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The Lewis acid-catalyzed ene reaction of carbonyl compounds
with alkenes represents a powerful method for selective C-C
bond formation,1 and two notable catalytic, enantioselective
variants are known.2 However, the corresponding catalytic,
enantioselective ene reaction between alkenes and imines has not
been reported even though the allylic amines that would be
generated are useful synthetic intermediates.3 The diastereo-
selective version of the imino ene reaction is nevertheless well-
precedented4 and has been elegantly applied in the total synthesis
of members of the methanomorphanthridine class of natural
products5 as well as (-)-perhydrohistrionicotoxin.6 Lewis acid
catalysis of the imino ene reaction is also well-known although,
in many cases, stoichiometric quantities of promoter are
employed.4a-e From our standpoint, the use of catalytic amounts
of a chiral Lewis acid catalyst in combination withR-imino
esters4e-g,5 as enophiles would unveil a novel route to a variety
of enantiopure nonnaturalR-amino acids. In previous work, we
demonstrated catalytic, enantioselective alkylation of chelating
R-imino ester1 with enolsilane nucleophiles through the use of
the versatile Lewis acid catalysts (R)- or (S)-Tol-BINAP-
CuClO4‚(CH3CN)2 (3).7 In this paper, we report an operationally
convenient and efficient, catalytic, enantioselective imino ene
reaction ofR-imino ester1 with alkenes2a-f catalyzed by Lewis
acid complex3 and show this reaction to be a useful new pathway
to R-amino acid derivatives4a-f (eq 1).

We initiated our study with the reaction between1 and
R-methylstyrene2a.8 This ene substrate was chosen on the basis
of the known stabilization that an aromatic substituent at C-2 has

upon the electrocyclic transition state.9 Reaction of 1 equiv each
of 1 and 2a catalyzed by 5 mol % (R)-Tol-BINAP-CuClO4•
(CH3CN)2 (3) in THF at room temperature is clean and enantio-
selective (87% ee) but slow and low yielding (35%, Table 1, entry
1). Performing the reaction in CH2Cl2 moderately improved the
enantioselectivity but did not greatly increase the yield, whereas
refluxing the reaction mixture improved yield but eroded enan-
tioselectivity (entries 2-4). We were intrigued by the proposal
that aromatic solvents can increase the rates of certain formally
electrocyclic reactions;10 however, Lewis acid complex3 is not
soluble in nonpolar aromatic solvents such as toluene or benzene.
Encouraged by a recent report detailing the similar polarity
characteristics of CH2Cl2 and benzotrifluoride (BTF),11 we tested
this aromatic solvent in our reaction. Catalyst3 is soluble in BTF,
and this led to a marked increase in selectivity (99% ee) although
the yield after 18 h remained low (entry 5). Screening several
other polar aromatic solvents demonstrated similarly high selec-
tivity but modest yields (entries 6-8). We discovered that if we
simply doubled the concentration of alkene, the reaction reached
completion after 18 h while excellent ee (99%, entry 9)12 was
maintained. Several other transition-metal (R)-BINAP complexes
were screened for catalytic activity and enantioselectivity, as
shown in Table 2. However, our original system proved superior
to these alternatives in each case. Additionally, although our
standard screening protocol employed 5 mol % catalyst, we found
that a multigram scale reaction between1 and 2a could be
conducted with 2 mol % catalyst, affording product in 90% yield
and 99% ee.

