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ABSTRACT: A highly enantioselective Friedel−Crafts alkylation of pyrrole to β,γ-unsaturated α-ketoesters was developed by
virtue of a chiral copper complex, affording the alkylated derivatives of pyrrole with good yields and excellent enantioselectivities.
Moreover, merging copper catalysis with gold catalysis realized a one-pot construction of the seven-membered ring to give
annulated pyrroles with moderate to good yields and high enantiomeric excesses.

Pyrrole and derivatives of pyrrole are prevalent in many
natural products, pharmaceuticals, and biologically active

molecules.1 The Friedel−Crafts reaction as an important tool to
build C−C bond is of considerable interest for chemists.2 In the
past decades, many asymmetric Friedel−Crafts reactions of
pyrrole with various electrophiles were developed.3 Meanwhile,
β,γ-unsaturated α-ketoesters as the versatile molecules came into
sight.4 Recently, the Unaleroglu group designed homochiral
pyrroles to access alkylated products with β,γ-unsaturated α-
ketoesters via metal triflates.5a Then, unprotected pyrrole was
employed in the same process to give the corresponding
products that could be cyclized by itself via heating.5b In 2011, an
asymmetric version of the Friedel−Crafts alkylation of N-
methylated pyrrole to β,γ-unsaturated α-ketoesters was
described by the Mikami group.5c High yields and good to
excellent ee’s were achieved. Because of the high reactivity of the
very electron-rich pyrrole1a and multifunctionality of β,γ-
unsaturated α-ketoesters,4a the reaction of unprotected pyrrole
to β,γ-unsaturated α-ketoesters is always challenging. The Fu
group developed the Cu-BOX catalyst bearing the hetero-
arylidene skeleton to facilitate the Friedel−Crafts alkylation of
pyrrole to β,γ-unsaturated α-ketoesters (Scheme 1).5d The
transformations were highly enantioselective and efficient. Very
recently, the Feng group developed the Friedel−Crafts C3-
alkylation of C2-sealed pyrrole to β,γ-unsaturated α-ketoesters
through the Ni-N,N′-dioxide complex.5e Good yields and
enantioselectivities were obtained. And yet, it is necessary to
develop new catalytic systems to promote the important
transformation. More importantly, a one-pot dual catalytic

system has recently gained considerable interest due to the fact
that the products were not acquired using either of the catalysts
alone.6
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Scheme 1. Prior Work and This Work on the Friedel−Crafts
Alkylation and Sequential Annulation
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Herein, we employed a facile Cu-complex to catalyze the
Friedel−Crafts alkylation of pyrrole to β,γ-unsaturated α-
ketoesters. The reaction can be carried out smoothly with a
low catalytic loading, and good yields and excellent enantiomeric
excesses were acquired. Moreover, we installed the alkynyl group
to the ortho group of aryl group of 2-oxo-4-arylbut-3-enoates
since the molecules with medium-membered ring are very
important in the pharmaceutical chemistry.7 As a result, 7-endo-
dig annulation was achieved to give seven-membered ring
derivatives of pyrrole via a sequential gold catalysis.
Initially, (E)-isopropyl 2-oxo-4-phenylbut-3-enoate was se-

lected as the model substrate to conduct the Friedel−Crafts
alkylation. Based on our previous efforts on β,γ-unsaturated α-
ketoesters, the chiral Cu-prolinol derivative complex was a
suitable catalyst to deliver the chiral information through
chelating with the double carbonyl group of the molecule.8

The reaction solvent was first screened by using the Cu-prolinol
derivative complex as the catalyst (Table 1). It was found that

protonic solvent methanol is able to give a better yield and ee than
nonprotonic solvents (entries 1−4). Then, other protonic
solvents were tested for the Friedel−Crafts alkylation. Isopropyl
alcohol showed a preferable result to give 3a with 41% yield and
93% ee (entries 5−6).
Encouraged by these results, the reaction conditions were

further optimized. It was found that the reaction time was also
crucial to the transformation. Long reaction times resulted in a
decrease of the product 3a gradually. However, no other reaction
was observed except for the decomposition of the product when
the reaction time was prolonged. The reaction yield was raised to
79% when the reaction time was 0.3 h (entry 7). The great
catalytic efficiency reminded us of lowering the loading of the
catalyst. 1% of the catalyst could also make the reaction working
smoothly within 0.3 h to furnish 3a with 89% yield and 98% ee
(entries 8−10). However, <1mol % of the catalytic loading could
not efficiently catalyze the process. Therefore, the reaction
conditions of entry 10 in Table 1 were chosen as the optimal

conditions. The absolute configuration was assigned by
comparison with the reported data.5d

