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Abstract: The transition structures for MacMillan>s al-
kylations of N-methylpyrrole by aldehydes catalyzed
by chiral amine salts were explored with B3LYP/6-
31G(d) density functional theory. These results pro-
vide an explanation of the enantioselectivities ob-
served with these two catalysts.
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Introduction

Friedel–Crafts alkylations catalyzed by metal halides
have been employed as a powerful C�C bond forming
tool.[1] Only a few examples of an asymmetric version
of this reaction are reported in the literature,[2] despite
the chemical utility of the resulting compounds.
MacMillan et al. have developed several chiral organ-

ic amines that are organocatalysts for transformations
typically carried out usingmetal salts as Lewis acids.[3–11]

ð1Þ

Organocatalyst 1 was investigated for the alkylations of
pyrroles by a,b-unsaturated aldehydes as the electro-
philes [Equation (1)].[5] Although electron-rich aromat-
ics typically undergo 1,2-carbonyl addition, the iminium
ions derived from 1 are inert to the 1,2-pathwaybasedon
steric constraints imposed by the catalyst framework.

The heteroaromatic nucleophiles react via the less steri-
cally demanding 1,4-addition pathway (Scheme 1).With
TFA as the co-catalyst, 89–97% ees were achieved with
a range of substituted pyrroles (R1¼Me, Bn, allyl). In
addition, 87–93%eeswere obtainedwith alkyl, aromat-
ic, or electron-withdrawing substituents on the a,b-un-
saturated aldehydes (R2¼Me, i-Pr, Ph, Bn, CO2Me).
Catalyst 1 gave poor rates and enantioselectivities in

the reactions between N-methylindole and (E)-croto-
naldehyde [56% ee, 85% yield, Equation (2)].[6] This
promptedMacMillan et al. to identify themore reactive
amine catalyst, 2. They reasoned that 2 should exhibit
higher iminium ion formation efficiency, since the reac-
tive lone pair on nitrogen is not eclipsed by the neighbor-
ing CH3 as with 1. In addition, the chiral iminium ion
formed with catalyst 2 allows the heteroaromatic nucle-
ophile to approach on the Si,Re face without steric ob-
struction. The (E) isomer of the iminium ion should

Scheme 1.
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also be preferred to minimize interactions with the t-bu-
tyl group. Indeed, improved yields were observed with
various aldehydes (74–89%) and indoles (70–94%).
The stereoselectivity also improved [89–97% ee, Equa-
tion (2)].[6]

ð2Þ

Alkylation reactions of pyrroles and indoles using chiral
amines as organocatalysts constitute one example of
general principle that MacMillan and coworkers have
used for a wide range of reactions such as Diels–Alder
cycloadditions,[3,8] 1,3-dipolar cycloadditions of nitro-
nes,[4] the Mukaiyama–Michael reaction of silyloxyfur-
ans with a,b-unsaturated aldehydes,[9] the 1,4-addition
of electron-rich benzenes to a,b-unsaturated alde-
hydes,[7]a-oxidation of aldehydes,[10] and thea-chlorina-
tion of aldehydes.[11]

The condensation of an aldehyde with a chiral amine
leads to the formation of an iminium intermediate.
The energy of the LUMO on the carbonyl compound
is lowered and the aldehyde is activated as an electro-
phile and dienophile. The product can be hydrolyzed
to yield the enantioenriched product and regenerates
the chiral amine catalyst (Scheme 2).
The ideal catalyst framework selectively forms one

isomerof the iminium ionand shields oneof the enantio-
faces of the dienophile from the diene. MacMillan>s ex-
planations for the observed reactivity and enantioselec-
tivity of these amine-catalyzed reactions were based on
a model of the iminium ion 3 calculated with MM3,
shown in Figure 1.[3,12] The (E)-iminium isomer was as-
sumed to minimize non-bonding interactions between

the substrate olefin and the geminal methyl substituents
on the catalyst framework. In addition, the benzyl group
attached to C5 of the imidazolidinone heterocycle was
presumed to effectively shield the Re,Si face of the
C¼C double bond of the iminium ion. This has served
as themodel to rationalize the stereocontrol of reactions
involving the intermediacy of 3.
We have explored theoretically the alkylation reac-

tion between N-methylpyrrole and (E)-crotonaldehyde
catalyzed by chiral imidazolidinones 1 and 2. The results
can also be employed to explain the enantioselectivities
for reactions of N-methylindole. The latter was compu-
tationally much more expensive, and only a few model
calculations are reported for this large system.[6] Hybrid
density functional theory was used in these studies.[13]

