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Abstract
B3LYP/6-31G(d) density functional theory has been used to study Diels-Alder reactions of
cyclopentadiene with α,β-unsaturated aldehydes and ketones organocatalyzed by MacMillan’s
chiral imidazolidinones. Preferred conformations of transition structures and reaction
intermediates have been located. The dramatically different reactivities and enantioselectivities
exhibited by two similar chiral imidazolidinones are rationalized.

Introduction
The introduction of specific chirality into synthetic targets using metal-free chiral
organocatalysts has become a field of great interest in recent years.1 In 2000, MacMillan and
coworkers reported the first highly enantioselective Diels-Alder reaction of cyclopentadiene
with α,β-unsaturated aldehydes catalyzed by the chiral imidazolidinone 1, derived from
phenylalanine (eq 1). The authors demonstrated that the reaction of a variety of aldehydes (R
= Me, Pr, i-Pr, Ph, furyl) occurs with good yield and enantioselectivity (>75% yield,
endo>90% ee, exo>84% ee).2

(1)

Catalyst 1 was also successful for 1,3-dipolar cycloaddition reactions between nitrones and
and α,β-unsaturated aldehydes,3 alkylation reactions of pyrroles by olefinic aldehydes,4 and
α-chlorination of aldehydes.5
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For asymmetric alkylations of indoles, enantioselectivities were improved by using the 2-t-
butyl imidazolidinone 2.6 Compound 2 gave also excellent results as enantioselective
organocatalyst in 1,4-addition reactions of electron-rich benzenes to α,β-unsaturated
aldehydes,7 in the synthesis of butenolides by Mukaiyama-Michael with silyloxyfurans.8

In 2004, MacMillan et al. reported the enantioselective synthesis of (—)-flustramine B,
using 6-bromotryptamine and acrolein as starting materials, and compound 2 as
organocatalyst, by a cascade addition-cyclization strategy (Scheme 1).9

More recently, the same research group used imidazolidinone 2 for aldehyde-aldehyde aldol
reactions obtaining as major compound the enantiomer of the most favored product in the
proline catalyzed process.10 List and coworkers have also obtained good yields and
enantioselectivities in asymmetric hydrogenations of α,β-unsaturated aldehydes using amine
2 as organocatalyst.11

One important factor that determines efficiency of imidazolidinone catalysts in their
asymmetric enantioselective reactions is the reversible formation of iminium ions from
chiral imidazolidinones and α,β-unsaturated carbonyl compounds. Hydrolysis to the final
products generally occurs smoothly, and does not have any influence in the chiral center
generated in the previous step of the reaction (Scheme 2).

Surprisingly, catalysts 1 and 2 were found to be unsuccessful in the Diels-Alder
cycloaddition reactions of cyclopentadiene with 4-hexen-3-one (<30% yield, 0% ee). Higher
reaction rates and moderate enantioselectivity could be obtained by using the cis-2,5-
diphenylamine 3 (88% yield, 21:1 endo:exo, 47% ee). Introduction of a benzyl group at C2
of the imidazolidinone ring (catalyst 4) provided a higher enantioselectivity (83% yield, 23:1
endo:exo, 82% ee). The best results were obtained with amine 5 which possesses a 5-
methyl-2-furyl group at C2 (89% yield, 25:1 endo:exo, 90% ee).12

MacMillan et al. explained the enantioselectivities according to a model of the iminium ion
6 calculated with MM3, depicted in Figure 1.12,13 The trans-iminium isomer 6 will be
energetically disfavored on the basis of nonbonding interactions between the benzyl and
CH2-• (green) substituents, and the calculated cis-iminium isomer 6 will be selectively
exposed to cycloaddition at the Si-face.

In this paper we present a detailed theoretical study of the Diels-Alder cycloaddition
reactions of cyclopentadiene with (E)-crotonaldehyde and 4-hexen-3-one catalyzed by chiral
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imidazolidinones 1 and 5 in order to explain the differences observed in reaction rates and
enantioselectivities.