With the optimal conditions in hand, the substrate scope of
β,γ-unsaturated α-ketoesters for the Friedel−Crafts alkylation
was explored (Table 2). First, the electronic effect was examined

by varying the para-substituents of R1. As for the electron-
donating groups, good yields and excellent enantiomeric excesses
were obtained (entries 2−3). For the electron-withdrawing
groups, such as fluoro-, chloro-, and bromo- groups, the reaction
can be carried out smoothly, and these groups were also tolerated
well (entries 4−6). Good yields and enantioselectivities were
obtained when the intense electron-withdrawing groups were
installed on the para position of R1 (entries 7−8). These results
indicated that electron-withdrawing groups could give better
yields than the electron-donating ones. On the other hand, the
position variation of substituents of R1 showed little influence on
the alkylations (entries 9−12). Moreover, the 2-naphthyl group
and heterocyclic group were compatible with the catalytic system
(entries 13−14). Significantly, the aliphatic substrate 2o
proceeded smoothly to afford the corresponding product 3o
with a moderate yield and excellent enantioselectivity (entry 15).
Then, different ester groups R2 were tested, which demonstrated
that there is little influence on the alkylation in terms of the yields
and enantioselectivities (entries 15−19). Most of these trans-
formations were carried out rapidly and finished in 1 h. However,
the reactions of some substrates required a long time due to the
substrate solubility in i-PrOH (entries 3, 7, 13, 18).
As a result, the asymmetric alkylation of pyrrole with the β,γ-

unsaturated α-ketoesters was developed. After that, we took into
consideration the construction of the seven-membered ring on
the basis of the developed alkylation. In recent decades, the
enantioselective synthesis of the one-pot dual catalytic system

Table 1. Optimization of the Friedel−Crafts Alkylationa

entry x solvent yieldb/% eec/%

1 10 toluene 11 28
2 10 CHCl3 12 41
3 10 MTBE 34 54
4 10 MeOH 45 78
5 10 EtOH 43 93
6 10 i-PrOH 41 96
7d 10 i-PrOH 79 96
8d 5 i-PrOH 82 96
9d 2 i-PrOH 84 96
10d 1 i-PrOH 89 98

aUnless otherwise noted, all reactions were performed with 1 (0.3
mmol), 2a (0.1 mmol), L* (x mol %), base (x mol %), and Cu(OTf)2
(x mol %) in the solvent (1.0 mL) at 0 °C for 5−12 h. bIsolated yield.
cDetermined by chiral HPLC analysis. dReaction time was 0.3 h. Tf =
trifluoromethanesulfonyl.

Table 2. Scope of β,γ-Unsaturated α-Ketoestersa

entry R1, R2 (2) 3 time yieldb/% eec/%

1 Ph, i-Pr (2a) 3a 0.3 89 98
2 p-MeC6H5, i-Pr (2b) 3b 0.9 73 96
3 p-MeOC6H5, i-Pr (2c) 3c 24 63 94
4 p-FC6H5, i-Pr (2d) 3d 1.0 79 97
5 p-ClC6H5, i-Pr (2e) 3e 1.3 84 91
6 p-BrC6H5, i-Pr (2f) 3f 1.3 79 94
7 p-NO2C6H5, i-Pr (2g) 3g 5.3 96 96
8 p-CF3C6H5, i-Pr (2h) 3h 0.5 86 94
9 m-ClC6H5, i-Pr (2i) 3i 0.5 82 98
10 o-ClC6H5, Et (2j) 3j 0.3 72 89
11 m-BrC6H5, i-Pr (2k) 3k 0.5 84 98
12 o-BrC6H5, Et (2l) 3l 1.0 85 96
13 2-naphthyl, i-Pr (2m) 3m 4.3 84 96
14 2-thienyl, i-Pr (2n) 3n 0.5 66 94
15 phenylpropyl, Et (2o) 3o 0.7 66 94
16 Ph, Me (2p) 3p 0.3 87 98
17 Ph, Et (2q) 3q 0.7 80 94
18 Ph, Bn (2r) 3r 3.5 80 95
19 Ph, t-Bu (2s) 3s 1.0 70 95