This has been demonstrated to be a powerful tool to pre-
dict enantioselectivities in other asymmetric organoca-
talyzed reactions.[14]

Computational Methods

All structures were computed using the functional
B3LYP[13a–c] and the 6–31G(d)[13d–f] basis sets as imple-
mented in Gaussian 98.[15] All energy minima and tran-
sition structures were characterized by frequency analy-
sis. Because of the high cost of the calculations, in the
case of the calculated transition structures for the alky-
lation reaction ofN-methylpyrrolewith (E)-crotonalde-
hyde, only frequency calculations of the most stable
transition structures were performed. Reported ener-
gies are electronic energies plus zero point vibrational
energy corrections, scaled by 0.9806.[16] Cartesian coor-
dinates of all reported structures aswell as their comput-
ed total electronic energies are included in the Support-
ing Information. The energies computed for structures

Scheme 2.

Figure 1. Computed MM structures of the iminium ion de-
rived from imidazolidinone 1 and (E)-crotonaldehyde.[12]
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in solvent (water) include the electronic energy plus the
solvation free energy from the CPCM solvation mod-
el.[17]

Results and Discussion

Conformational Study of the Iminium Complexes

There are six different conformations expected for the
iminium intermediate 3. These involve the (E) and (Z)
configurations about theNþ¼Cbond and the three stag-
gered conformations involving the bond to the benzyl
group. Figure 2 shows the five energy minima that
were found after optimization.
Contrary to previous force field energy minimiza-

tions,[3,18] conformer (E)-3a, which includes a stabilizing
C�H· · ·p interaction between one of themethyl groups
at position C2 of the imidazolidinone ring, and the phe-
nyl ring of the benzyl group at position C5, was found to
be the global minimum. The distance between the car-
bon nucleus of themethyl group and the center of the ar-
omatic ring is 3.8 M. Tsuzuki et al. previously studied a
benzene-methane complex at the MP2/cc-pVTZ level,
and found an optimum C�Ar distance of 3.8 M and sta-
bilization of the complex of 1.5 kcal/mol.[19] Isomer (E)-
3b is only 0.3 kcal/mol higher in energy than (E)-3a, and
is quite similar to the structure found byMacMillan and
coworkers based on MM calculations for iminium com-
plex 3 (Figure 1).[3] Recently reported calculations of
small hydrocarbon molecules show that a large basis

set including multiple polarization functions and appro-
priate electron correlation correction are necessary to
accurately evaluate C�H· · ·p interaction energies.[20]

Due to the large number of atoms in structures (E)-3a
and (E)-3b, calculations involving the second-order
Møller–Pleset perturbation method (MP2) were not
carried out.[21] In order to prove the existence of such
C�H· · ·p stabilizing interaction in (E)-isomer 3a, we
have performed B3LYP single point calculations using
the 6–311G(d, p) and the 6–311þG(d, p) basis sets
for iminium ions (E)-3a and (E)-3b.[22,23] B3LYP/6-
311G(d, p)//B3LYP/6-31G(d) and B3LYP/6-311þ
G(d, p)//B3LYP/6-31G(d) electronic energies were
found to be 0.5 and 0.2 kcal/mol lower for structure
(E)-3a. With the aim to check the solvent influence,
we have also performed single point calculations for
the most stable isomer (E)-3a and (E)-3b, using the sol-
vation model CPCM (water e¼78.39).[17] In water, the
relative energy difference was strongly increased, (E)-
3b being 1.7 kcal/mol higher in energy than (E)-3a.
The least stable (E)-isomer, (E)-3c, possesses a C�C