Our research group have demonstrated that hybrid density functional theory14 can be a
powerful tool to predict enantioselectivities in asymmetric organocatalyzed reactions.15–17

In a previous work the theoretical study of enantioselective alkylation reactions of pyrroles
and indoles organocatalyzed chiral imidazolidinones have been reported.16 In this article,
the authors rationalized theoretically the structural factors that govern the different observed
enantioselectivities when either catalyst 1 or 2 was employed.

With the aim to determine quantitatively the catalytic effect produced by secondary amines
as organocatalysts, the transition structures corresponding to the uncatalyzed Diels-Alder
reactions between cyclopentadiene with α,β-unsaturated aldehydes and ketones have been
also computed.

Computational Methods
All structures were computed using the functional B3LYP14a–c and the 6-31G(d)14d–f basis
sets as implemented in Gaussian 98.18 All energy minima and transition structures were
characterized by frequency analysis. Reported gas phase energies are electronic energies
plus zero point vibrational energy corrections, scaled by 0.9806.19 The energies computed
for structures in solvent (water ε = 78.39, benzene ε = 2.247) include the electronic energy at
the B3LYP/6-31G(d) level of theory plus the solvation energy calculated with the CPCM
solvation model20 as implemented in Gaussian 0321 at the HF/6-31G(d)//B3LYP/6-31G(d)
level of theory, with the UAKS cavity model model. Both the electrostatic and non
electrostatic components of the energy have been considered. Solvation energies of a
representative group of neutral, anionic, and cationic molecules, are computed relatively
well with this methodology.22

Results and Discussion
Uncatalyzed Diels-Alder Reactions with α,β-unsaturated aldehydes and ketones

Figure 2 shows the s-trans- and s-cis-(E)-crotonaldehyde conformers, and their
corresponding endo and exo transition structures. The s-trans conformer of 7 is more stable
than s-cis isomer by 1.4 kcal/mol. All the calculated transition structures correspond to an
asynchronous (carbon-carbon bond forming distance differences between 0.2 and 0.6 Å), but
concerted, pathway. A 1:3.8 endo:exo ratio is predicted for the gas phase at 0 °C. Previous
studies of the Diels-Alder reaction of cyclopentadiene with methyl vinyl ketone predicted an
1.2:1 endo:exo ratio in the gas phase, and 3.7:1 in nitromethane at 0 °C.23 According to
preceding experimental results, in most of the cases an endo orientation of the carbonyl
group is preferred, and this preference increases in polar solvents.23–25 In water the endo
selectivity enhancement is accompanied by a considerable reaction acceleration due to
enforced hydrophobic interactions between diene and dienophile.28–31 The introduction of
an alkyl group at R2 slightly decreases the endo selectivity,26 while an inversion of the endo
orientation is observed when the hydrogen atom at R3 is substituted by an alkyl group.26,27

The results were attributed to an attractive C-H···π interaction between the methyl group and
the diene π-system.26,35
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(2)

TS7 s-cis-exo is the most stable transition structure in the gas phase and benzene. A weak
CH···O hydrogen bond involving the carbonyl oxygen of the dienophile and one of the
hydrogen atoms of the CH2 group at the diene is likely a contribution (Figure 2). A partial
negative charge of 0.48 u. a. is present at the carbonyl oxygen while there is a partial
positive charge of 0.06 u.a. at Ha in the cyclopentadiene fragment (CHelpG charges).32 Both
s-cis and s-trans-endo approaching are lower in energy than their corresponding exo
transition structures, most likely due to the extisting C-H···π stabilizing interaction between
the methyl group of the dienophile and the diene π-system in TS7 s-cis-exo and TS7 s-trans-
exo. Increasing solvent polarity weakens these CH···O interactions.33,34 Single point
calculations performed with the CPCM solvation model gave an endo:exo ratio of 1:2.4 in
benzene for the reaction of 7 with cyclopentadiene at 0 °C, that is, the exo preference
decreases with respect to the same reaction in the gas phase. In water, a selectivity reversal
occurs, and the calculated endo:exo ratio is 1.2:1.

