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ABSTRACT: A novel rhodium(II)-catalyzed formal [3 + 2]
cycloaddition of N-sulfonyl-1,2,3-triazoles with isoxazoles has
been achieved that provides an efficient method for the
synthesis of polysubstituted 3-aminopyrrole derivatives. An
operationally simple one-pot synthesis of the titled compounds
from terminal alkynes, tosyl azide, and isoxazoles was also
developed. The presented reaction affords an illustrative example of employing 1,2,3-triazoles as the [2C]-component in relevant
cycloaddition reactions.

N-Sulfonyl 1,2,3-triazoles have recently emerged as capable
precursors for the synthesis of various nitrogen heterocycles.1

Upon treatment with rhodium(II) catalysts, N-sulfonyl 1,2,3-
triazoles readily undergo denitrogenative reaction to form
Rh(II)−azavinylcarbene (Rh−AVC, Scheme 1a), a versatile
intermediate that could promote a wide range of trans-
formations. Thus far, the applications of Rh−AVC as [1C]- or

aza-[3C]-synthons in cycloaddition reactions have been well
explored.2,3 However, its potential as a [2C]-synthon remains
underdeveloped. In early 2015, we disclosed a novel Rh(II)-
catalyzed transannulation of N-sulfonyl 1,2,3-triazoles with 2H-
azirines, which allowed the divergent synthesis of polysub-
stituted 3-aminopyrroles and 1,2-dihydropyrazines, respectively,
via formal [3 + 2] and [3 + 3] cycloadditions (Scheme 1a).4

Notably, two highly relevant works were independently
reported by Shi and Lee.5 The above studies4,5a represent the
first two examples of the application of Rh−AVC as a [2C]-
synthon in cycloaddition reactions, thus opening new prospects
for the emerging area of research.
Isoxazoles represent a class of important heterocycles in

organic synthesis.6 Great efforts have been made to develop
new methods for their preparation.7 In turn, they could also
serve as precursors for the synthesis of other valuable scaffolds.8

Indeed, one of the key structural elements of isoxazoles relies
on the fact that they possess a relatively labile N−O bond that
could be readily cleaved and then integrated into a new
heterocycle.8a−c As a paradigm, Davies recently developed an
intriguing Rh(II)-catalyzed transannulation of isoxazoles with
vinyl diazo compounds.8a In this reaction, the isoxazole partner
reacts with Rh−vinylcarbene (Rh−VC) to form an isoxazolium
ylide intermediate, which then undergoes sequential ring-
opening with cleavage of the N−O bond, 6π electrocyclization,
and oxidative dehydrogenation to afford polysubstituted
pyridine (Scheme 1b). In view of the resemblance between
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Scheme 1. Rh(II)−Carbene-Promoted Formal [3 + 2] and
[3 + 3] Cycloadditions
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the above-mentioned Rh−AVC and Rh−VC species, we
assumed that a Rh(II)-catalyzed aza-[3 + 3] cycloaddition
between N-sulfonyl 1,2,3-triazoles and isoxazoles could be also
feasible, which would lead to 1,2-dihydropyrazine derivatives
(Scheme 1c). As a part of our continuing interest on the
development of novel transformations for the synthesis of
heterocycles of biological importance,4,9 we report herein the
progress we have achieved on this subject. Interestingly, while
the originally proposed chemistry failed to work as expected, a
novel [3 + 2] cycloaddition was discovered in practice, which
resulted in highly functionalized 3-aminopyrroles as products
(Scheme 1c).
We commenced our studies by treatment of 1-tosyl-1H-

1,2,3-triazole 1a (1.5 equiv) and 5-phenyl-3-propylisoxazole
2a10 (1.0 equiv) with 1.5 mol % of Rh2(oct)4 in 1,2-DCE at 140
°C. The starting materials were consumed quickly, providing a
major product in 47% isolated yield. However, careful analysis
of the NMR spectroscopic data of the product showed that it
was not the expected dihydropyrazine product but a 3-amino-4-
acylpyrrole derivative, as represented by the structure of 3a
(Table 1). This discovery, despite being unexpected, deserved

