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A highly efficient Friedel-Crafts reaction of pyrroles
with nitroolefins by a chiral phosphoric acid was realized.
With 5 mol % of catalyst, reactions conducted at rt
afforded the 2-substituted or 2,5-disubstituted pyrroles
in up to 94% ee for a wide range of substrates.

Friedel-Crafts alkylation is one of the most efficient
methods for the derivatization of aromatic compounds.1

Asymmetric Friedel-Crafts reactions provide an efficient
way to synthesize optically active aromatics bearing benzylic
chiral centers and have thus attracted considerable interest
and witnessed significant recent progress.2 Pyrroles exist
extensively as the structure core of biologically active natural

products3 and pharmaceuticals.4 However, the enantioselec-
tive Friedel-Crafts alkylations of pyrroles are relatively less
explored.5 Meanwhile, the asymmetric Friedel-Crafts reac-
tion employing nitroolefin as the electrophilic partner is very
attractive6,7 since the nitro group of the products allows the
subsequent versatile transformations.8 Consequently, the
efficient asymmetric Friedel-Crafts reactions between pyr-
roles and nitroolefins are very useful and highly desirable in
organic synthesis. Surprisingly, only two asymmetric cata-
lytic protocols have been documented in the literature by
Trost and Du, and in both cases chiral zinc complexes were
used as the efficient catalyst.9 As part of our ongoing
program in exploring chiral Bro9nsted acids as suitable
catalysts for asymmetric Friedel-Crafts alkylation reacti-
ons,10 we recently found that the chiral phosphoric acids11,12

were efficient catalysts for the asymmetric Friedel-Crafts

(1) For reviews ofFriedel-Crafts alkylation reactions, see: (a)Olah,G. A.
Friedel-Crafts and Related Reactions; Wiley-Interscience: New York, 1964;
Vol. II, Part 1. (b) Roberts, R. M.; Khalaf, A. A. Friedel-Crafts Alkylation
Chemistry: A Century of Discovery; M. Dekker: New York, 1984. (c) Olah, G.
A.; Krishnamurit, R.; Prakash, G. K. S. Friedel-Crafts Alkylations in Compre-
hensive Organic Synthesis; Pergamon Press: Oxford, UK, 1991.

(2) For reviews, see: (a) Bandini, M.; Melloni, A.; Umani-Ronchi, A.
Angew. Chem., Int. Ed. 2004, 43, 550. (b) Bandini,M.;Melloni, A.; Tommasi,
S.; Umani-Ronchi, A. Synlett 2005, 1199. (c) Poulsen, T.; Jo9rgensen, K. A.
Chem. Rev. 2008, 108, 2903. (d)You, S.-L.; Cai, Q.; Zeng, M. Chem. Soc. Rev.
2009, 38, 2190.

(3) Selected examples: (a) F€urstner, A.; Radkowski, K.; Peters, H.
Angew. Chem., Int. Ed. 2005, 44, 2777. (b) F€urstner, A. Angew. Chem., Int.
Ed. 2003, 42, 3582. (c) Johnson, J. A.; Ning, L.; Sames, D. J. Am. Chem. Soc.
2002, 124, 6900.

(4) For recent reviews, see: (a) Hoffmann, H.; Lindel, T. Synthesis 2003,
1753. (b) Balme, G. Angew. Chem., Int. Ed. 2004, 43, 6238. (c) Baran, P. S.;
Richter, J. M.; Lin, D. W. Angew. Chem., Int. Ed. 2005, 44, 609.

