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Abstract: The mechanism and the origin of the selectivity for the BINOL—phosphoric acid-catalyzed Strecker
reaction on N-benzyl imines has been investigated by theoretical methods and compared with earlier studies
of N-aryl imines. ONIOM calculations show that the reverse in selectivity which is observed experimentally
is not due to differences in the steric bulk of aryl and benzyl groups, but rather because of a switch from
a preference for a Z imine to an E imine in the transition state of benzaldehyde-derived imines. The
calculations predict this change will not be present for imines formed from acetophenone.

Introduction

Chiral BINOL—phosphoric acid derivatives'~ are very useful
catalysts for the addition of nucleophiles to aryl> '® and
acyl'”"?® imines. In order for these reactions to have synthetic
applications, it is important that cleavage of the N-substituent
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can be performed under mild conditions and with high yields.
This is the case for p-methoxy aryl imines, for which the
cleavage reaction can be performed under oxidizing conditions.?
If these reactions could be applied to p-methoxybenzyl imines,
the synthetic applicability would be further increased, since this
group can also be cleaved using very mild reduction condi-
tions.>* Examples of enantioselective Strecker reactions of this
and other benzyl imines are scarce. List has shown that a
thiourea-based catalyst works well for acylcyanation of benzyl
imines, but that BINOL—phosphoric acid catalysts are less
effective.®' Rueping’>* has demonstrated that BINOL—
phosphoric acid catalysts are useful for the addition of HCN to

benzyl imines (the Strecker reaction®*).

In our study of the mechanism of Hantzsch ester hydrogena-
tion of aryl-imines, we proposed a model to explain the
enantioselectivity of the reaction of aryl-imines (Figure 1).%
This model was based on the presence of simultaneous
stabilizing interactions of the catalyst with the nucleophile and
electrophile and with the different steric interactions with the
competing diastereomeric transition states, adapting the classical
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Figure 1. Enantioselectivity in the Hantzsch ester hydrogenation of aryl-imines.*

“three point interaction model”.’® Akiyama has proposed this
type of mechanism for the addition of hydrophosphonylation
of imines*”* and more recently for the Friedel—Crafts reaction
of indoles with nitroalkenes.’’® This is also the preferred
mechanism in Terada’s recent review,>’ and Himo has reached
similar conclusions independently.*® A similar analysis can also
be used to explain the enantioselectivity of alkenylboronate
additions to enones catalyzed by substituted binaphthols.*

The success of these analyses lead us to consider whether a
similar model could be applied to the Strecker reaction, despite
the differences between the systems. The model in Figure 1
fits the Strecker reaction if the nucleophile (NuH) is changed
from the Hantzsch ester to HCN, and the imine from a N-phenyl
imine to a N-benzyl imine with R = H. Rueping’s experimental
studies, however, showed that the major product had S config-
uration,*? the opposite to that found for attack on N-aryl imines
(Scheme 2). One possible explanation is that the benzyl group’s
flexibility makes it smaller than the aryl group, and so the major
interactions are reversed. However, it is also possible that the
E-imine rather than the Z-imine is on the lowest energy pathway
for these systems, or that some different effect leads to the
change. Rueping also reports that the reaction gives good
enantioselectivity with an acetophenone-based imine (R = Me,
Figure 1).** In these examples the absolute stereochemistry of
the products was not reported. A computational analysis should
be able to predict the product stereochemistry of this reaction.

In this paper, we report calculations on the mechanism of
the Strecker reaction on N-benzyl imines, with the aim of
identifying the factors that control the enantioselectivity and
testing whether the model can predict the enantioselectivity of
BINOL—phosphoric-catalyzed reactions for these useful sub-
strates. We start with the study of different possible reaction
mechanisms with a simplified catalyst model, and the lowest
energy pathways are then used to study the enantioselectivity
when chiral ligands are included. We use these results to suggest
a model for the enantioselectivity of the Strecker reaction and
to predict the likely stereochemical outcome of the acetophe-
none-based reaction.
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Reaction Pathway Simplified Catalyst Structure. We have
performed a DFT analysis of the Strecker reaction on N-benzyl
imine of acetophenone (Figure 2) catalyzed by buta-1,3-diene-
1,4-diol-phosphoric acid, a model for the phosphoric acid
catalyst. We compared four different pathways, and the results
are illustrated in Figure 2, along with Gibbs free energy barriers
(relative in all cases to the most stable complex between the
imine and the catalyst and to hydrogen cyanide). Transition
structures in which the catalyst establishes interactions only with
HCN were included in the study (TS-1E and TS-1Z). However,
lower energies were found for all the other transition structures
in which the catalyst interacts with both the HCN molecule and
the imine. This double interaction has been crucial for explaining
the enantioselectivity of the reactions of N-aryl-imines,* and
so should also be of relevance for understanding N-benzyl-imine
reactions. These results are consistent with the preferred pathway
from Han’s recent DFT study of the mechanism of the Strecker
reaction catalyzed by guanidines.*