bond to the phenyl ring, that is nearly eclipsed with the
adjacentC�Hbondof the iminium ring (H�C�C�Phdi-
hedral angle¼10.10). Surprisingly, a staggered conform-
er analogous to structure (E)-3d (Figure 3), could not be
located. To compare the relative energies, conformer
(E)-3d with the dihedral angle H�C�C�Ph constrained
at �63.80 was also calculated. (E)-3d was found to be
3.5 kcal/mol higher in energy than the most stable (E)-
isomer 3a. The molecular electrostatic potential
(MEP) analysis of the structure shows that the carbonyl
oxygen and the phenyl ring are very close (Figure 3).
Both of these have negative electrostatic potentials
and are repulsive, forcing the normally favored stag-
gered arrangement to rotate to eclipsed.
As summarized in Table 1, in general, (Z)-isomers are

less stable than the analogous (E)-conformers. In the

Figure 2. Optimized geometries and relative energies (kcal/
mol in parenthesis) for the (E)-3a – (E)-4c, and (Z)-configu-
rations 3a and 3b of the iminium formed from catalyst 1 and
(E)-crotonaldehyde.

Figure 3.MEP of structure (E)-3d plotted onto a isodensity
molecular surface (0.002 e au�13).
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case of the (Z)-iminium intermediates, higher steric hin-
drance between the two methyl groups at C2 of the imi-
dazolidinone ring and the substituent attached toN1 de-
stabilizes these structures. A conformer of the (Z)-iso-
mer analogous to (E)-3c could not be found. The struc-
ture (Z)-3c, which is 5.5 kcal/mol higher in energy than
(E)-3a, presented a negative frequency at �9 cm�1.
Themost stable iminium ions (E)-3a and (E)-3b are pre-
dicted to constitute 85%of all the possible species in the
gas phase at 25 8C, and 93% in the gas phase at �60 8C
(Table 1).
However, in contrast to previous surmise,[3,18] the (Z)-

isomer 3b was found to be close enough in energy to be
considered for further transition structure searching.[5,6]

MacMillan et al. determined that replacing the gem-
dimethyl substituents on the chiral amine catalyst with
a t-butyl group led to increased stereoselectivity of the
Friedel–Crafts reaction.[6] In order to account for the dif-
ferences in stereoselectivity between the two catalysts
the preferred conformations of iminium ion intermedi-
ate 4 were also studied (Figure 4). The most stable iso-
mer (E)-4b has a structure similar to that predicted ge-
ometry by MacMillan et al.[6]

As with 3, (Z)-isomers 4a – c are less stable than the
analogous conformers (E)-4a, (E)-4b, and (E)-4c (Ta-
ble 2), for steric reasons.
Relative energy differences between isomers are

higher for iminium complexes 4 than for structures 3.
In the case of 4, the most stable conformers (E)-4b and
(E)-4c constitute 92% of all the existing species in the
gas phase at 25 8C, and 96% in the gas phase at �60 8C
(Table 2). This fact can explain qualitatively why higher
enantioselectivities were observed in the case of addi-
tion reactions with a,b-unsaturated aldehydes catalyzed
by imidazolidinone 2 [addition of N-methylindole to
(E)-crotonaldehyde using imidazolidinone catalyst 1
gave 56% ee, while catalyst 2 gave 92%].[6] Structures
(E)-4a, (E)-4b, (E)-4c, and (Z)-4b were included in the
transition structure analysis.

Transition Structure Searching

Alkylation reactions described by MacMillan and co-
workers represent commonexamples of electrophilic ar-

omatic substitution on pyrroles and indoles.[5,6] The rate
of the overall substitution is determined by attack of the
electrophile, here the iminium ion, on the aromatic het-
erocycle to form a cationic species. This rapidly loses a
proton to restore aromaticity and to form the products.
It is widely known that in the case of pyrroles the substi-
tution takes place at position C2 while indoles undergo
electrophilic substitution at position 3.[24]

One important factor that determines efficiency of or-
ganocatalysts employed byMacMillan and coworkers in
awide range of asymmetric enantioselective reactions[3–
11] is the reversible formation of iminium ions from chiral
imidazolidinones and a,b-unsaturated carbonyl com-
pounds. Finally, according to the reported experimental
procedures, hydrolysis to the final products occurs
smoothly, and does not have any influence in the chiral
center generated in the first step of the reaction.
Before performing transition structure searching on

the whole system, we explored all the possible ap-
proaches of the pyrrole and the indole rings to a model

Table 1. Percentage of each iminium complex 3 isomer in the
gas phase at 25 8C and �60 8C.