Figure 3 displays the most stable 4-hexen-3-one conformer (8) and transition structure for
the Diels-Alder reaction (TS8 s-cis-exo) in the gas phase and in water. Conformer 8 s-cis is
more stable than the s-trans isomer by 1.1 kcal/mol. The analysis of the calculated transition
structures corresponding to the Diels-Alder reaction with cyclopentadiene in the gas phase
gave similar results (see Supporting Information). The most stable transition state is TS8 s-
cis-exo. The calculated endo:exo ratio at 0 °C in the gas phase was 1:4.5, slightly higher
than predicted in the reaction of cyclopentadiene with (E)-crotonaldehyde. As a
consequence of the steric hindrance by the ethyl group, TS8 s-cis-exo is also the most stable
transition state in water, but the calculated endo:exo ratio decreases to 1:3.7. B3LYP/
6-31G(d) overestimates the existing C-H···O and C-H···π stabilizing interactions in the s-cis-
exo approaches.14,26,35

Amine catalyzed Diels-Alder reactions with α,β-unsaturated aldehydes and ketones
The s-trans iminium formed from butenal and dimethylamine (9 s-trans) is more stable than
9 s-cis by 6.4 kcal/mol (Figure 4).16 Only the s-trans conformer was considered in the
transition structure searching. The calculated endo- and exo- transition structures, shown in
Figure 4, are concerted but very asynchronous. The carbon-carbon bond forming distances
difference by ~ 1 Å. Electronic activation energies are lower than in the case of the
uncatalyzed cycloaddition by about 13 kcal/mol (Figure 2). The predicted endo:exo ratio
was 1:2 in the gas phase at 0 °C. In water the endo:exo ratio changes to 1:3.6.

Consistent with previous reported results, both s-trans-endo and exo transtition geometries
for the reaction between 9 s-trans cyclopentadiene performing a full optimization using the
CPCM solvation model at the B3LYP/6-31G(d) level of theory and employing the UAKS
cavity model, are very close to that corresponding to the gas phase, and slightly more
synchronous (Figure 4). The relative energy difference is calculated to be 0.6 kcal/mol very
close to the 0.7 kcal/mol obtained using CPCM single point calculations.22,36

Structures TS9 are similar to the most stable closed transition states located for the
alkylation reaction of pyrrole with (E)-crotonaldehyde organocatalyzed by dimethylamine.16

However, transition vector motion along the reaction coordinate of TS9 corresponds to a
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concerted asynchronous Diels-Alder cycloaddition reaction.37 In addition, no intermediate
corresponding to a stepwise process could be found after perfoming intrinsic reaction
coordinate (IRC) calculations in the gas phase and in water. The calculated transition
structures TS9 optimize to the corresponding cycloadducts. Our results are in excellent
agreement with previous results reported by Domingo related to the reaction between N,N-
dimethyleneamonium cation and cyclopentadiene.36c The author concluded that the reaction
takes place as a highly asynchronous concerted process with a large polar character and the
process can be characterized by the nucleophilic attack of cyclopentadiene to the electron-
poor cation. The transition states show a Michael-type addition character with a concomitant
cyclization without formation of any zwitterionic intermediate.