aUnless otherwise noted, all reactions were performed with 1 (1.2
mmol), 2 (0.4 mmol), L* (1 mol %), Et3N (1 mol %), and Cu(OTf)2
(1 mol %) in i-PrOH (2.0 mL) at 0 °C. bIsolated yield. cDetermined
by chiral HPLC analysis.

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b01917
Org. Lett. 2015, 17, 4018−4021

4019



experienced rapid growth because the complexity of the
molecules can be acquired via cooperative/relay/sequential
catalysis.9 Recently, the Enders group reported the synthesis of
annulated indoles and pyrroles through merging organocatalysis
and gold catalysis, realizing the preparation of challenging seven-
membered ring molecules.10 Inspired by these research results,
we wondered whether the sequential gold catalysis could render
an annulation via an attack of pyrrole to the alkynyl group in the
ortho group of R1 to fuse a seven-membered ring. (E)-Ethyl 4-(5-
chloro-2-(phenylethynyl)phenyl)-2-oxobut-3-enoate 9d was
employed to examine this sequential annulation. As expected,
the first alkylation proceeded smoothly to afford the product 10
in 98% yield and 96% ee via the copper catalysis (eq 1).

The sequential annulation to access the seven-membered ring
11a was then optimized by screening the various catalysts (Table
3). The substrate 9a was converted to another intramolecular

addition product from the N-1 position to the carbonyl group of
keto ester when AuCl3 and AgNO3 were employed respectively
(entries 1, 3). AgNTf2 alone could not provide any desired
product either (entry 2). A copper catalyst did not work in this
annulation (entry 4). Finally, it was found that the combination
of the gold catalyst 4 with AgNTf2 could give rise to the desired
seven-membered ring with a good yield and ee value (entries 5−

7). After screening the different phosphine ligands (entries 8−
11), the catalytic system of the Au(I) complex with phosphine 5
and AgNTf2 was found to be the best catalyst for the
transformation (entry 8).
With the optimized catalyst in hand, the scope of β,γ-

unsaturated α-ketoesters with various substituents was explored
to examine the compatibility of the dual-metal catalytic system
(Scheme 2). To our delight, a variety of substituents of 9 could

give good to excellent enantioselectivities. However, the
electronic effect showed that there was an influence on the
yields of the annulations. The yields of 9b and 9d bearing
electron-withdrawing substituents were obviously higher than
those of 9c bearing an electron-donating substituent and 9a
bearing an electron-neutral substituent. However, the variation
of aryl R5 had little influence on the reaction. Moreover, aliphatic
R5 was also compatible with the sequential alkylation/annulation
to afford 11k with a good ee value in spite of the moderate yield.
Nevertheless, the reaction rates of these substrates slowed down
due to the solubility in i-PrOH (9b, 9e, 9f, 9i, 9j). The reaction
temperature of these substrates was enhanced to room
temperature from 0 °C in order to increase the reaction rate.
Finally, we developed a one-pot alkylation/annulation of pyrrole
with β,γ-unsaturated α-ketoesters to afford the chiral seven-
membered ring derivatives with moderate to good yields and
excellent ee values.
The mechanism of the sequential reaction is listed in the

Supporting Information. At first, the nucleophilic addition of the
C2 pyrrole to 9 furnished the asymmetric alkylated product. The
chiral information was transferred through coordination of the

Table 3. Optimization of Gold-Catalyzed Annulationa

entry catalyst time/h yieldb/%

1c AuCl3 3.0 −
2 AgNTf2 >24 −
3c AgNO3 3.0 −
4 Cu(OTf)2 >24 −
5 4/AgOTf 0.3 62
6 4/AgNTf2 0.3 81
7 4/AgSbF6 0.3 75
8 5/AgNTf2 0.3 86
9 6/AgNTf2 0.3 73
10 7/AgNTf2 0.3 84
11 8/AgNTf2 0.3 66

aUnless otherwise noted, all reactions were performed with 9a (0.1
mmol), and the catalyst (10 mol %) in i-PrOH (1.0 mL) at room
temperature. bIsolated yield. cAnother intramolecular addition product
was detected from the 1-N position of pyrrole to the carbonyl group of
keto ester.