With optimal conditions forR-methylstyrene (2a) in hand,13

several other alkenes were investigated, all affording good to
excellent yield and enantioselectivity (Table 3).14 For example,
tetralene2b provided 4b in 94% yield and 99% ee, and an
aliphatic ene, methylenecyclohexane2c, similarly led to product
in 85% yield and 95% ee. Heteroatom-containing ene substrates
are also compatible with our reaction conditions, demonstrating
that the catalyst is tolerant of various functional groups and Lewis
basic sites on the alkene. For example, vinyl sulfide2d (entry 4)
is an excellent substrate, affording product in 85% yield and 98%
ee. The transformation on an amino-containing ene allows the
construction of tryptophan derivative4e (entry 5, 90% yield and
85% ee). This is interesting because there currently exists no
general synthetic method for the construction of tryptophan
analogues in optically active form through catalytic methodol-
ogy.15 Finally, an oxygen-containing ene provided fufurylalanine
4f in 85% yield and 89% ee (entry 6). It is noteworthy that most
of the products (4a,b,d,f) can be obtained in optically pure form
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without chromatography by straightforward crystallization of the
organic concentrate (EtOAc/hexanes) after aqueous workup.
Removal of the tosyl group from product4a was accomplished
by treatment with HBr/phenol16 to provideR-amino acid6 in 75%
yield (eq 2). These reaction conditions are strenuous, as are all
of the alternatives (sodium naphthalenide, Li/NH3, hV);17 however,

the deprotection proceeds in respectable yield without racemiza-
tion in our system,14 although milder deprotection alternatives
are under investigation.

Prototype ene reactions have been proposed to proceed through
a concerted, nonpolar transition state.18 However, the possibility
of a stepwise reaction does exist, particularly when an aryl group
is available to stabilize a transient carbocation. To shed light on
this mechanistic question, we investigated the reaction through
kinetic isotope effect (KIE) studies. A 1:1 mixture of alkenes2a
and 2a-d3 was subjected to our standard reaction conditions in
both BTF and THF solvent in the presence of1 and 5 mol %3
(eq 3). Analysis of the reaction mixture at 5% conversion indicated

a phenomenological KIE (kH/kD3) of 4.4 in THF and BTF.19 The
observed KIE is a superposition of normal primary andR-second-
ary KIEs, and as a consequence, the primary KIE should account
for about∼80% of the observed value.20 The result is nevertheless
consistent with a large degree of rate-determining transfer of H(D)
in the transition state, in line with a concerted mechanism
(structure7). Were the reaction to proceed stepwise through the
cationic intermediate8, an observedâ-secondary KIE in the
neighborhood of 1.9 (or lower) would be expected. Whether the
reaction proceeds through a concerted pathway for other more
polar substrates is under current investigation.

In conclusion, we have demonstrated the first catalytic,
enantioselective imino ene reaction that provides direct access to
nonnaturalR-amino acids of high optical purity. Application of
this methodology to the production of complexR-amino acid
derivatives, natural products, and enzyme inhibitors is underway
and will be reported in due course.
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Table 1. Solvent Effects on Ene Reactions between1 and2a

entry conditionsa
%

yieldb
%
eec entry conditionsa

%
yieldb

%
eec

1 THF, rt 35 87 6 o-dichlorobenzene, rt 35 90
2 CH2Cl2, rt 30 93 7 nitrobenzene, rt 28 90
3 THF, reflux 57 79 8 anisole, rt 52 96
4 CH2Cl2, reflux 61 87 9 BTF, rt, 2 equiv2a 92 99
5 BTF, rt 55 99

a Unless otherwise noted, reactions were run with 0.5 mmol of imine
1a, 0.5 mmol of2a, and 0.025 mmol of catalyst3 at the specified
temperature for 18 h.b Isolated yield of4a after chromatography.
c Enantiomeric excess of4a before recrystallization; determined by
HPLC on chiral support.

Table 2. Results of Other Metal (R)-BINAP Complexes on the
Imino Ene Reaction

entry metala % ee entry metala % ee

1 AgSbF6 71 4 Ni(ClO4)2 0
2 Pd(SbF6)2 35 5 Co(SbF6)2 0
3 Rh(COD)ClO4 0 6 Sn(OTf)2 b

a Screen performed with 5 mol % metal and 5.5 mol %(R)-BINAP.
b Reaction returned only starting materials.

Table 3. Ene Reactions of2a-f with 1 Catalyzed by3

a Reactions were conducted under standard conditions in BTF solvent
at room temperature,13 unless otherwise noted.b Isolated yield of4 after
chromatography.c Enantiomeric excess before crystallization; deter-
mined by HPLC on chiral support.d Enantioselectivity determined by
NMR in the presence of a chiral shift reagent.
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