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Abstract: A novel conceptual model and unique understanding of rate and endo selectivity enhancements
delivered by bis(oxazoline)-Cu(II) Lewis acid catalysts in the Diels-Alder reaction of cyclopentadiene and
acrylate imide is presented. Despite previously reported kinetic and spectroscopic studies, the physical
reasons for endo selectivity and rate enhancements remain poorly understood. Large-scale density functional
calculations using Becke three-parameter density functional theory with the nonlocal correlation of Lee,
Yang, and Parr and the 6-31G(d) basis set have been carried out for the first time to understand the
geometric and energetic consequences of C2-substituent variation. The unique positioning of the tert-butyl
C2-substituent with respect to the diene, referred to as the “axial gateway”, maintains the electrophilicity of
the catalyst by shielding the reactive metal center from nucleophilic attack. The interplay between steric
and electronic factors is crucial to understanding the observed enhanced rates and endo selectivity.

Introduction

Bis(oxazoline) copper(II) complexes are effective enantiose-
lective Lewis acid catalysts for a wide range of important
organic reactions. Specifically, the kinetic and synthetic utility
of these catalysts have been well documented for the Diels-
Alder reaction.1,2 C2-symmetric bis(oxazoline) copper(II) com-
plexes have been shown to impact Diels-Alder reactions that
typically involve R,â-unsaturated carbonyl compounds with
electron-rich olefins (Scheme 1).2

In the use of Lewis acid catalysts, stereoelectronic effects
clearly impact the observed enantioselectivity and rate enhance-
ments of many Diels-Alder cycloadditions; however, reactions
have been reported which escape such explanation.1 Alternative
interpretations have been formulated, yet a consistent model
that explains all of the data has not been presented. It is generally
recognized that the subtle interplay between steric and electronic
factors is crucial to the development of an accurate mechanistic
appreciation of chiral Lewis acid-catalyzed Diels-Alder reac-
tions. Despite extensive efforts, focused upon metal center
coordination geometry,1d-f,2,3 dienophile conformation,2 C2-
substituents,4,5 and electronic effects,2,4 the physical reasons for
endo selectivity and rate enhancements for bis(oxazoline)

copper(II)-catalyzed Diels-Alder reactions remain elusive.1g To
address this issue, large-scale density functional calculations
have been carried out to understand the geometric and energetic
consequences ofC2-substituent variation of bis(oxazoline)
copper(II)-catalyzed Diels-Alder reactions.

Methods

All density functional calculations were carried out with the Gaussian
program,6 using the computational resources at the Center for Com-
putational Sciences7 at Duquesne University, Kentucky Superdome, and
Pittsburgh Supercomputer Center.8 Due to limited dispersion forces
involving Cu complexes,9 full geometry optimization and frequency
analysis have been carried out using the Becke three-parameter
exchange functional10 with the nonlocal correlation functional of Lee,
Yang, and Parr and the 6-31G(d) basis set.11 UB3LYP/6-31G(d) does
not suffer from spin contamination12 and has been shown to produce
realistic structures and energies for pericyclic reactions13 and [Cu((S,S)-
Ph-box)]+2-catalyzed carbonyl-ene reactions,14 and reproduce X-ray
structures with the phenyl-substituted system.14 Frequency analysis has
been used to confirm all stationary points as minima or transition
structures and provide thermodynamic and zero-point energy corrections
(Supporting Information). The PCM continuum solvation model is
utilized to approximate the effect of solvent by means of single point
energy evaluations on the optimized vacuum structures,15 which has
been shown to describe these systems accurately.14 Contributions due
to thermal, vibrational, rotational, and translational motions, including
zero-point energies, are included separately by standard statistical
mechanical procedures available in Gaussian. The solvent and dielectric
constant used is dichloromethane (ε ) 8.93).

The Mulliken overlap population has been used to gauge the strength
of covalent bonding.16 This indicator is known to be basis set dependent
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and subject to many criticisms. Nevertheless, the Mulliken population
overlap has been previously used to understand important secondary
orbital interactions.17-20 To determine the atomic charges, the CHELPG
algorithm developed by Breneman and Wiberg has been used.21 It
combines the regular grid of points of Cox and Williams22 with the
Lagrange multiplier method of Chirlian and Francl employed in
CHELPG.23 In CHELPG, a cubic grid of points (spaced 0.3-0.8 Å
apart) is used and all grid points that lie within the van der Waals
radius of any atom are discarded, together with all points that lie more
than 2.8 Å away from any atom. CHELPG charges with 6-31G(d) basis
set in all-atom format have been previously shown to be more reliable
than the Mulliken charges in solvent simulations.24

Using the QUIVER program,25 kinetic isotope effects (KIEs) were
calculated and scaled to the B3LYP/6-31G(d) level of theory using
the same procedure described by Singleton and Houk.26,27The QUIVER
program employs the Bigeleisen and Meyer formulation,28 based on
statistical mechanics and classical transition state theory.29

