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ABSTRACT

A highly enantioselective Friedel −Crafts reaction of pyrrole derivatives with N-acyl imines catalyzed by chiral phosphoric acids was developed.
The reactions produced the pyrrole derivatives in high yields and enantioselectivity.

The Friedel-Crafts reaction is undoubtedly one of the most
important carbon-carbon bond forming reactions in organic
synthesis.1 In recent years the asymmetric Friedel-Crafts
reaction has attracted considerable interest among academics.
An important aspect of enantioselective variants to this
reaction is the resulting abillity to synthesize enantiopure
arenes, which are desired synthetic intermediates and bio-
logically active compounds.2 Recently, there have been
several reports of asymmetric Friedel-Crafts reactions of
indole derivatives with both organocatalytic and metal-
catalyzed systems.3 However, pyrroles are also important
heterocycles that are often found in natural products and drug
candidates that could potentially be accessed by asymmetric
Friedel-Crafts chemistry.4 Methodologies for the asymmetric
Friedel-Crafts reaction of pyrroles are very limited. The first
example of a highly enantioselective Friedel-Crafts reaction
of pyrrole was reported by MacMillan in 2001 using a chiral

imidizolidinone catalyst.5 Chiral Lewis acid complexes have
also been demonstrated to be excellent catalysts for the
enantioselective Friedel-Crafts reaction of pyrrole deriva-
tives with R,â-unsturated systems.6

Organocatalytic enantioselective synthesis has witnessed
rapid development in the past years owing to its potential
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environmentally friendly features.7 Chiral phosphoric acids,
which were first utilized as efficient asymmetric catalysts
by Terada and Akiyama in 2004,8 have now been shown to
be excellent organocatalysts for a wide variety of asymmetric
reactions.9,10Recently, we have reported the enantioselective
aza-Friedel-Crafts reaction of indole derivatives withN-
benzoyl imines.11 Herein, we would like to report the
application of this methodology to the catalytic, enantio-
selective aza-Friedel-Crafts reaction ofN-benzoyl imines
with pyrrole derivatives. This is, to our knowledge, the first
example of a chiral phosphoric acid-catalzyed aza-Friedel-
Crafts reaction utilizing pyrroles.

Our initial focus was to optimize the reaction conditions
(Table 1). With use of dichloromethane as the solvent and
N-methylpyrrole as the substrate, three chiral phosporic acid
catalysts were screened for activity (entries 1-3). The results
indicated that catalystPA3 was slightly superior in terms of
the observed selectivity of the reaction. Solvent also had a
major effect on the enantioselectivity of the reaction. The
use of nonpolar and weakly polar solvents gave promising
results in terms of the product yield and enantioselectivity
(entries 5-8). The more polar solvent acetonitrile resulted
in decreased enantioselectivity of the reaction while affording
the product in comparable yield to the less polar solvents

(entry 4). From the solvent study, it was determined that
chloroform was the solvent of choice (entry 8).

Further optimization indicated that a benzyl protecting
group on the pyrrole nitrogen had a detrimental effect on
both the yield and the enantioselectivity of the reaction (Table
2, entry 1). This is a possible indication of a severe sensitivity

to sterics for the reaction. It is also worth noting that double
addition (two imines to one pyrrole) was observed when the
reaction was performed at ambient temperature. Decreasing
the reaction temperature to-40°C resulted in increased yield
and enantioselectivity of the desired single-addition product.
Further lowering of the temperature to-60 °C proved to be
the optimal in terms of both enantioselectivity and yield of
the resulting product (entry 3). The use ofN-isopropylpyrrole
resulted in the production of only a trace amount of product
(entry 6). This is also presumably due to the steric bulk of
the isopropyl substituent. The use of unprotected pyrrole
allowed for the desired product in respectable yield, but the
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Table 1. Optimization of Reaction Conditions

entry catalyst solvent time, h yield,a % ee,b %

1 PA1 CH2Cl2 15 56 25
2 PA2 CH2Cl2 15 82 48
3 PA3 CH2Cl2 15 72 51
4 PA3 CH3CN 22 75 26
5 PA3 (CH2Cl)2 21 76 47
6 PA3 toluene 21 85 62
7 PA3 ether 22 82 60
8 PA3 CHCl3 21 87 64

a Isolated yield.b Enantiomeric excess (ee) determined by chiral HPLC
analysis.