TS-2E and TS-2Z (Figure 2) show the reaction with hydrogen
cyanide to form an alkyl isocyanide product that can isomerize
to yield the product of the reaction.*® This route is slightly more
favorable than the singly coordinated possibilities (TS-1E and
TS-1Z) but still passes through high-energy transition states.
Since TS-2E and TS-2Z are so high in energy, this path is
unfavorable, whatever the energy barrier for the isomerization
of the isocyanide product.

The lowest energy transition states are obtained when the
nucleophile is hydrogen isocyanide (TS-3E and TS-3Z) rather
than hydrogen cyanide, even though hydrogen isocyanide has
a higher energy by 13.4 kcal/mol than hydrogen cyanide. We
have calculated the activation free energy, AG*, for the
isomerization of the hydrogen cyanide is 23.5 kcal/mol, when
this reaction is catalyzed by the phosphoric acid catalyst. Amines
generated in the reaction might also ad this process. The energy
barrier for the isomerization mediated by ammonia is 19.9 kcal/
mol (see Supporting Information). This isomerization, therefore,
has an activation barrier smaller than any of the reactions
involving the hydrogen cyanide. This shows that the isomer-
ization is a fast process, compared with the direct reaction of
hydrogen cyanide with the imine. The possibility of hydrogen
cyanide attacking through its carbon atom rather than its nitrogen
atom was also considered (TS4-E; attempts to find an analogous
TS4-Z always lead to the TS-3Z structure). This transition
structure is higher in energy than both TS-3E and TS-3Z. The
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Figure 2. Transition states found for the reaction of acetophenone-derived N-benzylimine using a simplified model of the catalyst. Gibbs free energies are

expressed in kcal/mol.
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Figure 3. Preferred pathway: attack of an isocyanide on a Z acetophenone-
derived imine.

best pathway for the reaction is, therefore, through doubly
coordinated hydrogen isocyanide (TS-3E and TS-3Z), Figure
3.

The relative energy of transition states following from Z and
from E imines is very important in determining the absolute
configuration of the product. Under the reaction conditions,
substrate isomerization from the E to the Z imine is possible.
The barrier height for this kind of isomerization is high,*"*?
but equilibration has been found, even at low temperatures, if
hydroxyl groups are present.**** Therefore, the reaction will
proceed through the lower energy transition state, even if this
does not correspond to the thermodynamically preferred isomer
of the starting material. Like the reaction of Hantzsch ester with
the N-phenyl imine derived from acetophenone,* the Z transi-
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tion states are more stable. The difference in energy between
TS-3Z and TS-3E is only 1.5 kcal/mol, rather less than the
corresponding difference for the Hantzsch ester reduction.
Similar transition states for the Strecker reaction on N-phenyl
imine derived from acetophenone have a 2.6 kcal/mol energy
difference, showing that the Z transition states are more favored
for aryl imines than for benzyl imines. If acetophenone is
replaced by benzaldehyde, however, the ground-state preference
for the E form greatly increases. The N-benzyl imine derived
from benzaldehyde has lower energy transition structures for
the E form than the Z form. This contrasts with the behavior of
the N-phenyl imine derived from benzaldehyde for which the
Z transition structures are more stable by 1.1 kcal/mol, despite
the thermodynamic preference for the E form in the ground state
of the imine.