Scheme 2. Scope of the Sequential Friedel−Crafts Alkylation/
Annulationa

aUnless otherwise noted, all reactions were performed with 9 (0.3
mmol), 1 (0.9 mmol) with 1 mol % copper catalyst at 0 °C in i-PrOH
for the first step. Then to the residue after evaporation of solvent was
added 10% gold catalyst at rt in i-PrOH (0.1 M). bThe reaction
temperature of the first step was at rt.
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Cu-complex and double carbonyl groups of β,γ-unsaturated α-
ketoesters. In the second step, the gold catalyzed 7-endo-dig
annulation was completed with retention of the enantioselecti-
vity.10b,11

In summary, a highly enantioselective, efficient Friedel−Crafts
alkylation of pyrrole with β,γ-unsaturated α-ketoesters was
developed by virtue of the catalysis of a Cu-prolinol derivative
complex. Good to excellent yields and excellent enantioselectiv-
ities were achieved with a low catalytic loading. More
importantly, an alkylation/annulation sequence was realized in
one pot to access the seven-membered ring molecules via a dual-
metal system of copper and gold catalysis.

■ ASSOCIATED CONTENT
*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.orglett.5b01917.

Experimental procedures, characterization data, copies of
1H NMR, 13C NMR of new compounds, HPLC profiles
(PDF)

■ AUTHOR INFORMATION
Corresponding Author

*E-mail: zwang3@ustc.edu.cn.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Financial support from the National Nature Science Foundation
of China (21272222, 91213303, 21472177, 21432009) is greatly
acknowledged.

■ REFERENCES
(1) (a) Katritzky, A. R.; Ramsden, C. A.; Joule, J. A.; Zhdankin, V. V.
Handbook of Heterocyclic Chemistry, 3rd ed.; Katritzky, A. R., Ramsden,
C. A., Joule, J. A., Zhdankin, V. V., Eds.; Elsevier: Amsterdam, 2010; pp
87−138 and pp 383−472. (b) Walsh, C. T.; Garneau-Tsodikova, S.;
Howard-Jones, A. R.Nat. Prod. Rep. 2006, 23, 517−531. (c) Young, I. S.;
Thornton, P. D.; Thompson, A. Nat. Prod. Rep. 2010, 27, 1801−1839.
(2) For selected reviews on asymmetric Friedel−Crafts reaction:
(a) Bandini, M.; Melloni, A.; Umani-Ronchi, A. Angew. Chem., Int. Ed.
2004, 43, 550−556. (b) Almasi, D.; Alonso, D. A.; Najera, C.
Tetrahedron: Asymmetry 2007, 18, 299−365. (c) Poulsen, T. B.;
Jorgensen, K. A. Chem. Rev. 2008, 108, 2903−2915. (d) Tanaka, S. Yuki
Gosei Kagaku Kyokaishi 2008, 66, 249−250. (e) Rueping, M.;
Nachtsheim, B. J. Beilstein J. Org. Chem. 2010, 6, 6. (f) Terrasson, V.;
de Figueiredo, R. M.; Campagne, J. M. Eur. J. Org. Chem. 2010, 2010,
2635−2655. (g) Lv, J.; Zhang, L.; Zhou, Y.; Nie, Z.; Luo, S.; Cheng, J.-P.
Angew. Chem., Int. Ed. 2011, 50, 6610−6614. (h) He, Z.; Huang, Y.;
Verpoort, F. Huaxue Xuebao 2013, 71, 700−712. (i) Scheffler, U.;
Mahrwald, R. Chem. - Eur. J. 2013, 19, 14346−14396. (j) Heravi, M. M.;
Hajiabbasi, P.; Hamidi, H.Curr. Org. Chem. 2014, 18, 489−511. (k) Jian,
Q.; Cheng, J.-P.; Luo, S. Acta Chim. Sinica 2014, 72, 809−814.
(3) For selected reports on asymmetric Friedel−Crafts reactions of
pyrrole, see: (a) Li, G.; Rowland, G. B.; Rowland, E. B.; Antilla, J. C.Org.
Lett. 2007, 9, 4065−4068. (b) Berini, C.; Minassian, F.; Pelloux-Leon,
N.; Denis, J.-N.; Vallee, Y.; Philouze, C. Org. Biomol. Chem. 2008, 6,
2574−2586. (c) Cao, C.-L.; Zhou, Y.-Y.; Sun, X.-L.; Tang, Y.
Tetrahedron 2008, 64, 10676−10680. (d) Liu, H.; Lu, S.-F.; Xu, J.;
Du, D.-M. Chem. - Asian J. 2008, 3, 1111−1121. (e) Trost, B. M.;
Mueller, C. J. Am. Chem. Soc. 2008, 130, 2438−2439. (f) Blay, G.;
Fernandez, I.; Monleon, A.; Pedro, J. R.; Vila, C. Org. Lett. 2009, 11,
441−444. (g) Nakamura, S.; Sakurai, Y.; Nakashima, H.; Shibata, N.;
Toru, T. Synlett 2009, 1639−1642. (h) Kashikura, W.; Itoh, J.; Mori, K.;