One can explain the observed experimental data for the Diels-Alder cycloaddition of
cyclopentadiene with α,β-unsaturated aldehydes organocatalyzed by imidazolidinones using
our previous results on the theoretical study of alkylation reactions of pyrrole
organocatalyzed by imidazolidinones 1 and 2.2,16 The small energy differences found
between the endo and exo orientations of each conformer demonstrated that a distinct
preference for one over the other does not occur. This fact is in agreement with the
experimentally observed 1:1 endo:exo ratio (predicted endo:exo ratio is 1:1.5 for catalyst 1
and 1.3:1 for catalyst 2 in the gas phase at 25 °C in the case of the alkylation reaction of N-
methyl pyrrole with (E)-crotonaldehyde). A theoretical ee value of 70% for the endo
product, and an ee value of 46% for the exo cycloadduct were obtained. This results are also
in agreement with the higher enantioselectivity experimentally observed for the endo
product (endo 90% ee, exo 86% ee).2

In 2002 Zora reported the AM1 theoretical study of the cycloaddition reaction of
cyclopentadiene with allylidenammonium cation.38 A stepwise pathway was found, and the
activation barrier for the cycloaddition to the C=C bond was 4.2 kcal/mol lower than that to
the C=N bond.

Figure 5 displays the calculated s-trans and s-cis N-2-butenylidene-N-1-ethyl-N-
methylmethanaminium cations (10). The relative energy differences between the 10 s-trans
iminium intermediate and the three located 10 s-cis1-3 conformers are lower than in the case
of N-2-butenylidene-N-methylmethanaminium cations (9) (3.5, 2.9, and 3.8 kcal/mol
respectively). This fact can be attributed to the presence of the ethyl group which generates
steric hindrance in both s-cis and s-trans isomers. Only the s-trans conformer was considered
in the transition structure searching.

Figure 6 shows the four calculated transition structures for the Diels-Alder reaction of 10 s-
trans and cyclopentadiene. The carbon-carbon bond forming distances are very similar to
the (E)-crotonaldehyde case. The calculated endo:exo ratio was 3.1:1 in the gas phase at 0
°C due to steric hindrance between the methylene group in the cyclopentadiene ring and the
ethyl group in the ketone fragment. In water, the calculated endo:exo ratio increases to 4.1:1.
The most stable transition state was TS10a s-trans-endo. Endo and exo transition structures
TS10a, in which the methyl group of the ethyl moiety is pointing away from the
cyclopentadiene fragment, are more stable than TS10b structures by 2.6 and 1.6 kcal/mol
respectively. Only transition structures analogous to TS10a were considered in further
transition structure searching involving a larger number of atoms. Activation energies for 10
are about 11 kcal/mol lower than for 8 (Figure 3).

MacMillan performed the reaction in aqueous media and in the presence of HClO4 (one
equivalent with respect to the amine catalyst, 20 mol% with respect to ketone 8).10 The
computations were performed for the reaction involving protonated 4-hexen-3-one, and the
results for the lowest energy path are shown in Figure 7. The isomeric reactants complexes,
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and transition states are given in the supporting information. The s-cis protonated species
forms with cyclopentadiene an ion-molecule complex in the gas phase, and the activation
barrier from this complex is only 3 kcal/mol, even lower than the activation barrier for the
iminium case. However, the formation of the protonated ketone from the protonated amine
catalyst will be highly endothermic and little protonated ketone will be formed. The energies
of formation of compound 11 s-cis from 8 s-cis and protonated form of amines 1 and 5 were
calculated to be 17.4 and 18.1 kcal/mol respectively in the gas phase. The calculated
transition structures are very asynchronous (carbon bond forming distance differences ~ 1
Å), similarly to dimethylamine catalyzed cycloadditions. These results predicted an
endo:exo ratio of 2.8:1 in the gas phase at 0 °C. In water the calculated endo:exo ratio was
7.5:1 the same value found in the experiment for the reaction catalyzed by imidazolidinone
1.10

Imidazolidinone catalyzed Diels-Alder cycloadditions
Iminium ion intermediates—A complete conformational study of iminium complexes
formed from (E)-crotonaldehyde and the chiral imidazolidinone 1 has been recently
reported.15f,16 Contrary to previous force field energy minimizations, conformer
(E)-12a,2,39 which includes a stabilizing C-H···π interaction between one of the methyl
groups at position C2 of the imidazolidinone ring, and the phenyl ring of the benzyl group at
position C5, was found to be the global minimum.40 A number of conformers of similar
energy were located; attack from the bottom, away from the benzyl group is favored as
noted by MacMillan.2,4,6,16

Figures 9 and 10 show the twelve different conformers found in the case of imidazolidinone
1 and 4-hexen-3-one. These correspond to the (E) and (Z) configurations about the N+=C
bond, the three staggered conformations involving the bond to the benzyl group, and two
conformations of the ethyl group attached to the carbon-nitrogen double bond.