Stereoselectivity Full Catalyst Structure. These DFT calcula-
tions showed that the best pathway for the reaction is though
the attack of isocyanide (TS-3E and TS-3Z) on the N-benzyl
imine. The Z imine geometry is preferred for acetophenone-
derived imines, and the E imine geometry is preferred for
benzaldehyde-derived imines. In order to explain the enanti-
oselectivity of the 9-phenanthrene BINOL-phosphoric acid
catalyzed reaction (Scheme 1), ONIOM calculations were
performed. These calculations make it possible to study systems
as large as the chiral ligands in these reactions and also allow
us to quantify steric interactions between the ligands and the
reacting centers. An exhaustive survey of possible transition
states was done, scanning over E and Z configurations of the
imine and different conformations of the benzyl group and of
the two 9-phenanthrene groups in the catalyst. Overall, 40
transition structures were located for each substrate. Despite of
the flexibility of the phenanthrene groups, dihedral angle



Catalyzed Strecker Reaction of Benzyl Imines

ARTICLES

Scheme 1. Rueping’s Highly Enantioselective Chiral
BINOL—Phosphoric Acid-Catalysed Strecker Reaction®?
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between the two naphthyl rings in BINOL moiety is quite
constant, around 65° £ 2°. Zero-point energies of all these
structures were used to calculate their contributions to each
product enantiomer, using a Boltzmann distribution.

In agreement with the results of the DFT calculations on the
simplified catalyst, the major pathway is through the E imine
for acetophenone-derived N-benzylimines. For the reaction of
benzaldehyde-derived N-benzylimine, 86% ee of the S product
is calculated, in excellent agreement with experimental results
(85—97% ee, depending on the substituents on aromatic rings>).

The lowest energy transition structures were examined to
identify the origin of the enantioselectivities for benzaldehyde-
derived imines. The lowest energy transition structure, which
leads to the S product (TS-5E-S) and the two lowest energy
transition structures leading to R product (TS-5E-R, zpE: +1.4
kcal/mol, and TS-5E-R’, zpE: 1.7 kcal/mol) were chosen (Figure
4).% All these structures have the E conformation of the imine.
The ONIOM calculations suggest that the steric interactions in
the transition structure stabilize TS-5SE-R with respect to TS-
5E-S, but the energy required to twist the substrate into the
necessary conformation for this transition structure more than
compensates for the steric effects. TS-5E-R’ has a similar
conformation to TS-5E-S, but steric effects, in particular between
the benzyl group and the closer phenanthryl ring, lead to the
higher energy.

For the acetophenone-derived imine, a larger number of
transition structures contribute significantly to the product
distribution (Figure 5). The most stable transition state (TS-
6Z-R) corresponds to a Z imine conformation and yields the R
product. Another Z transition state (TS-6Z-S, AAzpE: +0.9 kcal/
mol), yielding the S product, has a higher energy. TS-6E-R
(AAzpE: +0.7 kcal/mol) and TS-6E-S (AAzpE: +0.9 kcal/mol),
with E imine conformation, are (overall) destabilized as a
consequence of steric interactions between the phenanthrene
rings in chiral catalyst and the reacting species ((3.7) + (—2.9)
= 0.8 kcal/mol for TS-6E-R and (+3.5) + (—2.1) = 1.4 kcal/
mol for TS-6E-S). The lower stability of TS-6E-R' and TS-6E-
S’ is a consequence of the higher energy of the conformation
of the atoms involved with bond forming and bond breaking
processes in these transition structures. In TS-6E-S', steric effects
with the phenanthrene rings are more favorable than in the other
structures, even though the benzyl aromatic ring is oriented
toward one of the aromatic sheets of the binaphthyl group.

(45) A fourth transition state leading to the S product was not included
despite showing a zero-point energy only 0.9 kcal/mol higher than
TS-5E-S. Its structure differs only in the conformation of a phenan-
threne ring to that of TS-5E-S, and therefore, the factors which
determine the TS-5E-S stability will also control this structure. The
remaining transition structures have energies more than 3.0 kcal/mol
above TS-5E-S.

AAG: +1.7

Figure 4. Transition states found for the reaction of N-benzylimine derived
from benzaldehyde. Two views of each structure are shown. In both, the
cyanide is at the front. On the left, the BINOL group is at the lower right-
hand corner; on the right, the BINOL group is at the back. Zero-point
energies are expressed in kcal/mol. Steric interactions (in red) and
conformation effects (green), relative to analogous effects in TS-5E-S are
also expressed in kcal/mol (see Computational Details). All the pathways
through the Z imines are higher in energy for these benzaldehyde-derived
imines.