Akiyama, T. Chem. - Asian J. 2010, 5, 470−472. (i) Wang, W.; Liu, X.;
Cao, W.; Wang, J.; Lin, L.; Feng, X.Chem. - Eur. J. 2010, 16, 1664−1669.
(j) Cao, Z.; Liu, Y.; Liu, Z.; Feng, X.; Zhuang, M.; Du, H.Org. Lett. 2011,
13, 2164−2167. (k) Feng, J.; Yan, W.; Wang, D.; Li, P.; Sun, Q.; Wang,
R. Chem. Commun. 2012, 48, 8003−8005. (l) Lian, Y.; Davies, H. M. L.
Org. Lett. 2012, 14, 1934−1937. (m) Xu, Q.-L.; Zhuo, C.-X.; Dai, L.-X.;
You, S.-L. Org. Lett. 2013, 15, 5909−5911.
(4) (a) Desimoni, G.; Faita, G.; Quadrelli, P. Chem. Rev. 2013, 113,
5924−5988. (b) Jiang, X.; Wang, R. Chem. Rev. 2013, 113, 5515−5546.
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2574−2578. (b) Ünaleroglu, C.; Aytac, S.; Temelli, B.Heterocycles 2007,
71, 2427−2440. (c) Aikawa, K.; Honda, K.; Mimura, S.; Mikami, K.
Tetrahedron Lett. 2011, 52, 6682−6686. (d) Liu, L.; Ma, H.; Xiao, Y.;
Du, F.; Qin, Z.; Li, N.; Fu, B. Chem. Commun. 2012, 48, 9281−9283.
(e) Zhang, Y.; Yang, N.; Liu, X.; Guo, J.; Zhang, X.; Lin, L.; Hu, C.; Feng,
X. Chem. Commun. 2015, 51, 8432−8435.
(6) (a) Hsu, J. L.; Fang, J. M. J. Org. Chem. 2001, 66, 8573−8584.
(b) Wasilke, J. C.; Obrey, S. J.; Baker, R. T.; Bazan, G. C. Chem. Rev.
2005, 105, 1001−1020. (c) Chapman, C. J.; Frost, C. G. Synthesis 2007,
1−21. (d) Lebel, H.; Ladjel, C.; Brethous, L. J. Am. Chem. Soc. 2007, 129,
13321−13326. (e) Zhong, C.; Shi, X. Eur. J. Org. Chem. 2010, 2010,
2999−3025. (f) Clavier, H.; Pellissier, H. Adv. Synth. Catal. 2012, 354,
3347−3403. (g) Loh, C. C. J.; Enders, D. Chem. - Eur. J. 2012, 18,
10212−10225. (h) Knapp, J. M.; Zhu, J. S.; Tantillo, D. J.; Kurth, M. J.
Angew. Chem., Int. Ed. 2012, 51, 10588−10591. (i) Fan, X.; Rodriguez-
Escrich, C.;Wang, S.; Sayalero, S.; Pericas, M. A.Chem. - Eur. J. 2014, 20,
13089−13093. (j) Vercruysse, S.; Cornelissen, L.; Nahra, F.; Collard, L.;
Riant, O. Chem. - Eur. J. 2014, 20, 1834−1838.
(7) (a) Majumdar, K. C.; Samanta, S.; Sinha, B. Synthesis 2012, 44,
817−847. (b) Nguyen, T. V.; Hartmann, J. M.; Enders, D. Synthesis
2013, 45, 845−873.
(8) (a) Zhang, S.; Xu, K.; Guo, F.; Hu, Y.; Zha, Z.; Wang, Z. Chem. -