(5) Selected examples: (a) Zhuang, W.; Gathergood, N.; Hazell, R. G.;
Jo9rgensen, K. A. J. Org. Chem. 2001, 66, 1009. (b) Paras, N. A.; MacMillan,
D. W. C. J. Am. Chem. Soc. 2001, 123, 4370. (c) Palomo, C.; Oiarbide, M.;
Kardak, B. G.; Garcia, J. M.; Linden, A. J. Am. Chem. Soc. 2005, 127, 4154.
(d) Bonini, B. F.; Capito, E.; Franchini, M. C.; Fochi, M.; Ricci, A.;
Zwanenburg, B. Tetrahedran: Asymmetry 2006, 17, 3135. (e) Blay, G.;
Fern�andez, I.; Pedro, J. R.; Vila, C. Org. Lett. 2007, 9, 2601. (f) Li, G.-L.;
Rowland, G. B.; Rowland, E. B.; Antilla, J. C. Org. Lett. 2007, 9, 4065.
(g) Evans, D. A.; Fandrick, K. R.; Song, H. J.; Scheidt, K. A.; Xu, R. S.
J. Am. Chem. Soc. 2007, 129, 10029. (h) Cao, C.-L.; Zhou, Y.-Y.; Sun, X.-L.;
Tang, Y. Tetrahedran 2008, 64, 10676. (i) Blay, G.; Fern�andez, I.; Monle�on,
A.; Pedro, J. R.; Vila, C.Org. Lett. 2009, 11, 441. (j) Nakamura, S.; Sakurai,
Y.; Nakashima, H.; Shibata, N.; Toru, T. Synlett 2009, 1639. (k) Yamazaki,
S.; Kashima, S.; Kuriyama, T.; Iwata, Y.; Morimoto, T.; Kakiuchi, K.
Tetrahedran: Asymmetry 2009, 20, 1224. (l) Hong, L.; Liu, C.; Sun, W.;
Wang, L.; Wong, K.; Wang, R. Org. Lett. 2009, 11, 2177.

(6) For reviews, see: (a) Berner, O. M.; Tedeschi, L.; Enders, D. Eur. J.
Org. Chem. 2002, 1877. (b) Almas-i, D.; Alonso, D. A.; N�ajera, C. Tetra-
hedron: Asymmetry 2007, 18, 299.(c) Vicario, J. L.; Badía, D.; Carrillo, L.
Synthesis 2007, 2065. With chiral metal complexes: (d) Bandini, M.; Garelli, A.;
Rovinetti, M.; Tommasi, S.; Umani-Ronchi, A. Chirality 2005, 17, 522. (e) Sui,
Y.; Liu, L.; Zhao, J.-L.; Wang, D.; Chen, Y.-J. Tetrahedron 2007, 63, 5173.
(f) Singh, P. K.; Bisai, A.; Singh, V. K.Tetrahedron Lett. 2007, 48, 1127. (g) Arai,
T.; Yokoyama, N. Angew. Chem., Int. Ed. 2008, 47, 4989. (h) Yuan, Z.-L.; Lei,
Z.-Y.; Shi, M. Tetrahedron: Asymmetry 2008, 19, 1339. (i) Arai, T.; Yokoyama,
N.; Yanagisawa, A. Chem.;Eur. J. 2008, 14, 2052. (j) Jia, Y.-X.; Zhu, S.-F.;
Yang, Y.; Zhou, Q.-L. J. Org. Chem. 2006, 71, 75. (k) Lu, S.-F.; Du, D.-M.; Xu, J.
Org. Lett. 2006, 8, 2115. (l) Liu, H.; Xu, J.; Du, D.-M.Org. Lett. 2007, 9, 4725.
(m) Trost, B. M.; M€uller, C. J. Am. Chem. Soc. 2008, 130, 2438. (n) Liu, H.; Lu,
S.-F.; Xu, J.; Du, D.-M. Chem. Asian J. 2008, 3, 1111. (o) Lin, S.-z.; You, T.-p.
Tetrahedron 2009, 65, 1010.

(7) With organocatalysts: (a) Zhuang, W.; Hazell, R. G.; Jo9rgensen, K.
A. Org. Biomol. Chem. 2005, 3, 2566. (b) Herrera, R. P.; Sgarzani, V.;
Bernardi, L.; Ricci, A.Angew. Chem., Int. Ed. 2005, 44, 6576. (c) Flemimg, E.
M.; McCabe, T.; Connon, S. J. Tetrahedron Lett. 2006, 47, 7037. (d) Liu, T.-
Y.; Cui, H.-L.; Chai, Q.; Long, J.; Li, B.-J.; Wu, Y.; Ding, L.-S.; Chen, Y.-C.
Chem. Commun. 2007, 2228. (e) Itoh, J.; Fuchibe, K.; Akiyama, T. Angew.
Chem., Int. Ed. 2008, 47, 4016. (f) Ganesh, M.; Seidel, D. J. Am. Chem. Soc.
2008, 130, 16464.