As in previous studies on the iminium complexes formed from imidazolidinone 1 and (E)-
crotonaldehyde,16 the most stable conformer (13(E)-a2) includes a stabilizing C-H···π
interaction between one of the methyl groups at the phenyl ring of the benzyl group at
position C5.38 The ethyl conformer 13(E)-a1 and Z-isomer 13(Z)-a2 are only 0.1 and 0.2
kcal/mol higher in energy, respectively these three conformers constitute the 70% of all the
species in the gas phase at 0 °C (Figures 9 and 10). The conformers commonly drawn by
MacMillan et al. (b1 and b2) are 0.6–3.3 kcal/mol higher in energy and constitute 12% of
the equilibrium mixture. The least stable structures correspond to 13(Z)-b1 and 13(Z)-c1
iminium intermediates due to strong steric repulsions between the ethyl group attached to
the iminium carbon and the benzyl group at position C5 of the imidazolidinone ring.

In the case of imidazolidinone 5, the derived iminium ions have even more isomers because
of rotation and isomerism around C2-furyl bond. A total number of 26 different conformers
were located. The 4 most stable calculated iminium intermediates are shown in Figure 11.
The “α” means that H2-2-C1′-O′ dihedral angle is close to 180°.

The most stable 14(E)-b2α structure is like that reported by MacMillan and coworkers based
on a MM3 conformational search.12 Surprisingly, the 14(Z)-b2α isomer is only 0.2 kcal/mol
higher in energy. A large number of species will exist in the gas phase at 0 °C, and a total of
26 different conformers could be located (see Supporting Information). Conformers 14(E)-
b2α, 14(E)-c2α and 14(Z)-b2α are predicted to constitute 64% of all of them (Figure 11).
This percentage is slightly lower than in the case of iminium intermediates 13.

Transition structure searching—For transition structure searching involving catalyzed
reactions of 4-hexen-3-one with cyclopentadiene, the most stable iminium intermediates, 13
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and 14, were considered. The lowest energy calculated transition states involving iminium
ions 13 and 14 are depicted in Figures 12 and 13, respectively (“δ” means a H2-C2-C1′-O′
dihedral angle of about -30°). Tables 1 and 2 list the relative energy differences, activation
energies (calculated as the difference between the electronic energies of the transition
structures and the sum of the electronic energies of cyclopentadiene and the corresponding
iminium intermediate) and percentage of transition structures, TS13 and TS14, in the gas
phase at 0 °C.

All the transition structures are concerted but very asynchronous, and very similar to that
previously calculated for the dimethylamine organocatalyzed reaction shown in Figure 5. In
the gas phase, the lowest energy transition state related to imidazolidinone 1 catalyzed
reaction (TS13 (E)-a1-endo) corresponds to the endo approach of the cyclopentadiene ring
to the Si,Re face (bottom face) of the most stable iminium ion conformer 13 (E)-a1; this
approach accounts for 35% of all the transition structures. In water, the most stable
transition structure is TS13 (Z)-a2-endo, corresponding to cyclopentadiene attack on the
Si,Re face (top face) of 13 (Z)-a2 conformer. TS13 (Z)-a2-endo accounts for more than 96%
of all the transition structures in water at 0 °C. In both cases, gas phase and water, the most
stable calculated transition structures lead to the endo-enantiomer that is isolated as the
major product of reaction. In the case of imidazolidinone 5, the lowest energy transition
structure in the gas phase corresponds to the endo approach of the diene on the Si,Re face
(top face) of 14 (Z)-b2α isomer. TS14 (Z)-b2α-endo accounts for only 35% of all the
transition structures while the most stable calculated transition state in water, TS14 (E)-b1α-
endo, accounts for 80%. As in the case of the calculations on amine 1 catalyzed reactions
the lowest energy transition structures in both gas phase and water predict the product
isolated as the major compound. The average calculated electronic activation energies are
very similar for both 1 and 5 organocatalysis (13.4 and 13.1 kcal/mol, respectively in the gas
phase).