Isomer Relative Energy [kcal/mol] Percent

25 8C �60 8C

(E)-3a 0.0 53 62
(E)-3b 0.3 32 31
(E)-3c 1.3 6 3
(Z)-3a 2.2 1 0
(Z)-3b 1.2 7 4

Figure 4. Optimized geometries and relative energies (kcal/
mol) for the (E)-(4a–4c) and (Z)-(4a–4c) conformers of
the iminium formed from catalyst 2 and (E)-crotonaldehyde.

Table 2. Percentage of each iminium complex 4 isomer in the
gas phase at 25 8C and �60 8C.

Isomer Relative Energy [kcal/mol] Percent

25 8C �60 8C

(E)-4a 3.7 0 0
(E)-4b 0.0 71 81
(E)-4c 0.7 21 15
(Z)-4a 6.2 0 0
(Z)-4b 1.3 8 4
(Z)-4c 4.6 0 0
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iminium formed from dimethylamine and (E)-crotonal-
dehyde (Scheme 3).
The s-cis conformer of the dimethylamine-(E)-croton-

aldehyde iminium complex is 6.6 kcal/mol higher in en-
ergy than the s-trans. Consequently, only themore stable
s-trans isomer was included in the transition structure
calculations (Scheme 4).
Four transition structures, TS5 – 8, were located for

the alkylation reaction of pyrrole (Figure 5). The het-
erocycle can be directly above the alkene in a highly
asynchronousDiels–Alder-like geometry (closed transi-
tion structures), or it can point away from the alkene
(open transition structures). The pyrrole can also be ori-
ented endo or exo to the iminium C¼Nþ bond. The cal-
culations show that the open structures, TS7 and TS8,
are more than 1 kcal/mol higher in energy than the
closed structures, TS5 and TS6. Thus, only the closed
transition states were considered in the transition struc-
ture searches for the catalyzed alkylation reactions ofN-
methylpyrrole with (E)-crotonaldehyde. The closed
transition structures resemble highly asynchronous
Diels–Alder transition states. However, the transition
vector for motion along the reaction coordinate corre-
sponds to formation of the cation involving electrophilic
attack on the pyrrole ring. The greater stability of the
closed transition structures is most likely due to electro-
static stabilization of the developing partial charge on
the pyrrole by the enamine p system.[25]

A similar study was carried out for the reaction of in-
dole with (E)-crotonaldehyde catalyzed by dimethyla-
mine. Only open structures could be located, and all at-
tempts to locate closed structures were unsuccessful:
transition state searches starting from structures analo-
gous to TS5 and TS6 (Figure 5) optimized to open tran-
sition states TS11 open3 and TS12 open2 (Figure 6).
In Table 3 we display the calculated activation ener-

gies for pyrrole and indole alkylation reactions. Transi-
tion structures TS9 – TS11 have similar activation ener-
gies to the most unstable open transition structures in
the case of pyrrole alkylation reaction, TS7 and TS8.
In the case of alkylation reactions catalyzed by amines
1 and 2, transition structures similar to TS11 and TS12,
should be especially sensitive to steric hindrance pro-
duced by substituents at C2 and C5 of the imidazolidi-
none ring.

The transition states for the reactions ofN-methylpyr-
role with iminium ions, and the alkylation products are
shown schematically in Figure 7. Attack on the bottom
face of the (E)-iminium intermediate, or on the top
face of the (Z)-isomer (Si,Re face) gives themajor prod-
uct experimentally isolated. On the contrary, attack on
the top face of the (E)-isomer, or on the bottom face
of the (Z)-iminium complex (Re,Si face) forms the enan-
tiomeric compound.

Scheme 3.

Scheme 4.

Figure 5. Optimized structures and relative energy differen-
ces of located closed and open transition structures of the al-
kylation reaction of pyrrole with (E)-crotonaldehyde cata-
lyzed by dimethylamine.
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The lowest energy optimized transition structures for
the reaction betweenN-methylpyrrole and the iminium
ion intermediate derived from trans-2-butenal and 2 are
shown in Figures 8 and 9.TS13 –TS15 correspond to the
transition structures for attack of N-methylpyrrole on
the Si,Re face of the iminium intermediate 3 (Figure 8).
TheN-methylpyrrole is in the closed position and exo in
each case. The order of relative energies of the closed-
exo-(Si,Re) transition structures differs from the order
of the relative energies of iminium ion intermediate con-
formers 3 (Figure 2). TS13 is lowest in energy, while
TS14, favored by MacMillan et al.>s MM3 analysis[3] is
1.3 kcal/mol higher in energy. TS15 is intermediate in
energy. For reactions at �60 8C, theTS13will be thepre-
dominant transition structure leading to themajor prod-
uct formed experimentally.

