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-ligand promoted copper-
catalyzed [3 + 2] cycloaddition of propargylic esters
with b-enamino esters: synthesis of highly
functionalized pyrroles†

Qing Li,ab Chuan-Jin Hou,*ab Yun-Ze Hui,c Yan-Jun Liu,a Rui-Feng Yanga

and Xiang-Ping Hu*b
A copper-catalyzed [3 + 2] cycloaddition of propargylic esters with b-

enamino esters under mild reaction conditions for the construction of

highly functionalized pyrroles has been developed. By employment of

a newly developed tridentate P,N,N-ligand, a variety of fully

substituted pyrroles were achieved in good to high yields.
Pyrroles are one of themost important heterocyclic compounds,
which are present in many natural products1 and synthetic
intermediates,2 and have a broad range of applications in
medicinal chemistry,3 bioorganic chemistry,4 polymer chem-
istry5 and material science.6 Therefore, great efforts have been
devoted to develop efficient methods for the synthesis of
pyrroles.7 The present synthetic methods generally depend on
classical condensations such as the Knorr,8 Paal–Knorr,9 and
Hantzsch reactions.10 Recently, some more efficient approaches
based on transition-metal catalyzed cyclizations7a,f and the
multicomponent reactions7d,g have also been developed. Despite
these impressive achievements, the regioselective synthesis of
highly functionalized pyrroles with structural diversity, in
particular fully substituted pyrroles, remains a challenging and
desirable task.11

In the past decades, catalytic propargylic transformation has
made signicant progress.12 In particular, the cycloadditions of
propargylic alcohol derivatives with bis-nucleophiles for the
construction of cyclic frameworks have been disclosed.
Recently, Yoshida13 reported a Pd-catalyzed cyclization of
propargylic carbonates with b-enamino esters for the synthesis
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of fully substituted pyrroles (Scheme 1). Considering structural
diversity of pyrrole derivatives, further exploration of new
strategies for the synthesis of fully substituted pyrroles with
different regioselectivities remains in high demand. Based on
the recent advances on the copper-catalyzed propargylic trans-
formation for the synthesis of heterocyclic compounds,14 we
envisioned that this methodology should be also a suitable
approach for the construction of pyrroles from propargylic
esters with b-enamino esters, generating pyrroles with different
substitution mode to those with Pd-catalyst due to the different
reaction pathway between the Cu- and Pd-catalyzed reaction. As
a result, herein we report an efficient and alternative synthesis
of highly functionalized pyrroles by a Cu-catalyzed [3 + 2]
cycloaddition of propargylic esters with b-enamino esters with
a new benzylamine-derived P,N,N-ligand.

At the outset of our investigation, the cycloaddition of
1-phenylprop-2-yn-1-yl acetate (1a) with (Z)-methyl-3-(4-
methylphenylsulfonamido)-3-phenylacrylate (2a) was chosen
as the tested reaction to examine the effect of several
commercially available ligands which have proved to be effi-
cient in the Cu-catalyzed reactions. To our disappointment,
some diphosphine ligands such as DPPF (L1), DPPP (L2) and
BINAP (L3), as well as bidentate nitrogen ligands such as biPy
Scheme 1 Cu-catalyzed [3 + 2] cycloaddition of propargylic esters
with b-enamino esters for the synthesis of pyrroles.
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Scheme 2 Ligands evaluated for the Cu-catalyzed [3 + 2]
cycloaddition.

Table 1 Optimization of the reaction conditionsa

Entry [Cu] Base Solvent Yieldb (%)

1 Cu(CH3CN)4BF4 Et3N MeOH 84
2 Cu(OAc)2$H2O Et3N MeOH 70
3 Cu(OTf)2 Et3N MeOH 87
4 CuI Et3N MeOH 47
5 Cu(OTf)2 None MeOH NR
6 Cu(OTf)2 i-Pr2NEt MeOH 78
7 Cu(OTf)2 DBU MeOH 69
8 Cu(OTf)2 Et3N CH2Cl2 24
9 Cu(OTf)2 Et3N Toluene —c

10 Cu(OTf)2 Et3N Et2O —c

a The reaction was carried out with 1a (0.36 mmol), 2a (0.3 mmol), [Cu]
(0.015 mmol, 5 mol%), L6 (0.0165 mmol, 5.5 mol%) and base (0.36
mmol) in 3 mL of solvent at room temperature for 12 h. b Yield of
isolated product. c Trace reaction detected by TLC.