The Boltzmann distribution analysis predicted an endo:exo ratio of 6:1 and a theoretical ee
value > 99% for the cycloaddition reaction catalyzed by 1 in the gas phase at 0 °C.
MacMillan and coworkers reported an endo:exo product ratio of 7:1 and 0% ee for the same
reaction performed in water at 0 °C. Surprisingly, catalyst 5 which showed a remarkably
improved endo- and enantioselectivities (25:1 endo:exo ratio and 99% ee) gave an endo:exo
ratio of 6:1 and a theoretical 70% ee value.12 The energies of all the transition structures in
water with the CPCM solvation model at the HF/6-31G(d)//B3LYP/6-31G(d) level of theory
and, with the UAKS cavity model have been also computed (see computational methods
section).22 Solvation energies increase both endo selectivity and enantioselectivity. For
catalyst 1, an almost 100% endo selectivity was predicted, and in the case of amine 5 a 35:1
endo:exo ratio was calculated, versus the 25:1 experimental product ratio. Both catalysts are
predicted to give > 99% ee, whereas experiments give 0% and 90% for catalysts 1 and 5
respectively.12

The possibility that one or both of these reactions could be reversible was also considered.
The relative stabilities of the Diels-Alder cycloadducts obtained from the most stable
calculated transition structures, TS13 (E)-a1-endo and TS14 (Z)-b2α-endo (Figure 14). The
potential-energy profiles show that the amine 5 catalyzed reaction is only 1.0 kcal/mol more
exothermic than the amine 1 catalyzed reaction. According to the relative cycloadducts
formation energy differences, thermodynamic control does not account for the differences
experimentally observed between catalyst 1 and 5.12

However, catalyst 1 is sterically more hindered than 5, and the possibility that the
intermediate iminium is formed very slowly from 1, allowing the uncatalyzed background
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reaction to occur, was considered. The net result would be the negligible stereocontrol
observed experimentally.

Figure 15 displays the potential-energy profile for the formation of the most stable iminium
ions 13(E)-a2 and 14(E)-b2α (see Figures 9, 10 and 11) from protonated amines 1 and 5,
and 8 s-cis. These data indicate that formation of 14(E)-b2α iminium ion is
thermodynamically more favored than formation of 13(E)-a2 by 8.5 kcal/mol in the gas
phase. These results can explain the different behavior observed between catalyst 1 and 5 in
the cycloaddition reaction of cyclopentadiene with α,β-unsaturated ketones. Iminium ions
derived from chiral amine 1 and 4-hexen-3-one are formed slowly or not at all and, only the
uncatalyzed background reaction is observed (48 hours, 20% yield, 7:1 endo:exo ratio, 0%
ee).12 This conclusion is also in agreement with the experimental study reported by
Jørgensen et al. on asymmetric addition of nitroalkanes to α,β-unsaturated enones
organocatalyzed by several imidazolines.39 Organocatalyst 1 gave no conversion after 60
hours.

The different observed stabilities are due to strong steric hindrance produced between the
ethyl fragment and the dimethyl groups at position C2 of the imidazolidinone ring of 1.
Figure 16 depicts the closest distances between Ha at the methylene group of the ethyl
fragment and substituents at C2 of the imidazolidinone moiety. Iminium intermediate 13(E)-
a2 presents a Ha-Ha′ distance of 1.93 Å and a Ha-Ha″ distance of 2.05 Å. Ha-H2 = 2.22 Å
was the closest distance found in compound 14(E)-b2α between the methylene group and
the imidazolininone ring substituents.