further investigation, since the resulting polysubstituted 3-
aminopyrroles represent a class of unique structural element
distributed in various natural products and bioactive mole-
cules,11 and thus, the development of new methods for their
synthesis has been a subject of significant interest.12 Moreover,
the N-sulfonyl 1,2,3-triazole 1a involved in this reaction serves
as a [2C]- rather than commonly seen aza-[3C]-component,
which showcases the great potential of Rh−AVC as a versatile
synthon.
To improve the efficiency of the above transformation, we

conducted a systematic condition screening with 1a and 2a as
standard substrates. First, the effect of Rh(II) catalyst was
examined. It was shown that while Rh2(oct)4, Rh2(S-DOSP)4,
and Rh(S-PTAD)4 led to poor conversion (entries 2−4),
Rh2(esp)2

13 displayed superior reactivity to afford an excellent
yield of 3a (84%, entry 5). This observation was in agreement

with our previous results.4 We also found that the reaction
temperature had a notable influence on the outcomes. Both
lower and higher temperatures than 140 °C gave inferior results
(entries 6−8). In addition, we attempted to conduct the
reaction in the presence of 4 Å molecular sieves or microwave
irradiation; however, no improvement could be made (entries 9
and 10). Finally, it turned out that the use of 1.5 equiv of 1,2,3-
triazole was required to ensure satisfactory results since a
decreased yield was obtained when a 1:1 ratio of 1a/2a was
employed in the reaction (entry 11).
Having the optimal conditions in hands, we sought to

evaluate the generality of the reaction. First of all, a broad range
of 4-aryltriazoles were evaluated with 2a as the reactant partner
(Scheme 2). It was shown that all of the examined reactions

worked smoothly to provide the corresponding products in
good to acceptable yields. The substrates bearing electron-
donating or -withdrawing substituents were well tolerated,
although the former generally gave a slightly higher yields than
the latter. The orientation of the substitute also showed some
impact on the efficacy, while the para- and meta-substituted
substrates gave better results than the ortho-substituted ones
(3e vs 3f; 3g vs 3h). Moreover, the reaction could be applied to
the triazoles bearing other aromatic rings, as shown by the case
of 3i and 3j. However, when some 4-alkyltriazoles were
submitted to the current conditions, they failed to give
satisfying results (structures not shown). Of note, the structure
of 3e was unambiguously determined by X-ray crystallog-
raphy.14

Next, the scope of the isoxazole partner was also systemati-
cally evaluated, as shown in Scheme 3. Not surprisingly, an
array of 3-alkyl-5-arylisoxazoles exhibited reactivity similar to
that of 2a and provided the corresponding products 3l−o in

Table 1. Optimization of Reaction Conditionsa

entry catalyst temp (°C) time yieldb (%)

1 Rh2(oct)4 140 30 min 47
2 Rh2(OAc)4 140 30 min 24
3 Rh2(S-DOSP)4 140 30 min trace
4 Rh(S-PTAD)4 140 30 min trace
5 Rh2(esp)2 140 30 min 84
6 Rh2(esp)2 140 3 h <10
7 Rh2(esp)2 120 1 h 65
8 Rh2(esp)2 160 30 min 41
9c Rh2(esp)2 140 30 min 81
10 Rh2(esp)2 140, microwave 10 min 78
11d Rh2(esp)2 140 30 min 44

aReaction conditions: 1a (0.30 mmol), 2a (0.20 mmol), and Rh(II)
cat. (3.0 μmol) in DCE (1.0 mL). bIsolated yield. c4 Å molecular
sieves was used. d1:1 ratio of 1a/2a was employed. DCE =
dichloroethane, oct = octanoate, (S)-DOSP = 4-(dodecylphenyl)-
sulfonyl-(2S)-prolinate, (S)-PTAD = N-phthaloyl-(S)-adamantylgly-
cine, esp = α,α,α,α-tetramethyl-1,3-benzenedipropanoate.

