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In recent decades, enantioselective protonation of prochiral
enolates has become a practical means of accessing a-chiral
carbonyl compounds with high enantiomeric purity.[1] The
majority of work in this area has focused on the enantiose-
lective protonation of isolated enolate precursors, such as silyl
enol ethers.[2] Silyl enol ethers derived from a-substituted
cyclic ketones have been most widely studied, owing to the
fixed enolate geometry inherent in cyclic systems. Enantio-
selective protonations of acyclic enolate derivatives have also
been developed, although to a lesser extent.[2a, b, 3] The involve-
ment of acyclic enolates is more challenging, especially in the
context of transient enolate generation, because strict control
of enolate geometry is essential for enantioselectivity.

The issues associated with enantioselective protonation of
acyclic enolates are directly relevant to tandem sequences
involving a 1,4-addition of a nucleophile to an a-substituted
a,b-unsaturated carbonyl compound, such as A (Scheme 1),
followed by enantioselective protonation of the resulting
transient enolate. Several tandem 1,4-addition/enantioselec-
tive protonation sequences have been reported for nitrogen,[4]

sulfur,[5] phosphorous,[5b] and carbon nucleophiles.[6] However,
these current sequences are somewhat limited and significant
work remains necessary to access catalyst/substrate combina-
tions that will prove general across nucleophile classes.

The use of carbon-based nucleophiles was of particular
interest to us because C�C bond formation in 1,4-addition/

enantioselective protonation sequences is currently limited to
rhodium-catalyzed additions of aryl boronic acids and potas-
sium aryltrifluoroborates.[6] Thus, we identified the Friedel–
Crafts (F–C) reaction, one of the more important and widely
studied C�C bond-forming reactions,[7] as a valuable candi-
date for development of a 1,4-addition/enantioselective pro-
tonation process. However, only in the past decade have
highly enantioselective variants[8] using chiral Lewis acids[9] or
organocatalysts[10] been reported for F–C alkylations of
aromatic and heterocyclic nucleophiles with a variety of
electrophilic acceptors. In all reported enantioselective F–C
alkylations that use a,b-unsaturated carbonyl compounds as
acceptors, the stereochemistry has been established at the b-
carbon of the acceptor during the nucleophilic addition step.
In contrast, there are no known examples wherein stereocen-
ters are installed a to the carbonyl carbon, as it would require
an enantioselective protonation step after nucleophile addi-
tion [A!C, Scheme 1, Eq. (1)], which would be possible only
if the enolate formed with a single E or Z geometry [D or E,
Scheme 1; Eq. (2)].

Based on our previous work with a-substituted acrylates
in enantioselective transformations,[11] our starting hypothesis
was that rotamer control of the enoyl geometry (s-cis F or s-
trans G) would impact both reactivity and enolate config-
uration. Thus, a judicious choice of an achiral template is
important. Herein we report the first examples of highly
enantioselective enolate protonation in Friedel–Crafts alky-
lations using pyrrole nucleophiles and a-substituted a,b-
unsaturated imide electrophiles. Critical to the success of the
tandem sequence is the development of a new achiral
isoxazolidinone auxiliary which enhances reactivity and
incorporates all the features necessary for efficient control
of rotamer geometry.[11e]

Our work began with the aim of identifying a combination
of achiral template and chiral Lewis acid that provided high
reactivity and selectivity in the model alkylation of N-
methylpyrrole[12] 5 (5 equivalents, to minimize the formation
of the dialkylation product) with a-methyl acrylate acceptors
(Table 1). After initial studies on the model reaction system
(data not shown), we identified chiral Lewis acids prepared
from the Ph–dbfox ligand[13] 6 (Ph–dbfox = (R,R)-4,6-diben-
zofurandiyl-2,2�-bis(4-phenyloxazoline)), and zinc(II) salts as
promising leads for further reaction optimization. The
reaction of 5 with the oxazolidinone-derived substrate 1 in
the presence of Zn(NTf2)2 and 6 gave the addition product in
good yield and good enantioselectivity when the reaction was
performed at room temperature (Table 1, entry 1). In con-
trast, the same reaction at �30 8C gave trace amounts of the
alkylation product (Table 1, entry 2). In an attempt to
improve reactivity and selectivity, we evaluated the use of

Scheme 1. Enantioselective protonation in Friedel–Crafts alkylations.
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pyrazolidinone and N�H imide auxiliaries in the model
reaction system. These auxiliaries were chosen because,
unlike oxazolidinone, they have been shown to increase
reactivity by minimizing A1,3 strain when appended to a-
substituted a,b-unsaturated carbonyl substrates.[11] Pyrazoli-
dinone substrate 2 reacted well at room temperature with
Zn(NTf2)2/6 (Table 1, entry 3) as the chiral Lewis acid, but
again gave poor reactivity at �30 8C (Table 1, entry 4). The
N�H imide template 3, which nearly eliminates the potential
for A1,3 strain, gave surprisingly low reactivity and reduced
selectivity relative to substrates 1 and 2 (Table 1, entry 5).