TS16 – TS18 are the most stable closed-endo-(Si,Re)
transition structures, which also give the product isolat-
ed asmajor compound (Figure 8). The conformations of
the benzyl group in TS16 – TS18 are the same as the
three low energy conformation of (E)-3 (Figure 2).
TS16 is only 0.4 kcal/mol higher in energy than the cor-
responding exo-TS13, while TS17 and TS18 are slightly
lower in energy in the corresponding closed-exo transi-
tion structures.
For comparison, Figure 9 shows themost stable calcu-

lated closed-exo- and closed-endo-(Re,Si) approaches of
the pyrrole heterocycle to iminium conformers 3. TS19
is only 0.8 kcal/mol higher in energy than attack on the
Si,Re face (TS13, Figure 8) and is actually lower in ener-
gy than attack on the Si,Re face for conformersTS14 and
TS15. Attack on the Re,Si face of eclipsed conformer
TS20 is 0.7 kcal/mol higher than Si,Re face attack. The
orientation of the phenyl ring in conformer (E)-3b effec-
tively prevents attack on the Re,Si face, as can be ob-
served from data listed in Table 4.
Transition structures TS22 – TS24 result from the ap-

proaching ofN-methylpyrrole to theRe,Si face of imini-
um intermediate 3.Here, the heterocycle adopts an endo

Table 3. Calculated electronic activation energies of located
transition structures of the alkylation reactions of pyrrole
(TS5 – TS8) and indole (TS9 – TS12) with (E)-crotonalde-
hyde.

Transition Structure DE‡ [kcal/mol]

TS5 closed endo 5.1
TS6 closed exo 5.5
TS7 open1 6.3
TS8 open2 6.8
TS9 open1 6.5
TS10 open2 6.6
TS11 open3 6.9
TS12 open4 7.7

Figure 7.Modes of attack and products produced from the
reaction of N-methylpyrrole and (E)-crotonaldehyde cata-
lyzed by chiral imidazolidinones.

Figure 6. Optimized structures and relative energy differen-
ces of located open transition structures of the alkylation re-
action of indole with (E)-crotonaldehyde catalyzed by dime-
thylamine.
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orientation with respect to the C¼Nþ bond. TS22 and
TS24 represent the highest transition structures for con-
formers (E)-3a and (E)-3c respectively. TS23, with the
phenyl ring over the reactive site, is effectively shielded
for Re,Si attack. Closed-exo-(Si,Re), closed-endo-
(Si,Re), and closed-endo-(Re,Si) approaches to iminium
intermediate (Z)-3b are the least stable (2.4, 3.7, and
2.6 kcal/mol higher in energy than TS13, respectively)
(Table 4).
A Boltzmann distribution was performed to deter-

mine the product ratio predicted from all these transi-
tion states (Table 4).A theoretical ee value of 71% is ob-

tained at �60 8C in the gas phase, close to the experi-
mental value of 91%.[5] The calculated difference in ac-
tivation free energies between the two products is
0.5 kcal/mol lower than observed experimentally. The
calculated ratio of closed-exo:closed-endo transition
states is 64 :36.
MacMillan et al. observed improved enantioselectivi-

ties with catalyst 2 for the reaction between iminium ion
intermediate 4 andN-methyl pyrrole.[6] The most stable
calculated transition structures for the closed-exo and
closed-endo orientations on the Si,Re and Re,Si faces
of the iminium ion are shown in Figures 10 and 11.

Figure 8. Optimized structures, relevant distances and relative energy difference for the most stable transition structures cor-
responding to N-methylpyrrole approach on the exo- and endo-(Si,Re)-face of iminium complex 3.