Conclusions
DFT calculations have demonstrated that secondary amines decrease the activation energies
of the Diels-Alder reactions of cyclopentadiene with α,β-usaturated aldehydes and ketones
by 13 and 11 kcal/mol, respectively. The formation of the iminium complex produces a
much more reactive dienophile. Although a number of different conformers of iminium
intermediates and transition states are located, there is a preference for attack in a sterically
unencumbered fashion that leads to a family of preferred transition structures and high
stereoselectivity.

The different reactivities observed for imidazolidinone catalysts 1–5, in the [4+2]
cycloaddition reactions of 4-hexen-3-one and cyclopentadiene have been explored. Chiral
amines 1 and 2 form the corresponding iminium intermediates reluctantly with ketone 8 due
to strong steric hindrance between the ethyl group and substituents at position C2 of the
imidazolidinone ring.41 When reactions are performed in the presence of 1 and 2, only the
uncatalyzed background reaction is observed (48 hours, 20% yield, 7:1 endo:exo ratio, 0%
ee).12

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Computed MM conformations of iminium ion 6, derived from amine 5 and 4-hexen-3-one.13

Reprinted with permission from J. Am. Chem. Soc. 2002, 124, 2458–2460. Copyright 2002
American Chemical Society.
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Figure 2.
S-cis- and s-trans-(E)-crotonaldehyde conformers and calculated transition structures for
Diels-Alder reactions with cyclopentadiene. Relevant distances are in Å. Relative energies
for the gas phase and activation energies (kcal/mol) are shown.
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Figure 3.
Most stable 4-hexen-3-one conformer and transition structure for Diels-Alder reactions with
cyclopentadiene. Relevant distances are in Å. Activation energy (kcal/mol) is shown.
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Figure 4.
Calculated s-cis and s-trans-N-2-butenylidene-N-methylmethanaminium cation (9) and
transition structures for Diels-Alder reactions with cyclopentadiene. Relevant distances are
in Å. Relative energies for the gas phase (or water in brackets, full optimization in water in
italic) and activation energies (kcal/mol) are shown.
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Figure 5.
Calculated s-cis and s-trans N-2-butenylidene-N-1-ethyl-N-methylmethanaminium cation
(10). Relative energy differences (kcal/mol) are shown.
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Figure 6.
Calculated transition structures for the Diels-Alder reactions of 10 s-trans with
cyclopentadiene. Relative distances are in Å. Relative energies for the gas phase (or water,
in brackets) and activation energies (kcal/mol) are shown.
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Figure 7.
Most stable protonated s-cis 4-hexen-3-one conformer, Diels-Alder transition structure, and
ion-molecule complex. Relevant distances are in Å. Activation and formation energies (kcal/
mol) are shown.
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Figure 8.
Most stable iminium ion conformer formed from catalyst 1 and (E)-crotonaldehyde.16
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Figure 9.
Optimized structures, relative energy differences (kcal/mol), calculated respect to the lowest
energy isomer 13(E)-a2, and percentage of each structure in the gas phase at 0 °C for the
13(E)-iminium complexes formed from chiral imidazolidinone 1 and 4-hexen-3-one.
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Figure 10.
Optimized structures, relative energy differences (kcal/mol), calculated respect to the lowest
energy isomer 13(E)-a2 (Figure 9), and percentage of each structure in the gas phase at 0 °C
for the 13(Z)-iminium complexes formed from chiral imidazolidinone 1 and 4-hexen-3-one.
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Figure 11.
Most stable calculated structures, relative energy differences (kcal/mol), calculated respect
to the lowest energy isomer 14(E)-b2α, and percentage of each structure in the gas phase at
0 °C for the 14-iminium complexes formed from 5 and 4-hexen-3-one.
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Figure 12.
Most stable calculated transition structures for the Diels-Alder reaction of cyclopentadiene
with 4-hexen-3-one catalyzed by chiral imidazolidinone 1. Relevant distances are in Å.
Relative energies for the gas phase (or water, in brackets) and activation energies (kcal/mol)
are shown.
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Figure 13.
Most stable calculated transition structures for the Diels-Alder reaction of cyclopentadiene
with 4-hexen-3-one catalyzed by chiral imidazolidinone 5. Relevant distances are in Å.
Relative energies for the gas phase (or water, in brackets) and activation energies (kcal/mol)
are shown.
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Figure 14.
Potential-energy profile for cycloaddition reactions involving the most stable transition
structures in the gas phase TS13 (E)-a1-endo and TS14 (Z)-b2α-endo.
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Figure 15.
Computed energies of formation of 13(E)-a2 and 14(E)-b2α iminium ions from protonated
amines 1 and 5 in the gas phase.
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Figure 16.
Most stable calculated 13(E)-a2 and 14(E)-b2α iminium intermediates. Closest distances
between methylene group and C2 imidazolidinone ring substituents are shown (Å).
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Scheme 1.
Total synthesis of (—)-flustramine B using catalyst 2.9
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Scheme 2.
Activation of the carbonyl compound by iminium ion formation.
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Table 1