At the temperature of the experiment (233 K) an energy
difference of 0.7 kcal/mol corresponds to an ee of about 55%.
Taking account of all 40 competing transition structures for the
acetophenone-derived imine, the calculations suggest that the
R product should be formed in 58% ee. The experimental results
are 56—80% ee and the absolute configuration of the major
enantiomer obtained is not reported.33 We can, therefore, predict
that the major enantiomer will be R, the opposite configuration
to that obtained for the corresponding benzaldehyde-derived
reaction. In this case, the Z imine geometry is on the preferred
pathway.

Discussion

The reverse in selectivity shown in Scheme 2 could be
explained either by a change from the Z to the £ imine on the
most favorable reaction pathways, or else by a benzyl group
being much less sterically demanding than an aryl group,
because of its greater conformational flexibility. Our calculations
show that the reverse in selectivity is due to a change from a
Z-imine pathway to an E-imine pathway. The benzyl group,
like the aryl group takes up the most sterically demanding
position in the transition state.

Imine Z/E Conformation. For benzaldehyde-derived imines,
the N-phenyl imine Z transition structure is 1.1 kcal/mol more
stable than the N-phenyl £ one. However, for N-benzyl imine,
the E transition structure is 2.9 kcal/mol more stable. Therefore,

J. AM. CHEM. SOC. = VOL. 131, NO. 11, 2009 4073
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Figure 5. Transition states found for the reaction of N-benzyl imine derived from acetophenone. Two views of each structure are shown. In both, the
cyanide is at the front. On the left, the BINOL group is at the lower right-hand corner; on the right, the BINOL group is at the back. Energies are expressed
in kcal/mol. Steric and conformation effects are relative to analogous effects in TS-6Z-S (see Supporting Information).

Scheme 2. Comparison of the Reactions of Aryl and Benzyl Imines with Nucleophiles
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N-benzyl Z transition structures do not contribute significantly
to the product, and for the N-benzyl imine the enantioselectivity
should be reversed and higher than for the N-phenyl imine. A
practical consequence is that p-methoxybenzyl substitution
should lead to higher enantioselectivities than p-methoxyphenyl
substitution in the reactions of aldehyde-derived imines. This
agrees with reports of relatively low selectivities for the reactions
of N-(p-methoxyphenyl)-benzaldehyde imine derivatives (e.g.,
52% ee for hydrophosphonylation,'® or 80:20—85:15 diaster-
eomeric ratios in a hetero Diels—Alder reaction'* or in Mannich
reaction of cyclohexenone'?).

For the acetophenone-derived N-benzyl imine, Z transition
structures are more stable than E transition structures, but the
difference is reduced with respect to the reaction of acetophe-
none-derived N-phenyl imine. This implies that enantioselec-
tivity should be reduced since the N-benzyl Z and N-benzyl £
geometries lead to different enantiomers of the product. This is
consistent with the experimental data: N-(p-methoxybenzyl)-
benzaldehyde-derived imines give higher enantioselectivities
than acetophenone-derived imines.***

4074 J. AM. CHEM. SOC. = VOL. 131, NO. 11, 2009

Interactions with the Chiral Catalyst. Because benzyl groups
are conformationally flexible, it might be expected that they
should be sterically less demanding than aryl groups. This is
inconsistent with both experimental and computational results
for the Strecker reaction of imines. Benzyl groups must be
sufficiently sterically demanding to prefer the least hindered
positions in the transition states of these reactions.

A part of the explanation for this is that the barriers for the
rotation of benzyl groups are fairly large. The conformational
preferences and barriers for the N-benzyl group were investi-
gated using relaxed scan calculations around the C=N—C—C
dihedral angle for the transition state from the different iminium
substrates. These reveal that the more stable transition states
correspond to the more stable rotamers of the substrate (Figure
6). The C=N—C—C dihedral angle in TS-6E-S’ corresponds
to a substrate structure destabilized by 1 kcal/mol. The estimated
conformational destabilization in this transition state (3.3 kcal/
mol) includes also the lower stability of E transition states for
this substrate.
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Figure 6. Relaxed scan calculation on the C=N—C—C dihedral angle of
the benzyl group for the iminium substrates and the dihedrals shown by
the transition structures.

If the benzyl group were to be a small substituent, it would
not only need to rotate away from the chiral catalyst but also
need to avoid the incoming nucleophile, even for small
nucleophiles such as HCN. This issue arises for TS-6Z-S and
TS-6E-R’, in which the dihedral angle corresponds to a
minimum on the potential energy surface of the substrate, but
shows a less stable conformation in the transition state. For TS-
5E-R, the dihedral angle destabilizes the transition state by about
1.8 kcal/mol, and there is an additional destabilization (about
4.1 kcal/mol) due to its interaction with the cyanide in the
transition state.