Figure 9. Optimized structures, relevant distances and relative energy difference for the most stable transition structures cor-
responding to N-methylpyrrole approach on the exo- and endo-(Re,Si)-face of iminium complex 3.
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In Figure 10, TS25 – TS30 correspond to closed-exo
and closed-endo attack of N-methylpyrrole on the
Si,Re face of iminium intermediate 4 (Figure 4). These
lead to the compound isolated as the major enantiomer
(Figure 7).[5] Even though (E)-4c is 0.7 kcal/mol higher
in energy than (E)-4b, TS25 and TS26 are equal in ener-
gy. The lowest energy transition structure is the one
where the N-methylpyrrole adopts the closed-endo ori-
entation on the Si,Re face of eclipsed conformer TS29.
However, the energy difference between the closed-
endo and closed-exo orientations is small (0.4 kcal/
mol). TS28, the closed-endo approach of N-methylpyr-
role on the Si,Re face of the lowest energy conformer
(E)-4b for iminium intermediate 4, is only slightly higher
in energy than TS29 (0.3 kcal/mol).

The data of Figure 11, and the results listed in Table 5,
show that attackon theRe,Si faceof intermediate 4 leads
to significantly higher energy transition states. The four
possible approaches to conformer (E)-4a have large
steric hindrance between one of the methyl groups of
the t-butyl substituent and the phenyl ring of the benzyl
group at positionC5 of the imidazolidinone heterocycle.
Transition structures involving iminium intermediate

(Z)-4b on the Si,Re face of the iminium intermediate
(TS27 and TS30) are always much higher in energy
than the most stable one. For approach to the Re,Si
face, TS33 is equal in energy to TS32which corresponds
to N-methylpyrrole attack on the “top-face” of (E)-4b
conformer. TS36, which corresponds to “bottom-face”
approach of pyrrole heterocycle to (Z)-4b, is 1.2 kcal/

Table 4. Percentage of transition structures TS13 – TS28 in the gas phase at �60 8C.

Approach Iminium Ion Relative Energy [kcal/mol] Percent

exo-(Si,Re) (E)-3a 0.0 45
(E)-3b 1.3 2
(E)-3c 1.0 4
(Z)-3b 2.4 0

endo-(Si,Re) (E)-3a 0.4 18
(E)-3b 1.2 3
(E)-3c 0.6 12
(Z)-3b 3.7 0

exo-(Re,Si) (E)-3a 0.8 7
(E)-3b 3.4 0
(E)-3c 1.7 1
(Z)-3b 1.1 4

endo-(Re,Si) (E)-3a 1.3 2
(E)-3b 2.5 0
(E)-3c 1.9 1
(Z)-3b 2.6 0

Figure 10. Optimized structures, relevant distances and relative energy difference for the most stable transition structures cor-
responding to N-methylpyrrole approach on the exo- and endo-(Re,Si)-face of iminium complex 4.
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mol higher in energy than the most stable endo-(Re,Si)
transition structures TS32, TS33, and TS34.
A Boltzmann distribution gave a theoretical ee value

of 90% for imidazolidinone 2 at �60 8C in the gas phase
versus 71% for catalyst 1. Calculations predict a higher
enantioselectivity for chiral amine 2 as was observed ex-
perimentally in the case of the alkylation reaction ofN-
methylindole with (E)-crotonaldehyde.[6] TS25, TS26,
TS28, and TS29 which correspond to closed-exo and
-endo attack on (Si,Re) face of (E)-4b and (E)-4c imini-
um intermediates, and lead to the product isolated as
major compound,[5] count for 92% of all the transition
structures.
Tables 4 and 5 show that the energy differences be-

tween the attack on the two faces of the iminium inter-
mediate are greater for catalyst 2. The bulky t-butyl

group effectively shields the Re,Si face of (E)-iminium
intermediates. Since for both amine catalysts 1 and 2,
iminium ions (Z)-3b and (Z)-4b and the respective tran-
sition states count for only 4%, respectively, of the con-
formers at the reaction temperature, the observed enan-
tioselectivities are closely connected with the percent-
age of (E)-3b or (E)-4b conformers. In both cases, the
phenyl group hinders attack on theRe,Si face. Conform-
er (E)-4b is calculated to be the most stable conforma-
tion of intermediate 4. It accounts for 81% of the inter-
mediate formed in the gas phase at �60 8C.On the other
hand, only 31%of conformer (E)-3b is formed for inter-
mediate 3. The higher percentage of conformer (E)-4b
for intermediate 4 leads to higher enantioselectivity of
the reaction. In addition, the most stable conformer
for ion 3 is (E)-3a, which accounts for 53%of all the pos-

Figure 11. Optimized structures, relevant distances and relative energy difference for the most stable transition structures cor-
responding to N-methylpyrrole approach on the exo- and endo-(Si,Re)-face of iminium complex 4.