Results and Discussion

Four concerted asynchronous pathways are possible for the
Diels-Alder reaction of1 and2. The3a (methyl) model was
chosen for the isopropyl substituent, due to the lack of steric
interactions based upon the reported X-ray structure of the
isopropyl system, where the isopropyl hydrogen orients toward
the catalyst and the methyl groups point harmlessly away. The
3b (tert-butyl) model was used in its entirety to model key steric
interactions provided by thetert-butyl group. The transition
structures are denoted NC (endo s-cis), XC (exo s-cis), NT (endo
s-trans), and XT (exo s-trans). Stereospecific NC and XC
transition structures for the concerted asynchronous3a- and3b-
catalyzed Diels-Alder reactions are shown in Figures 1 and 2,
respectively. The computed activation energies for the s-cis
dienophile conformation are favored over s-trans by ap-
proximately 5 kcal/mol. Consequently the computed s-trans
systems are not discussed (see Supporting Information). The
computed results are in excellent agreement with population
ratios obtained by lanthanide induced shifts (LIS), which indicate
that R,â-unsaturated amides exist predominantly as s-cis.30

Secondary kinetic isotope effects (SKIEs) have been calcu-
lated to confirm that the computed cycloadditions are concerted
and asynchronous31 (Supporting Information) consistent with
other experimental SKIEs for Lewis acid-catalyzed Diels-Alder
reactions.32 For the Diels-Alder reaction between crotonate
imide and cyclopentadine catalyzed by3b, the rate constant was
observed to be 8.3× 10-3 M2/min at 0°C in CH2Cl2 with OTf-

counterions.2 Using transition-state theory,33 the corresponding
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Scheme 1. Bis(oxazoline)-Cu(II)-Catalyzed Diels-Alder Reaction of Acrylate Imide, 1, and Cyclopentadiene, 2a

a Catalysts3a and3b are identical to experiment, minus thegem-dimethyl.

A R T I C L E S DeChancie et al.

6044 J. AM. CHEM. SOC. 9 VOL. 126, NO. 19, 2004



∆G273
q is 20.4-20.9 kcal/mol forκ ) 0.5-1.0, respectively.

The computed free energy of activation for the3b-catalyzed
Diels-Alder reaction of1 and 2 is 19.3 kcal/mol (Table 1),
which is in strong agreement with experiment, as described
previously.

The computed Gibbs free energy activation barriers of the
3a-catalyzed system (Table 1) reveal that the Re face approach
of the diene is favored. The strongest steric contribution to the
NC and XC Si transition structures is the hydrogen directly
attached to the carbon bearing the C2 substituent (Figure 1),
which is positioned 2.73 (XC Si) and 2.76 (NC Si) Å from the
nearest diene proton. The resulting∆G298

q for the NC Si
approach is 1 kcal/mol higher in energy than that computed for
the corresponding Re system. This steric interaction provides a
novel interpretation of facial selectivity, which effectively
removes the diene Si face approach independent of the sub-
stituent. Therefore, the preferred NC Re pathway has been
computed for the3b-catalyzed system.

Due to computational limitations, the3a-catalyzed system
has been used to model solvent effects (Table 1). In a vacuum,

exo selectivity is computed (∆∆G298
q ) 0.1 kcal/mol) opposite

to that found by experiment for isopropyl, phenyl, andtert-
butyl systems.2 However, including solvent (dichloromethane)
in the calculations gives endo selectivity, where∆∆G298

q )
-0.6 kcal/mol between XC and NC Re. Because facial and endo
selectivity is correctly predicted, it is of interest to discover the
structural basis of such phenomena.

The computed3b-transition structure provides a novel
explanation for the enhanced rate and endo selectivity. The
enhancements delivered by3b can be attributed to the unique
positioning of thetert-butyl C2-substituent with respect to the
diene, creating an “axial gateway” to the Cu(II) metal center,
as shown in Figure 2. One of the methyls from thetert-butyl
group coupled with one of the endo-diene protons shield the
axial approach of nucleophilic attack by creating a steric barrier
2.67 Å wide (closed state), as compared to the larger 3.20 Å
distance (open state) for the XC Re3b system.34 For 3a and
3b, the solvent-accessible area is tighter for an endo approach
due to the constricted axial gateway opening as compared to

(33) Carroll, F. A. PerspectiVes on Structure and Mechanism in Organic
Chemistry; Brooks/Cole Publishing Co.: Pacific Grove, 1998; pp 339-
342.

(34) Estimated by adding standard methyls onto the optimized XC Re transition
structure of3a. We find a reasonable agreement between the modified NC
Re 3a distance (2.5 Å) and that of the3b system (2.67 Å).

Figure 1. UB3LYP/6-31G(d) optimized transition structures of the3a-catalyzed Diels-Alder reaction between1 and 2. Bond lengths are reported in
angstroms, and dihedral angles are in degrees. The organic reactants are shaded in grey for clarity.
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exo. Thus, Cu(II) is more prone to nucleophilic attack in the
exo approach, which as discussed below promotes endo
selectivity.