Scheme 2. Scope of 1,2,3-Triazolesa,b

aReaction conditions: 1 (0.30 mmol), 2a (0.20 mmol), and Rh2(esp)2
(3.0 μmol) in DCE (1.0 mL) at 140 °C. bIsolated yield.
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good yields. Moreover, 3-aryl-5-alkylisoxazoles also proved to
be suitable substrates for the transformation, although in some
cases the yields were moderate (e.g., 3s and 3t). This
transformation could also be extended to 3,5-diarylisoxazoles
and 3,5-dialkylisoxazoles, as shown by the cases of 3u−y.
Notably, the substrate bearing an alkenyl substituent on the C-5
position of 2 was also tolerated, which further extended the
substrate scope of the method. However, both monosubstituted
(e.g., 5-methylisoxazole) and trisubstituted isoxazoles (e.g., 3,5-
dimethyl-4-phenylisoxazole) failed to give promising results
under the present conditions (results not shown).
To simplify the operation of above transformations, we also

developed a one-pot protocol for the synthesis of N-
aminopyrrole derivatives from terminal alkynes, tosyl azide,
and isoxazoles. As a proof of concept, phenylacetylene 4 was
treated with TsN3 in the presence of CuTC (3.0 mol %) in 1,2-
DCE at room temperature for 4 h. The resulting mixtures,
without isolation, were further treated with isoxazole 2a (0.7
equiv) and Rh2(esp)2 (1.5 mol %) at 140 °C for 30 min, which
afforded 3a in 77% yield (entry 1, Table 2). This one-pot
protocol was also applied to some other terminal alkynes (4b
and 4c) and isoxazoles (2h, 2n, and 2o). Gratifyingly, all of
them gave satisfying yields that are comparable to those
obtained in the stepwise reactions (entries 2−6).
Finally, a plausible mechanism for the title reaction is

depicted in Scheme 4. Thus, Rh−AVC A, once generated from
1,2,3-triazole 1, could react 2 to form isoxazolium ylide B,
which then underwent ring opening with cleavage of the N−O
bond to form azatriene C. At this point, there are two
possibilities for C to evolve into different products. In the path

A, it may convert into 1,2-dihydropyrazine D via a 6 π
electrocyclization, as we have originally imagined. Alternatively,
C could undergo a 5-exo-trig cyclization between the
nucleophilic C-4 and electrophilic C-3, thus affording
zwitterionic intermediate E.15 After proton transfer followed
by tautomerization, E could advance to the final product G.
Interestingly, while path A takes place predominantly in the
reaction reported by Davies (Scheme 1b),8a path B appears
favorable in the current scenario, most likely attributed to the
presence of a highly electrophilic imine moiety in the
intermediate C. In this context, the inherent nature of Rh−
AVC endows it some unique reactivity distinct from its all-
carbon counterpart, that is, the Rh−VC species.
In summary, we have developed a novel Rh(II)-catalyzed

formal [3 + 2] cycloaddition of N-sulfonyl-1,2,3-triazoles with
isoxazoles, which enables the rapid access of polysubstituted N-
aminopyrroles from the readily available precursors. The
presented chemistry, in conjunction with the precedent,4,5a

clearly illustrates the attractive potential of Rh−AVC as [2C]-
synthon in cycloaddition reactions. Efforts to develop new
reactions following this direction are underway in our
laboratory.
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Scheme 3. Scope of Isoxazolesa,b

aReaction conditions: 1a (0.30 mmol), 2 (0.20 mmol), and Rh2(esp)2
(3.0 μmol) in DCE (1.0 mL) at 140 °C. bIsolated yield.

Table 2. One-Pot Synthesis of 3-Aminopyrrolesa

entry alkyne isoxazole
product: yieldb

(%)

1 4a: R = Ph 2a: R2 = n-C3H7; R3 = Ph 3a: 77
2 4b: R = 4-Me-

Ph
2a 3b: 72

3 4c: R = 4-tBu-
Ph

2a 3c: 82

4 4a 2h: R3 = 4-MeO-Ph; R2 = n-
C4H9

3r: 63

5 4a 2n: R3 = R2 = Me 3x: 54
6 4a 2o: R3 = n-C5H11; R2 = n-C4H9 3y: 80

aReaction conditions: 4 (0.50 mmol), TsN3 (0.50 mmol), and CuTc
(15.0 μmol) in DCE (1.5 mL); then 2 (0.33 mmol), Rh(II) catalyst
(5.0 μmol). bIsolated yield.

Scheme 4. Plausible Mechanisms
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Experimental procedures, spectral data, and spectra of all
new compounds (PDF)
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