Table 5. Percentage of transition structures TS29 – TS44 in the gas phase at �60 8C.

Approach Iminium Ion Relative Energy [kcal/mol] Percent

exo-(Si,Re) (E)-4a 2.7 0
(E)-4b 0.4 16
(E)-4c 0.4 15
(Z)-4b 1.1 3

endo-(Si,Re) (E)-4a 3.1 0
(E)-4b 0.3 21
(E)-4c 0.0 40
(Z)-4b 2.9 0

exo-(Re,Si) (E)-4a 3.2 0
(E)-4b 2.0 0
(E)-4c 1.5 1
(Z)-4b 1.5 1

endo-(Re,Si) (E)-4a 4.1 0
(E)-4b 1.5 1
(E)-4c 1.7 1
(Z)-4b 2.7 0
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sible conformers. In this conformation, the phenyl group
hinders attack on theRe,Si face to the least extent, as can
be observed from the relatively low energies of transi-
tion structuresTS19 andTS22. MacMillan et al. pointed
out that theN-methylpyrrole encounters a retarding in-
teraction with the methyl substituent on the Si,Re, face
of (E)-isomers as well.[6] The absence of this interaction
in intermediate 4 leads to lower relative energy differen-
ces for attack on both alkene faces.
Results listed in Tables 4 and 5 show that the ratio of

exo:endo orientations on N-methylpyrrole is 64 :36 in
the case of intermediate3. In contrast, the exo:endo ratio
for intermediate 4 is 36 :64. When comparing the four
principle conformers, the same orientation is preferred
for both intermediates. The reversal of the exo:endo ra-
tio for intermediates 3 and 4 is due to the amount of each
conformation present in the transition state. Conforma-
tion (E)-3a, which prefers exo orientation in both, Si,Re
andRe,Si approaches, ismore abundant in the transition
state for intermediate 3, while the transition state for in-
termediate 4 consists more of endo attack on Si,Re face
of conformation (E)-4c. Thus, the exo:endo selectivity is
essentially reversed. However, the small energy differ-
ences between the endo and exo orientations of each
conformer demonstrate that a distinct preference for
one over the other does not occur. This fact is in agree-
ment with the experimental results obtained for the
Diels–Alder reaction of cyclopentadiene and (E)-croto-
naldehyde catalyzed by amine 1, in which an 1 :1 en-
do:exo ratio was observed.[3]

As pointed out previously in this paper (seeComputa-
tional Methods section), only frequency calculations of
the most stable transition structures corresponding to
the reaction catalyzed by amine 1 were performed.
The calculated energy difference between TS13 and
TS16 including zero point vibrational energy correction
is also 0.4 kcal/mol. We can conclude that inclusion of
zero point vibrational energies are unlike to influence
the calculated ee values to any large extent.
All the experiments were conducted in a THF-H2O

mixture. In order to check the solvent influence in the
relative energy difference between the calculated transi-
tion structures, single point calculations of transition
structures 13 and 16were performed using the solvation
model CPCM[17] and water as solvent. The obtained rel-
ative energy difference is 0.9 kcal/mol, versus 0.4 kcal/
mol as the calculated value in the gas phase. This last re-
sult suggests that calculations performed with solvation
correction should increase the relative energy differen-
ces between transition structures, and the calculated
enantioselectivities.

Conclusion

The conformational analyses of intermediates 3 and 4
show that replacing the gem-dimethyl substituents on

the catalyst framework for the t-butyl group changed
the relative energies of the conformers. The lowest ener-
gy conformation for intermediate 3 places the phenyl
ring away from the reactive site as a consequence of a
stabilizing C�H· · ·p 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. This conformation is essentially avoided in inter-
mediate 4 since the t-butyl group imposes additional
steric hindrance. This leads to more effective shielding
of theRe,Si face of (E)-intermediates yielding increased
enantioselectivity of the reaction.
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