Shielding of the Cu(II) center is necessary to maintain3b
electrophilicity. We compute that the NC Retert-butyl hydrogen
1s orbital aligns with the Cu(II) 3dz2 orbital, yielding a distance
of 2.66 and 2.74 Å and an H-Cu-H angle of 155° (Figure 2).
As expected for square planar and distorted square planar
Cu(II) systems, the axial approach to the copper center is highly
electrophilic. Thetert-butyl C-H bond oriented along the
Cu(II) 3dz2 orbital axis elongates from 1.09 Å in the unperturbed
3a system to 1.10 Å in3b, signifying the electrophilic power
of Cu(II). Most importantly, at a separation distance of 2.74 Å
between the copper center and C-H hydrogen, a computed bond
elongation of 0.01 Å demonstrates Cu(II)’s ability to function
as a strong Lewis acid. For example, when using the same level
of theory to describe theC2V lithium cation and water nonbonded
complex, a computed O-H bond elongation of only 0.0006 Å
results at a distance of 2.23 Å between the lithium cation and
water hydrogen. Electron population in the3b HOMO increases
in the dz2 orbital by 0.029 and decreases for the in-plane Cu(II)
d-orbitals by 0.094 as compared to3a NC Re. As electron
density is drawn to the dz2 orbital, electron density is siphoned
from the in-plane d-orbitals. Consequently, shielding of the
Cu(II) center from either solvent or nucleophilic counterions

renders it a more powerful catalyst by withdrawing electron
density from the dienophile and activating it.

The computations introduce an intriguing question on how
counterions impact the structure and reactivity of bis(oxazoline)
systems. Counterion effects are known to contribute greatly to
the rate and endo selectivity of this Diels-Alder reaction.2

SbF6
-, a relatively large ion, increases the catalytic activity,

yet decreases endo selectivity, where an opposite effect is
demonstrated for the smaller OTf- counterion. The X-ray
structure shows that SbF6

- does not coordinate to the Cu(II)
center having distances up to 3.50 Å from the Cu(II) center,
because its larger size cannot penetrate through the axial gateway
for either NC or XC Re. However, we postulate that the OTf-

anion is too large to pass the axial gateway of NC Re, yet small
enough to slip through and add to the Cu(II) center, forming a
square pyramidal complex for XC Re.2 Because the newly
created covalent bond donates electron density into the catalyst,
it diminishes the catalyst’s ability to withdraw electron density
from the dienophile.35 This is the origin of the observed retarding
effect on the rate when using OTf- as the counterion. In turn,
the square pyramidal coordination for XC Re further enhances
the endo selectivity by adding more steric congestion, disfavor-
ing exo addition. This conceptual model holds for other reported
substituents, where [Cu((S,S)-Ph-box)](X2) cannot shield the Cu-
(II) center as effectively and [Cu((S,S)-i-Pr-box)](X2) shields
only two-thirds of the time, consistent with experimental data.2

Summary

The effects of Lewis acidity have been well established for
bis(oxazoline) systems, and the influence of counterions has
been previously reported. However, the interplay between steric
exclusion of solvent and counterions and the direct electronic
impact on Lewis acidity at the Cu(II) center is shown here for
the first time. The unique positioning of thetert-butyl C2-
substituent with respect to the diene at the transition structure
creates a steric barrier (called the axial gateway) preventing

(35) Fringuelli, F.; Piermatti, O.; Pizzo, F.; Vaccaro, L.Eur. J. Org. Chem.
2001, 439-455.

Figure 2. UB3LYP/6-31G(d) optimized transition structure of NC Re and the XC Re transition structure model34 3b-catalyzed Diels-Alder reaction between
1 and2. Bond lengths are reported in angstroms, and dihedral angles are in degrees. The organic reactants are shaded in grey for clarity. The axial gateway
is illustrated by the constricted space between the grey wedges placed on the diene proton andt-butyl hydrogen.

Table 1. UB3LYP/6-31G(d) Activation Energies, Enthalpies, and
Gibbs Energies (kcal/mol) for the Reaction of 1 and 2 Catalyzed
by 3 in Vacuum and Using PCM Single Points (ε ) 8.93) on
Vacuum Optimized Geometries

∆E298
q ∆H298

q ∆G298
q

TS cat. face vacuum solution vacuum solution vacuum solution

NC 3a Re -4.5 7.1 -5.1 6.5 7.8 19.6
NC 3a Si -3.1 8.3 -3.7 7.8 9.4 20.6
XC 3a Re -4.4 8.2 -5.0 7.6 7.7 20.2
XC 3a Si -3.4 8.1 -4.0 7.5 8.9 20.4
NC 3b Re -3.1 6.1 -3.7 5.5 10.1 19.3a

a Experimental ∆G273
q ) 20.4-20.9 kcal/mol for κ ) 0.5-1.0,

respectively, for the Diels-Alder reaction of crotonate, cyclopentadiene,
and3b.2
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nucleophilic attack of the Cu(II) center to maintain its electo-
phility and activation of the dieneophile. As such, this study
provides an advance in the knowledge of asymmetric reactions
and allows for further ideas and development in this exciting
area of bis(oxazoline)-Cu(II) catalytic chemistry.
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