Eur. J. 2014, 20, 979−982. (b) Hu, Y.; Xu, K.; Zhang, S.; Guo, F.; Zha, Z.;
Wang, Z. Org. Lett. 2014, 16, 3564−3567.
(9) Selected reports on the one-pot asymmetric dual catalysis: (a) Sun,
W.; Zhu, G.; Hong, L.; Wang, R. Chem. - Eur. J. 2011, 17, 13958−13962.
(b) Patil, N. T.; Shinde, V. S.; Gajula, B. Org. Biomol. Chem. 2012, 10,
211−224. (c) Hong, B.-C.; Lin, C.-W.; Liao, W.-K.; Lee, G.-H.Org. Lett.
2013, 15, 6258−6261. (d) Deiana, L.; Jiang, Y.; Palo-Nieto, C.;
Afewerki, S.; Incerti-Pradillos, C. A.; Verho, O.; Tai, C.-W.; Johnston, E.
V.; Co ́rdova, A. Angew. Chem., Int. Ed. 2014, 53, 3447−3451.
(e) Gualandi, A.; Mengozzi, L.; Wilson, C. M.; Cozzi, P. G. Chem. -
Asian J. 2014, 9, 984−995. (f) Kano, T.; Shirozu, F.; Maruoka, K. Org.
Lett. 2014, 16, 1530−1532. (g) Krautwald, S.; Schafroth, M. A.; Sarlah,
D.; Carreira, E.M. J. Am. Chem. Soc. 2014, 136, 3020−3023. (h)Maji, B.;
Yamamoto, H.Angew. Chem., Int. Ed. 2014, 53, 8714−8717. (i) Rueping,
M.; Dufour, J.; Bui, L. ACS Catal. 2014, 4, 1021−1025. (j) Chen, D.-F.;
Han, Z.-Y.; Zhou, X.-L.; Gong, L.-Z. Acc. Chem. Res. 2014, 47, 2365−
2377.
(10) (a) Loh, C. C. J.; Badorrek, J.; Raabe, G.; Enders, D. Chem. - Eur. J.
2011, 17, 13409−13414. (b) Hack, D.; Loh, C. C. J.; Hartmann, J. M.;
Raabe, G.; Enders, D. Chem. - Eur. J. 2014, 20, 3917−3921.
(11) For detailed mechanism, see Supporting Information. (a) Borsini,
E.; Broggini, G.; Fasana, A.; Baldassarri, C.; Manzo, A.M.; Perboni, A. D.
Beilstein J. Org. Chem. 2011, 7, 1468−1474. (b)Modha, S. G.; Kumar, A.;
Vachhani, D. D.; Sharma, S. K.; Parmar, V. S.; Van der Eycken, E. V.
Chem. Commun. 2012, 48, 10916−10918. (c) Kumar, A.; Vachhani, D.
D.;Modha, S. G.; Sharma, S. K.; Parmar, V. S.; Van der Eycken, E. V. Eur.
J. Org. Chem. 2013, 2013, 2288−2292. (d) Dorel, R.; Echavarren, A. M.
Chem. Rev. DOI: 10.1021/cr500691k. (e) Li, Z.; Kumar, A.; Sharma, S.
K.; Parmar, V. S.; Van der Eycken, E. V. Tetrahedron 2015, 71, 3333−
3342.

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b01917
Org. Lett. 2015, 17, 4018−4021

4021