At this point we sought an achiral auxiliary that would
minimize A1,3 interactions and provide enhanced reactivity
under the low-temperature reaction conditions required for
improved enantioselectivity. To this end, we have designed a
new and easily prepared achiral isoxazolidinone[14] template,
(substrate 4), in which incorporation of oxygen avoids A1,3

interactions and also provides electronic activation relative to
oxazolidinone 1. The room-temperature reaction of 4 with 5
in the presence of Zn(NTf2)2/6 gave improved reactivity (98%
yield in 10 min, as compared to 89 % yield in 2 h for 1, Table 1,
entry 6 vs entry 1) with comparable selectivity (84% ee vs
83% ee). Notably, the use of Zn(ClO4)2/6 as the chiral Lewis
acid led to improved enantioselectivity, but lower reaction
efficiency (Table 1, entry 7 vs entry 6). However, the
improved reactivity of isoxazolidinone 4 enabled the Zn-
(NTf2)2/6-catalyzed reaction with 5 to proceed efficiently at
lower temperatures (�30 and �50 8C), with superior enantio-
selectivity (93 % ee, Table 1, entries 8 and 9). These experi-
ments constitute the first examples of successful enantiose-
lective protonation during Friedel–Crafts alkylations.[15] Fur-
thermore, they demonstrate that the achiral template plays a
key role in the outcome of the reaction, with respect to

reactivity and selectivity. Control
experiments suggest that the reac-
tion is under kinetic control and
external proton donors such as
phthalimide or succinimide had
negligible impact on selectivity.[16]

We propose that intermediate B
(Scheme 1) is the most likely
proton source in these experiments.

We have evaluated the scope of
the reaction, with respect to the a-
substituent on the a,b-unsaturated
imide acceptor, using the optimal
conditions identified in Table 1. The
results are presented in Table 2. As
noted earlier, the reaction of a-
methyl acrylate 4 with 5 gave the
corresponding product in high yield
and high enantioselectivity
(Table 2, entry 1). An even higher
level of enantioselectivity was
obtained with an a-ethyl-substi-
tuted acceptor (Table 2, entry 2).
Substrates containing functional-
ized a substituents were also com-
petent acceptors, furnishing the

products in high yields and selectivities (Table 2, entries 3
and 4). A styrene derivative 14 also gave the alkylated
product with high selectivity (Table 2, entry 5). Thus, the new
methodology is tolerant of a variety of substituents at the
a carbon with respect to chemical efficiency (68–98% yield)
as well as enantioselectivity (93–98% ee).

The scope of the pyrrole nucleophile in the F–C alkyla-
tion/enantioselective protonation reaction was also investi-
gated (Table 3). A variety of pyrroles were evaluated under
the optimal reaction conditions using substrate 4 as the
acceptor. The reaction of the parent pyrrole gave the
alkylated product in excellent yield and selectivity (Table 3,
entry 1). N-Alkyl pyrroles were even more efficient (Table 3,
entries 2–5). A variety of alkyl substituents on the pyrrole

Table 1: Template identification and optimization of reaction conditions.[a]

Entry SM Lewis Acid T [8C] t Product Yield [%][b] ee [%][c]

1 1 Zn(NTf2)2 25 2 h 7 89 83
2 1 Zn(NTf2)2 �30 16 h 7 <10 ND
3 2 Zn(NTf2)2 25 2 h 8 98 77
4 2 Zn(NTf2)2 �30 16 h 8 14 ND
5 3 Zn(NTf2)2 25 8 h 9 36 60
6 4 Zn(NTf2)2 25 10 min 10 98 84
7 4 Zn(ClO4)2 25 1 h 10 62 90
8 4 Zn(NTf2)2 �30 1 h 10 98 93
9 4 Zn(NTf2)2 �50 16 h 10 96 93

[a] For detailed reaction conditions, see the Supporting Information; SM = starting material. [b] Yield of
isolated products after purification by column chromatography. [c] Determined by HPLC on a chiral
stationary phase; ND= not determined.

Table 2: Evaluation of the scope of the acceptor.[a]

Entry SM t [h] Product Yield [%][b] ee [%][c]

1 4 1 10 98 93
2 11 2 15 89 97
3 12 3 16 90 98
4 13 4 17 68 98
5 14 48 18 74 97

[a] For detailed reaction conditions, see the Supporting Information.
TIPS= triisopropylsilyl. [b] Yield of isolated products after purification by
column chromatography. [c] Determined by HPLC on a chiral stationary
phase.
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nitrogen were tolerated and gave products in good to
excellent yields with > 90 % enantioselectivities. In contrast,
the reaction of the less nucleophilic N-phenylpyrrole with 4
was less efficient and gave product 28 with lower selectivity
(Table 3, entry 6). Using 2-ethyl pyrrole as the nucleophile
gave the product in nearly quantitative yield, but with modest
enantioselectivity (Table 3, entry 7). Gratifyingly, the reaction
of 2-ethyl-N-methylpyrrole gave a single alkylated product in
very high yield and high selectivity (Table 3, entry 8).

The absolute stereochemistry of product 10 was deter-
mined to be S by correlation.[16] Molecular models of the
enolate intermediates D and E suggest that the S absolute
configuration resulted from protonation of the Z enolate E
rather than E enolate D (Scheme 1). The intermediacy of the
Z enolate E in turn implies that nucleophilic addition occurs
on the s-cis rotamer F. The preferred reactivity of the s-cis
over the s-trans rotamer has been observed in related systems
and appears to have some generality.[11e] While this s-cis
preference is not fully understood, it appears likely to be
electronic rather than steric in origin.[17] The extension of the
present methodology to different classes of nucleophiles and
a,b-disubstituted acceptors is underway.

Experimental Section
General Procedure for Friedel–Crafts Alkylation/Enantioselective
Protonation Reactions: A mixture of Zn(NTf2)2 (0.060 mmol) and
Ph–dbfox ligand 6 (0.066 mmol) in CH2Cl2 (1 mL) was stirred at room
temperature for 30 min. 4 � molecular sieves (100 mg) were then
added, followed by the a-substituted acrylate acceptor (0.20 mmol)
and the pyrrole nucleophile (1.0 mmol). The reaction was monitored
by 1H NMR spectroscopy. When the reaction was complete, the
reaction mixture was concentrated and purified by flash column
chromatography on silica, using mixtures of hexane and ethyl acetate
as the eluent.
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raphy. [c] Determined by HPLC on a chiral stationary phase. [d] Reaction
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