Calculated relative energy difference and percentage of transition structures TS13 in the gas phase and water
at 0 °C.

Transition Structure
Gas phase Water

Energy Difference (kcal/mol) Percent Energy Difference (kcal/mol) Percent

TS13 (E)-a1-endo 0.0 35 1.8 4

TS13 (E)-a1-exo 0.9 6 3.9 0

TS13 (E)-a2-endo 3.9 0 5.5 0

TS13 (E)-a2-exo 4.6 0 6.2 0

TS13 (E)-c1-endo 0.4 16 5.4 0

TS13 (E)-c1-exo 1.2 4 6.4 0

TS13 (E)-c2-endo 3.1 0 6.6 0

TS13 (E)-c2-exo 5.5 0 7.8 5

TS13 (Z)-a1-endo 3.9 0 4.4 0

TS13 (Z)-a1-exo 5.4 0 5.6 0

TS13 (Z)-a2-endo 0.4 18 0 96

TS13 (Z)-a2-exo 1.4 3 5.6 0

TS13 (Z)-b2-endo 1.4 3 6.3 0

TS13 (Z)-b2-exo 2.2 1 6.9 0

TS13 (Z)-c2-endo 0.5 13 4.5 0

TS13 (Z)-c2-exo 1.7 2 5.7 0
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Table 2

Calculated relative energy difference, electronic activation energies, and percentage of transition structures
TS14 in the gas phase at 0 °C.

Transition Structure
Gas phase Water

Energy Difference (kcal/mol) Percent Energy Difference (kcal/mol) Percent

TS14 (E)-b1α-endo 0.6 11 0.0 79

TS14 (E)-b1α-exo 1.4 3 2.1 2

TS14 (E)-b2α-endo 1.4 3 5.0 0

TS14 (E)-b2α-exo 4.3 0 7.7 0

TS14 (E)-b2δ-endo 2.2 1 5.9 0

TS14 (E)-b2δ-exo 4.8 0 11.1 0

TS14 (E)-c1α-endo 0.3 22 0.9 16

TS14 (E)-c1α-exo 0.9 6 2.8 0

TS14 (E)-c2α-endo 0.8 8 2.8 0

TS14 (E)-c2α-exo 2.7 0 4.6 0

TS14 (E)-c2δ-endo 1.8 1 4.2 0

TS14 (E)-c2δ-exo 3.4 0 5.4 0

TS14 (Z)-b2α-endo 0.0 35 1.9 2

TS14 (Z)-b2α-exo 1.1 5 2.6 1

TS14 (E)-b2δ-endo 1.0 6 3.4 0

TS14 (E)-b2δ-exo 2.8 0 4.2 0
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