characterization of product 3a is consistent with that reported in
the literature.[19]
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