(8) For reviews, see: (a) Ono, N. The Nitro Group in Organic Synthesis;
Wiley-VCH:NewYork, 2001. (b) Ballini, R.; Bosica, G.; Fiorini, D.; Palmieri, A.;
Petrini, M. Chem. Rev. 2005, 105, 933.

(9) (a) Trost, B.M.;M€uller, C. J. Am. Chem. Soc. 2008, 130, 2438.(b) Liu,
H.; Lu, S.-F.; Xu, J.-X..; Du, D.-M. Chem. Asian. J. 2008, 3, 1111. During the
preparation of the manuscript, a Cu-catalyst was reported by Yokoyama and Arai,
see: (c) Yokoyama, N.; Arai, T. Chem. Commun. 2009, 3285.

(10) (a) Kang, Q.; Zhao, Z.-A.; You, S.-L. J. Am. Chem. Soc. 2007, 129,
1484. (b) Zeng, M.; Kang, Q.; He, Q.-L.; You, S.-L.Adv. Synth. Catal. 2008,
349, 2169. (c) Kang, Q.; Zheng, X.-J.; You, S.-L. Chem.;Eur. J. 2008, 14,
3539. (d) Sheng, Y.-F.; Li, G.-Q.; Kang, Q.; You, S.-L.Chem.;Eur. J. 2009,
15, 3351. (e) Kang, Q.; Zhao, Z.-A.; You, S.-L. Tetrahedron 2009, 65, 1603.
(f) He, Q.-L.; Sun, F.-L.; Zheng, X.-J.; You, S.-L. Synlett 2009, 1111.

(11) For reviews, see: (a) Taylor, M. S.; Jacobsen, E. N. Angew. Chem.,
Int. Ed. 2006, 45, 1520. (b) Akiyama, T. Chem. Rev. 2007, 107, 5744. (c) Yu,
X.; Wang, W. Chem. Asian J. 2008, 3, 516. (d) Terada, M. Chem. Commun.
2008, 4097.

D
ow

nl
oa

de
d 

by
 J

on
at

ha
n 

B
er

ry
 o

n 
Se

pt
em

be
r 

11
, 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 J
ul

y 
29

, 2
00

9 
| d

oi
: 1

0.
10

21
/jo

90
13

02
9



6900 J. Org. Chem. Vol. 74, No. 17, 2009

JOCNote Sheng et al.

alkylation reaction of nitroolefins with pyrroles, providing
2-substituted pyrrole derivatives with high ee values. To our
knowledge, this study represents the first example of an
enantioselective organocatalytic Friedel-Crafts reaction of
pyrroles with nitroolefins. In this paper, we report our
detailed studies on this subject.

We recently found that the (S)-1k bearing 9-anthryl
groups could catalyze the reaction between 4,7-dihydroin-
dole and nitroolefin with high yields and ee values.10d Since
4,7-dihydroindole is a substituted pyrrole derivative, the
success of the reaction of 4,7-dihydroindole prompted us to
explore simple unprotected pyrrole as a suitable electro-
philic partner in the asymmetric Friedel-Crafts reaction
with nitroolefins. We began our study by examining differ-
ent chiral phosphoric acids in the Friedel-Crafts reaction

between pyrrole 2a and nitroolefin 3a (Table 1). With 5mol%
of the catalyst and 4 Å molecular sieves (MS), all the
catalysts led to alkylation product with good yields but
mostly poor ee values. To our delight, chiral phosphoric
acid (S)-1k bearing 9-anthryl groups was found to be the
optimal catalyst, affording alkylation product 4aa in 93%
yield and 87% ee (entry 11, Table 1). The ee was further
increased to 88% by adding the nitroolefin with a syringe
pump over 2 h (entry 12, Table 1). Notably, the reaction
between 2a and 3a could proceed slowly in the absence of
the catalyst, affording 4aa in 15% conversion in 2 d (entry
13, Table 1).

Then the reaction conditions were further optimized as
summarized in Table 2. Increasing the catalyst loading to 10
mol%did not show notable beneficial effects.With 2mol%
of the catalyst, the reaction was also able to proceed to
completion within 6 h with 81% ee (entry 3, Table 2).
However, dramatic decrease of both the reaction rate and
ee was observed with 0.5 or 1 mol % catalyst. Different
molecular sieves were tested. Replacing 4 ÅMSwith either 3
Å MS or 5 Å MS led to the decrease of ee (entries 6 and 7,
Table 2). Further examinations on the solvents showed that
dichloromethane/benzene (1/1) was the best solvent combo
in this reaction (entries 8-10, Table 2).