Table 2 Substrate scope of propargylic esters 1a

Entry 1 (R1) Product Yieldb (%)

1 1a (C6H5) 3aa 87
2 1b (2-ClC6H4) 3ab 72
3 1c (3-ClC6H4) 3ac 82
4 1d (4-ClC6H4) 3ad 88
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(L4) and 1,10-phenanthroline (L5), all gave low to moderate yield
of the corresponding [3 + 2] cycloaddition product 3aa
(Scheme 2). Recently, we have developed a series of chiral P,N,N-
ligands which showed excellent diastereo- and enantioselectiv-
ities in the Cu-catalyzed asymmetric propargylic substitution,15

decarboxylative propargylic substitution16 and [3 + 3] cycload-
dition reactions.17 In particular, we have reported an example of
highly enantioselective synthesis of optically active 2,3-dihy-
drofurans by Cu-catalyzed [3 + 2] cycloaddition of propargylic
esters with b-ketoesters with chiral P,N,N-ligand.18 The distinct
structure of tridentate chelates generating from the complexion
of P,N,N-ligands to copper should be responsible to high reac-
tivity and enantioselectivity observed in the copper-catalyzed
propargylic transformation.16a,17 Due to excellent performance
of P,N,N-ligands in the Cu-catalyzed propargylic trans-
formation, we envisioned that this tridentate P,N,N-ligand type
should be also efficient to the Cu-catalyzed [3 + 2] cycloaddition
of propargylic esters 1 with b-enamino esters 2 for the synthesis
of pyrroles. Considering the high cost and the difficult synthesis
of chiral P,N,N-ligand, a structurally similar and nonchiral
P,N,N-ligand L6 was then designed for this reaction.

The new P,N,N-ligand L6 was prepared from readily available
and cheap benzylamine 4 via a concise procedure as outlined in
Scheme 3 Procedure for the synthesis of P,N,N-ligand L6.

85880 | RSC Adv., 2015, 5, 85879–85883
Scheme 3. In the rst step, benzylamine 4 was treated with n-
BuLi and TMSCl to give a sily-protected benzylamine interme-
diate, which was further lithiated and ortho-phosphinated with
Ph2PCl to give 2-(diphenylphosphino) benzylamine 5 in 56%
overall yield. Condensation of 5 with 2-pyridinecarboxaldehyde
in the presence of MgSO4 gave the desired P,N,N-ligand L6 in
89% yield.
5 1e (4-FC6H4) 3ae 90
6 1f (4-BrC6H4) 3af 86
7 1g (4-OMeC6H4) 3ag 85
8 1h (4-MeC6H4) 3ah 83
9 1i (2-naphthyl) 3ai 82
10 1j (2-thienyl) 3aj 80
11 1k (C6H5CH]CH) 3ak 88
12c 1l0 (Me) 3al 70

a The reaction was carried out with 1 (0.36 mmol), 2a (0.3 mmol),
Cu(OTf)2 (0.015 mmol, 5 mol%), L6 (0.0165 mmol, 5.5 mol%), and
Et3N (0.36 mmol) in 3 mL of MeOH at room temperature for 12 h.
b Yield of isolated product. c The pentauorobenzoate was used
instead of the corresponding acetate and the reaction was conducted
at reux temperature for 24 hours.

This journal is © The Royal Society of Chemistry 2015
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Table 3 Substrate scope of b-enamino esters 2a

Entry 2 (R2, R3) Product Yieldb (%)

1 2a (R2 ¼ C6H5, R
3 ¼ Me) 3aa 87

2 2b (R2 ¼ 4-MeC6H4, R
3 ¼ Me) 3ba 80

3 2c (R2 ¼ 4-FC6H4, R
3 ¼ Me) 3ca 85

4 2d (R2 ¼ 4-BrC6H4, R
3 ¼ Me) 3da 83

5 2e (R2 ¼ 4-ClC6H4, R
3 ¼ Me) 3ea 86

6 2f (R2 ¼ 3-ClC6H4, R
3 ¼ Me) 3fa 88

7 2g (R2 ¼ 2-ClC6H4, R
3 ¼ Me) 3ga 74

8 2h (R2 ¼ 6-OMe-2-naphthyl, R3 ¼ Me) 3ha 80
9 2i (R2 ¼ Me, R3 ¼ Me) 3ia 82
10 2j (R2 ¼ C6H5, R

3 ¼ Et) 3ja 88
11 2k (R2 ¼ Me, R3 ¼ Et) 3ka 85
12c 2l (R2 ¼ C6H5, R

3 ¼ Me) NR

a The reaction was carried out with 1a (0.36 mmol), 2 (0.3 mmol),
Cu(OTf)2 (0.015 mmol, 5 mol%), L6 (0.0165 mmol, 5.5 mol%) and
Et3N (0.36 mmol) in 3 mL of MeOH at room temperature for 12 h.
b Yield of isolated product. c Substrate 2l ((Z)-methyl-3-amino-3-
phenylacrylate) without tosyl group was used.
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With this newly developed ligand L6 in hand, we then
investigated its efficiency in the Cu-catalyzed [3 + 2] cycloaddi-
tion (Table 1). As expected, good result of 84% yield was ob-
tained with ligand L6 (entry 1). Next investigation of Cu salts
Scheme 4 Proposed mechanism.

