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Ene reactions are additions of electrophilicπ-bonds to alkenes
with concomitant transfer of an allylic hydrogen (Scheme 1).1

Hetero- and metallo-ene reactions have received considerable
attention in recent years from an experimental and theoretical
viewpoint given their synthetic importance.2 While this process is
relatively slow in the absence of acid catalysis, requiring high reac-
tion temperatures, the use of transition-metal catalysts has provided
a means for carrying out these additions under mild conditions with
enhanced selectivity and a wider range of substrates.3

In particular, C2-symmetric bis(oxazoline) (BOX) ligands in the
presence of copper salts4a,b, have been used for numerous catalytic
asymmetric reactions because of their efficiency, selectivity, and
broad substrate tolerance.4,5 Of these, glyoxylate- and pyruvate-
ene reactions affordR-hydroxy esters which show interesting
biological properties and are versatile synthons in organic synthesis.6

As a result, Lewis acid-catalyzed ene reactions of glyoxylate esters
using bis(oxazoline) copper (II) complexes have been experimen-
tally studied by several groups,7 but the mechanism of these
reactions remains unclear and is the subject of this communication.
While KIE studies have shown that carbonyl enophile complexes
follow stepwise reaction pathways,8 concerted asynchronous transi-
tion state (TS) models have been proposed and argued to explain
the stereochemical outcome.7d

As these calculations are computationally demanding, we here
present both a conventional DFT study9 (UB3LYP/6-31G*) and a
two-layered ONIOM treatment10 (UB3LYP/6-31G*:PM311) which
we show here provides a fast and reliable method for modeling
d-metal catalyzed reactions.12 To test the ONIOM approach we
initially studied the structure of the catalyst4a‚2H2O and compared
our results to crystallographic data.13,14 The study of different
ONIOM partitioning schemes showed that the cyclic framework
of the ligand (methylene diimine moiety) must be considered in
the high-level region to reproduce the full DFT and experimental
results, whereas the remainder can be treated at a semiempirical
level (Figure 1).15-17 Both the full DFT and ONIOM treatments
showed that the copper coordination is a distorted square planar
rather than tetrahedral geometry with the methylene diimine-copper

six-membered ring presenting a boatlike conformation having the
methylene carbon and metal at the apexes, in line with crystal-
lographic data.13,14

We have determined the potential energy surface for the copper-
catalyzed reaction (R1-5 ) H, Scheme 1) at both these levels of
theory.18,19Although both approaches gave very similar geometries
(bond lengths to within 0.15 Å), there were substantial discrepancies
in relative energetics of the corresponding stationary points.
Therefore, we recommend the evaluation of the energy at the full
DFT level, using the computed ONIOM geometries.20 Figure 2
shows the free energy profile of this reaction at the UB3LYP(PCM)/
6-311G**//UB3LYP/6-31G* level, the dichloromethane solvent
being simulated by means of the polarizable dielectric model (ε )
8.93).21

We first considered the possible combinations of the initial
reactants. Thus, the naked catalyst4 can be coordinated to either
substrate (1-4, 2-4) or both reactants (1-2-4, 1-4-2). The
catalyst-olefin π-complex1-4 presents a T-shaped planar struc-

Scheme 1. Copper-Catalyzed Carbonyl-Ene Reaction

Figure 1. Main geometrical parameters for4a‚2H2O. Selected bond lengths
(Å) and angles (deg). Atoms included in the high level region are within
the box.

Figure 2. Relative free energies (in kcal/mol) on the pathway (1 + 2 f
3) catalyzed by4 (solid lines) at the UB3LYP(PCM)/6-311G**//UB3LYP/
6-31G* level. Only one enantiomer has been drawn (exo approach) for
clarity. Alternative pathways are indicated by hashed lines.
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ture,22 and the catalyst-glyoxylate2-4 chelate, a distorted square
planar geometry similar to that of bis(aquo) analogues. Our
calculations show a strong preference for the binding of theO,O-
bidentate compound2 as reflected in short Cu-O bond distances
(2.0 Å). Interaction between2-4 and1 yields two different ternary
complexes,1-4-2 and1-2-4, depending on the coordination of
the alkene to the chelate. The1-4-2 complex, in which propene
is coordinated to the copper atom in a bent square pyramidal
geometry,23 is the more stable by 1 kcal/mol, but all attempts to
find a corresponding transition state were fruitless. However, IRC
calculations showed that the1-2-4 complex (Figure 2) does lead
to C-C bond formation via bothexo and endoalkene approach
orientations to the aldehyde face.24 The endoattack is sterically
disfavored, and a slightexo preference is conserved along the
reaction coordinate (solid-line pathway in Figure 2), which may
thus be sensitive to bulky substituents. An open zwitterionic
intermediate (INTo) is obtained after the transition structure (TS1)
of the first step, namely C-C bond formation. A 1,5-hydrogen shift
of this intermediate, via TS2, affords the observed final product3.
Alternative ring closure of this intermediate to form an oxetane-
like compound5-4 of slightly higher energy than3-4 proceeds
via TS3, which is also higher in energy than TS2. Therefore, the
four-membered ring product5, which is not experimentally
observed, is neither kinetically nor thermodynamically favored. The
potential energy surface was found to be quite flat, and at the
UB3LYP/6-311G** level,1-2-4, TS1, INTo, and TS2 are within
3 kcal/mol. The transition structure for rotation betweenexo- and
endo-INTo is less stable than both corresponding TS2s, which is
consistent with the selectivity of the reaction even in a stepwise
mechanism.

We thus predict that the reaction proceeds via a stepwise
mechanism with very low barriers. All attempts to find a concerted
pathway were unsuccessful. We have elucidated the role of the
catalytic metal center in this important reaction. In contrast to typical
metathesis and oxidative addition processes, we find that the
â-hydrogen is transferred without direct participation of the metal.
Thus, the metal can be viewed as a simple enophile activator.
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