For the E transition states TS-5-E-S and TS-5-E-R’ (Figure
7a), the imine hydrogen is outside the catalyst cavity, and both
bulky groups are placed in close contact to the catalyst. Both
experiments and calculations show that the benzyl group has a
strong preference for the least sterically demanding position,
but it is not obvious why this should be because the two sides
of the imine are rather similar.

To help to understand this effect, the analogous transition
states were calculated for N-methyl imines of benzaldehyde
(Figure 7b). In the TS-5-E-S analogue, the steric interactions
with the bulky phenyl group force the imine to tilt with respect
to the phosphoric acid, and the resulting structure is slightly
more stable (0.3 kcal/mol) than TS-5-E-R’ analogue (Figure 7b).
The geometry distortion is similar to that observed for TS-6-
Z-S, but in that case the acetophenone is forced toward the other
phenanthrene ring, explaining why the undistorted structure was
0.9 kcal/mol more stable. The additional destabilization of TS-
5-E-R’ for the N-benzyl-imine over the N-methyl-imine is a
consequence of steric interactions of the benzyl ring with the
catalyst phenanthrene rings. In the case of TS-5-E-S, these
interactions are not present because the benzyl ring is directed
away from and placed parallel to the nearer phenanthrene ring
(Figure 7a). This might also explain why the best results are
obtained with phenanthrene-substituted catalyst;*? when smaller
substituents are used (such as phenyl, 1-naphthyl or 4-biphenyl
groups), TS-5-ER'-like transition structures are not so destabi-

a) Benzaldehyde-based N-benzyl imine: E geometry preferred in transition state

Conformation of the
benzyl group to direct
aromatic ring away from
the phenanthrene rings

Benzyl group adopts a disfavored
conformation to prevent collision
with catalyst phenanthrene rings

Disfavored (R product)
TS-5-E-R’

Favored (S product)
TS-5-E-S

b) Benzaldehyde-based N-methyl imine: E geometry preferred in transition state

TS tilts to reduce
interaction between
phenyl ring and the
catalyst group in
the front Similar energies

Smaller group
directed in most
hindered direction

c) Acetophenone-based imine: Z geometry preferred in transition state

0", Larger group
;.P\ directed in most
(6] hindered direction

H

;

N 2
(9 = \@

Benzyl group pushed

Smaller group

pustespgaig! Benzyl group rotated

S towa;(ti?htg ?J::;a Iyst toward the nucleophile
to prevent collision
with the catalyst
Favored (R product) Disfavored (S product)
T7S-6-Z-R T7S-6-Z-S

Figure 7. Steric interactions between the catalyst and the Strecker reaction
transition states (a) benzaldehyde-derived with E conformation for N-benzyl
imines, (b) acetophenone-derived with Z conformation, and (c) benzalde-
hyde-derived with E conformation for N-methyl imines.

lized since the steric interactions with the benzyl ring are less
important. In addition, when big, nonplanar groups (such as 3,5-
(C¢Hs),CeHj or 3,5-(CF;)CeHs) are included in the catalyst, TS-
5-E-S-like transition structures are not able to accommodate the
benzyl ring in a geometry in which these interactions are absent.

For the Z transition states, the model proposed for the
selectivity in the Hantzsch ester hydrogenation of imines (Figure
1) is still applicable, provided that the benzyl group is treated
as the larger group and so point in the least sterically demanding
direction. The most stable TS-6-Z-R places the acetophenone
methyl group close to the catalyst phenanthrene ring (Figure
7c), whereas in TS-6-Z-S the benzyl group is occupying this
position. In this latter structure the imine is tilted with respect
to the phosphate group in order to avoid a bad steric interaction,
and this forces the benzyl group toward the other phenanthrene
ring. Even this change in the geometry is not able wholly to
alleviate the steric interactions, and the structure is 0.9 kcal/
mol higher energy.

Conclusion

Our calculations suggest that the Strecker reaction of N-
benzylimines catalyzed by BINOL—phosphoric acid catalyst
proceed through transition states in which the catalyst simul-
taneously bonds both the imine and the nucleophile. These
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Simén and Goodman

small group
in most
hindered
position

large group
(benzyl)

s in most
=, open position
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\\\HN

“ Ry Ro

R, = Ar, R, = H: E imine preferred
R, = Me, Ry = Ar: Z imine preferred

Figure 8. Stereochemical outcome of the BINOL—phosphoric acid-catalyzed Strecker reaction.

transition states not only show the smallest activation free
energies, but also are able to reproduce the observed enanti-
oselectivity.