This journal is © The Royal Society of Chemistry 2015
modied with L6 showed that except for CuI, all of the Cu salts,
including Cu(OTf)2 and Cu(OAc)2, displayed good performance
(entries 2–4). Among them, Cu(OTf)2 proved to be the best
choice, which gave the corresponding product in 87% yield
(entry 3). The addition of a base proved to be crucial to this
reaction since none of the desired product was observed in its
absence (entry 5). Et3N provided better result than i-Pr2NEt and
DBU (entries 3, 6 and 7). Solvent also highly affected the reac-
tion. Of the solvents that we tested, MeOH was the only suitable
one, and few reactions occurred in CH2Cl2, toluene and Et2O
(entries 3, 8–10). Thus, the optimal reaction condition was
identied as follow: Cu(OTf)2 (5 mol%), ligand L6 (5.5 mol%),
Et3N (1.2 eq.) in MeOH at room temperature for 12 h.

Having established the optimized conditions, we rst
examined the scope and limitation of the reaction with respect
to propargylic esters 1. As shown in Table 2, a wide range of
propargylic esters reacted with b-enamino esters 2a to give the
corresponding fully substituted pyrroles in high yields. It
appeared that the position of the substituent on the phenyl ring
had important effect on the reaction. Thus, substrates with an
ortho-chloro group on the phenyl ring gave lower yield in
comparison with its meta- or para-chloro substituted analogues
(entries 2–4). Both electron-withdrawing (F, Cl, Br) and
-donating substituents (OMe, Me) at the para-position of the
phenyl ring were tolerated in this transformation (entries 4–8).
In addition, 2-naphthyl substrate 1i proved to be suitable for
this reaction (entry 9). Meanwhile a heteroaromatic propargylic
ester 1j was also efficient, giving the cycloaddition product in
80% yield (entry 10). Furthermore, the vinyl substrate 1k also
worked smoothly to give the desired product in 88% yield (entry
RSC Adv., 2015, 5, 85879–85883 | 85881
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Scheme 5 Isotopic labeling experiments using CD3OD as solvent.
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11). For the aliphatic substrate, the pentauorobenzoate 1l0

(but-3-yn-2-yl pentauorobenzoate) should be used instead of
the corresponding acetate in order to achieve acceptable yield
(entry 12).

The scope of b-enamino esters 2 was subsequently examined
aer the investigating of propargylic esters, and the results are
summarized in Table 3. Good performance was observed for
aryl b-enamino esters with both electron-donating and -with-
drawing groups at the para or meta position (entries 2–6). The
substrate 2g with 2-Cl substituent resulted in the decreased
yield presumably due to the steric hindrance (entry 7). 6-OMe-2-
naphthyl substrate 2h also worked well, giving the cycloaddition
product in 80% yield (entry 8). Pleasingly, the aliphatic
substituted b-enamino ester 2i was also suitable for this reac-
tion (entry 9). Meanwhile, the ethyl ester substrates turned out
to be tolerated in this transformation (entries 10 and 11).
However, no desired product was obtained when the substrate
2l ((Z)-methyl-3-amino-3-phenylacrylate) without tosyl group
was employed in the reaction (entry 12), probably due to the
weaker acidity of hydrogen at the nitrogen atom.

We proposed the plausible mechanism for the formation of
3aa as shown in Scheme 4. In the rst step, the Cu complex
formed a p-complex A with propargylic acetate 1a.19 Deproto-
nation with Et3N gave Cu-acetylide complex B. Loss of an acetyl
group from B formed Cu-allenylidene complex C, where the Cu-
acetylide complex D bearing a cationic g-carbon exists as
a resonance structure.20 Nucleophilic attack of 2a at the Cg atom
of C gave the corresponding Cu-acetylide complex E. Then,
intramolecular nucleophilic attack of N at the Cb atom of F
would at last afford the 2,3-dihydropyrrole I bearing an exocyclic
double bond at the 2-position. The structure of compound I was
conrmed by X-ray analysis.21 Isomerization of 2,3-dihy-
dropyrrole I gave the corresponding pyrrole 3aa. Isotopic
labeling experiments using CD3OD as solvent (Scheme 5) also
conrmed the above conclusion.
Conclusions

In conclusion, a new nonchiral P,N,N-ligand has been synthe-
sized from benzylamine via a concise procedure and success-
fully applied to the Cu-catalyzed [3 + 2] cycloaddition of
propargylic esters with b-enamino esters. Under the optimized
condition, a wide range of substitution patterns at the prop-
argylic esters and b-enamino esters were well tolerated to the
85882 | RSC Adv., 2015, 5, 85879–85883
reaction, providing the corresponding fully substituted pyrroles
in good to high yields. The present work provides an efficient
and alternative access to the highly functionalized pyrroles.
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