Table 2. The Effect of Temperature andN-Substitution

entry R temp, °C time, h yield, % ee, %

1a Bn rt 21 72 36
2 Me -40 26 82 85
3 Me -60 25 95 89
4 Me -60 26 86 89
5b Me -60 26 88 89
6 i-Pr -60 26 trace ndc

7 H -60 26 69 14

a Dichloromethane was used as the solvent.b 2.5 mol % catalyst was
used.c nd ) not determined.

Figure 1. Chiral phosphoric acids.
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enantioselectivity was much lower than that obsereved for
N-methylpyrrole (entry 7).

With the optimized reaction conditions in hand, we turned
our attention to the effect of substituion on the imine substrate
(Table 3). A variety ofN-acyl imines were investigated for

the generality of this reaction with use of the optimal reaction
conditions. As shown in Table 3, the imines containing
election-donating groups on the phenyl ring usually were
excellent substrates, providing for products with very high
enantiomeric excess. For example, imine1cprovided product
3c in 96% enantiomeric excess (entry 3) and imine1d gave
almost optically pure product with 99% enantiomeric excess
(entry 4).

A slight decrease in enantioselectivity was observed with
imines bearing election-withdrawing groups on the aromatic
ring (entries 6-8). The presence of a strong electron-
withdrawing group gave a much lower ee value (entry 9).
Along with electronic effects, the steric effects were also
visible in this reaction. For instance, imines1d and1ewith
a methoxy group at meta and ortho sites, respectively,
afforded much different enantioselectivities (entries 4 and
5).

We next chose to screen the reaction for the scope of the
pyrrole substrate (Table 4). We have already shown that the
presence of sterically hindered isopropyl substituent on the
pyrrole was almost inactive for this reaction (Table 2, entry
6). On the basis of this result we thought that it would be
interesting to further vary this group. A decrease in en-
antiomeric excess was observed as the length of theN-alkyl
substituent of the pyrrole was increased (Table 4, entries
1-4). This is probably due to an increase in sterics. Pyrroles
2e,2h, and2i, which are similar in steric effect, gave nearly
the same enantioselectivity (entries 2, 5, and 6). In addition,
other substitutedN-methyl pyrroles were evaluated. 2-Butyl-
N-methylpyrrole (2j) afforded a low ee value (entry 7), and
3-ethyl-N-methylpyrrole (2k) provided moderate enantio-
selectivity as a substrate (entry 8).

Pyrrolo[1,2-a]pyrazine derivatives are medicinally impor-
tant compounds reported to possess antiarrhythmic, anti-

amnesic, antihypoxic, psychotropic, antihypersensitive, and
aldose reductase inhibitor activities.12 As a demonstration
of the synthetic potential of the reactions we started with
enantiomerically enriched3k (92% ee). The chiral pyrrolo-
[1,2-a]pyrazine derivative4 could be easily synthesized in
just one step from the precursor in the presence of NaH
without racemization and in good chemical yield (Scheme
1).

In conclusion, we have developed an efficient method for
the highly enantioselective Friedel-Crafts reaction between
pyrrole derivatives andN-acyl imines catalyzed by chiral
phosphoric acids. When the observed steric and electronic
effects of the substrates were controlled, excellent enantio-
meric excess and yields could be achieved. We have applied

Table 3. Variation of Imine Substrate

entry R product yield, % ee, %

1 p-CH3C6H4 3a 95 89
2 PH 3b 86 90
3 p-CH3OC6H4 3c 91 96
4 m-CH3OC6H4 3d 97 >99
5 o-CH3OC6H4 3e 91 88
6 p-FC6H4 3f 96 85
7 p-ClC6H4 3g 90 81
8 p-BrC6H4 3h 92 79
9 p-CF3C6H4 3i 89 58

10 1-naph 3j 88 82

Table 4. The Reaction Scope with Substituted Pyrroles

Scheme 1. Synthesis of Pyrrolo[1,2-a]pyrazine
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the developed methodology to the synthesis of a pyrrolo-
[1,2-a]pyrazine without racemization. Further studies with
regard to the generality and scope of this reaction and related
Friedel-Crafts reactions catalyzed by organocatalysts are
ongoing in our lab and will be reported in due course.
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