These results are consistent with our earlier report of the
selectivity in Hantzsch ester reductions with two differences in
the transition states geometries: (i) E-imine geometries are
preferred for benzaldehyde-derived imines; Z-imine geometries
are preferred for acetophenone-derived imines. (ii) The benzyl
group is of comparable size to an aryl group, and so is oriented
in the least sterically demanding position.

The relative stability of E/Z transition states suggests that
p-methoxy benzyl group might be a convenient substituent for
imines derived from aldehydes for obtaining high enantiose-
lectivity. The analysis leads to the prediction that the stereo-
chemistry of the cyanohydrin formed from acetophenone will
be opposite to that formed from benzaldehyde.

Computational Details. For the study of the reactions
catalyzed by buta-1,3-diene-1,4-diol-phosphoric acid, calcula-
tions were performed using Jaguar program (version 6).%°
Geometry optimization of transition states and reactants were
performed using B3LYP functional*’ and 6-31+G* basis
set*® 0 (p-polarization and diffuse functions were added on
transferable H atoms). On these optimized structures, electronic
energy was calculated using B3LYP/6-31++G** level of theory
and solvent (toluene) effects were introduced by means of a
self-consistent reaction field procedure®'>* (the dielectric con-
stant for the solvent was 2.379 and the probe radius 2.76 A).
Gibbs free energy was calculated adding this energy to the
correction to the Gibbs free energy (vibrational, rotational, and
translational contributions) calculated using the same level of
theory used in the optimization procedure. In addition, a
correction of 1.33 kcal/mol (corresponding to RT In(Vy), T =
233 K, Vy = molar volume of the ideal gas at 233 K, in dm?)
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was added to correct for the Jaguar reference conditions (P =
1 atm, 1 mol) to standard conditions (P = 1 atm, [ ] = 1 M).>?

For the hybrid QM/MM calculations on real catalysts,
geometry optimizations of transition structures were performed
using ONIOM>*~>® method implemented in Gaussian03 pro-
gram.”” A “ball and stick” model in Figures 3 and 4 shows
atoms included in the high level layer, while a wire model is
used to represent atoms included in the low-level layer. A
B3LYP functional*’ combined with 6-31G* basis set**>°
(augmented with polarization p functions in labile H atoms)
was used in the high-level layer, and UFF molecular mechanics
force field in the low-level layer.”® This combination has offered
excellent results in previous studies of organocatalytic mech-
anisms,” and the choice of the UFF force field is based on a
calibration included therein. Single-point calculations on the
resulting structures were performed using M05-2X functional
implemented in Jaguar program (version 7),%° since this
functional shows good performance in reproducing organic
reaction thermodynamic kinetics and nonbonding interactions.®
The 6-31G** basis set*®>° was used for all atoms, and solvent
effects (toluene, dielectric constant: 2.379; probe radius: 2.76
A) were introduced by means of a self-consistent reaction field
procedure.

For calculation of the different steric and conformational
effects, atoms excluded from the study were selected in a low
level layer according to a typical ONIOM>* ¢ scheme. Gauss-
ian03°” was used to generate an external coordinate file in which
the groups in the low-level layer were substituted by a H atom,
according to the default treatment of interface bonds in ONIOM
method®* > in Gaussian03. Single-point energy of the resulting
structure was calculated with Jaguar (version 7), using the same
level of theory that was employed in energy evaluation of the
complete structure. The structures obtained from only those
atoms included in the high-level layer atoms in Figures 3 and
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4 are not influenced by steric effects, and therefore, the relative
energies calculated include only the contribution of the different
substrate conformation to the relative stabilities of the transition
states. When only one of the phenanthrene rings is removed,
the calculated energy includes the contribution from steric effects
from the remaining phenanthryl group and, again, the effect of
the substrate conformation; this latter contribution, which was
calculated previously, can be subtracted to estimate the steric
effect of individual catalyst substituents. As expected, the
summation of the steric and conformation effects yields the
energy difference between the structure and the reference, within
a 0.1 kcal/mol margin, which corresponds to the precision
reported in the figures.
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