Under optimized reaction conditions, a wide array of
nitroolefins 3 and pyrroles 2 were investigated in the asym-
metric Friedel-Crafts alkylation reaction. The results are
summarized in Table 3.

Several substituted nitroolefins 3b-e, containing elec-
tron-donating groups, have been tested in the reaction
with pyrrole 2a. In all cases, excellent yields and ee values
were obtained for the desired alkylation products (87-
93% yield, 81-94% ee, entries 2-5, Table 3). The reaction
also proceeded well with substituted nitroolefins 3f-i,
containing an electron-withdrawing group, affording
their corresponding alkylation products in 90-92% yield
with 90-92% ee (entries 6-9, Table 3). 2-Naphthyl-
and heteroaryl-substituted nitroolefins 3j-l were well
tolerated under the optimized reaction conditions (89-
91% yield, 89-93% ee, entries 10-12, Table 3). Un-
fortunately, the reaction gave low enantioselectivity for

TABLE 1. Screening the Catalystsa

entry (S)-1, R time yield (%) ee (%)b

1 (S)-1a, H 2 d 79 2 (R)
2 (S)-1b, Ph 2 d 81 4 (R)
3 (S)-1c, 4-NO2C6H4 2 d 80 13 (S)
4 (S)-1d, biphenyl 2 d 83 24 (S)
5 (S)-1e, 3,5-(CF3)2C6H3 2 d 72 1 (R)
6 (S)-1f, 1-naphthyl 2 d 79 6 (S)
7 (S)-1g, 2-naphthyl 2 d 73 4 (S)
8 (S)-1h, 2,4,6-(iPr)3C6H2 2 d 77 3 (R)
9 (S)-1i, SiPh3 2 d 76 5 (S)
10 (S)-1j, 9-phenanthryl 16 h 89 33 (R)
11 (S)-1k, 9-anthryl 15 h 93 87 (R)
12c (S)-1k, 9-anthryl 3 h 93 88 (R)
13 none 2d 15d 0
a Reaction conditions: 3 equiv of 2a, 5 mol % of (S)-1,

0.25 mol/L of 3a in CH2Cl2/benzene.
bDetermined by chiral

HPLC analysis (Chiralcel OD-H column). cA syringe pumpwas
used to add 3a for 2 h. dConversion was determined by 1H
NMR.

TABLE 2. Optimization of the Reaction Conditionsa

entry solvent additive x (mol %) time (h) yield (%) ee (%)b

1 CH2Cl2/benzene 4 Å MS 10 2 94 89
2 CH2Cl2/benzene 4 Å MS 5 3 93 88
3 CH2Cl2/benzene 4 Å MS 2 6 91 81
4 CH2Cl2/benzene 4 Å MS 1 25 89 72
5 CH2Cl2/benzene 4 Å MS 0.5 48 66 23
6 CH2Cl2/benzene 3 Å MS 5 7 89 35
7 CH2Cl2/benzene 5 Å MS 5 6 91 45
8 CH2Cl2 4 Å MS 5 4 92 85
9 toluene 4 Å MS 5 5 93 83
10 CH2Cl2/toluene 4 Å MS 5 5 91 86
aReaction conditions: 3 equiv of 2a, x mol % of (S)-1k,

0.25 mol/L of 3a in CH2Cl2/benzene.
bDetermined by chiral

HPLC analysis (Chiralcel OD-H column).
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2-Br-phenyl substituted nitroolefin 3m and very low con-
version for cyclohexyl-substituted nitroolefin 3n (entries
13 and 14, Table 3). Substituted pyrroles were also tested.
The pyrroles bearing either an alkyl or aryl substituent at
the 2-position were well tolerated (entries 15 and 16,
Table 3). As seen from above, the current methodology
is suitable for a wide range of substrates for both pyrroles
and aryl-substituted nitroolefins. With this protocol,
highly enantioenriched 2-substituted or 2,5-disubstituted
pyrroles could be easily obtained.

The absolute stereochemistry of the products was deter-
mined by comparison of the optical rotations with those
reported by Du and co-workers.9b The absolute configura-
tion of the products was determined to be R.

As shown in Figure 1, a similar working model to that
previously reported is proposed.10d Chiral phosphoric
acid acts as a bifunctional catalyst, and the acidic proton
and phosphoryl oxygen of the catalyst form the hydrogen
bond with nitroolefin and pyrrole nitrogen proton, respec-
tively. This proposed working model can be partially
supported by the fact that the NH of pyrrole is critical
for the reaction. When the N-methylpyrrole was used
under the optimal reaction conditions, a significant
decrease of reaction rate and ee was observed compared
to pyrrole itself (eq eq 1).

In conclusion, we have developed the enantioselective
Friedel-Crafts alkylation reaction of pyrroles with nitroo-
lefins by utilizing chiral phosphoric acid as an efficient
catalyst. This metal-free process, together with mild reaction
conditions and excellent yields and enantioselectivities, pro-
vides a practical method to synthesize highly enantioen-
riched 2-substitued and 2,5-disubstituted pyrroles.

Experimental Section

General Procedure for the Catalytic Asymmetric Friedel-
Crafts Reaction. In a dry Schlenk tube, pyrrole 2 (0.9 mmol),
chiral phosphoric acid (S)-1k (11 mg, 0.015 mmol), 4 Å molecular
sieves (powder, activated, 50 mg), and CH2Cl2/benzene (0.6 mL,
1:1) were added under argon. The reaction mixture was stirred at
room temperature, and then a solution of nitroolefin 3 (0.3 mmol)
in CH2Cl2/benzene (0.6 mL, 1:1) was added by syringe pump over
2 h. When the reaction was complete, the reaction mixture was
concentrated, and the residue was purified by flash chromatogra-
phy (dichloromethane /petroleum ether=1/10 to 1/1) to afford the
product. 4aa was obtained as a brown crystal (60 mg, 93% yield,
88% ee) following silica gel chromatography (dichloromethane/
petroleum ether=1/4, v/v). Analytical data for 4aa: [R]20D þ61.7
(c 0.48, MeOH). 1H NMR (300 MHz, CDCl3) δ 4.74-4.99 (m,
3H), 6.07 (s, 1H), 6.15 (s, 1H), 6.66 (s, 1H), 7.20-7.37 (m, 5H), 7.85
(br s, 1H). The enantiomeric ratio was determined by Daicel
Chiralcel OD-H (25 cm), hexanes/IPA=80/20, 1.0 mL 3min-1,
λ=254 nm, t(major)=13.3 min, t(minor)=15.9 min.
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FIGURE 1. Proposed catalyst working model.

TABLE 3. Enantioselective Friedel-Crafts Reaction of Pyrroles with

Nitroolefinsa

entry 2 3, R time (h) 4, yield (%) ee (%)b

1 2a 3a, C6H5 3 4aa, 93 88
2 2a 3b, 4-CH3-C6H4 6 4ab, 93 87
3 2a 3c, 4-MeO-C6H4 6 4ac, 91 94
4 2a 3d, 3-CH3-C6H4 6 4ad, 90 81
5 2a 3e, 3,4,5-MeO-C6H2 24 4ae, 87 92
6 2a 3f, 4-Br-C6H4 6 4af, 91 91
7 2a 3g, 4-Cl-C6H4 6 4ag, 90 92
8 2a 3h, 4-F-C6H4 5 4ah, 92 92
9 2a 3i, 4-CF3-C6H4 5 4ai, 92 90
10 2a 3j, 2-furyl 5 4aj, 90 92
11 2a 3k, 2-thienyl 5 4ak, 91 93
12 2a 3l, 2-naphthyl 6 4al, 89 89
13 2a 3m, 2-Br-C6H4 12 4am, 81 11
14 2a 3n, cyclohexyl 24 <5%
15 2b 3j, 2-furyl 6 4bj, 94 93
16 2c 3a, C6H5 2 4ca, 91 86
aReaction conditions: 3 equiv of 2, 5 mol % of (S)-1k, rt,

0.25 mol/L of 3 in CH2Cl2/benzene.
bDetermined by chiral

HPLC analysis.
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